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"Twenty years from now you will be more disappointed by the things you
didn’t do than by the ones you did do. So throw off the bowlines. Sail away
from the safe harbor. Catch the trade winds in your sails.
Explore. Dream. Discover.”

Mark Twain (1835 — 1910)






Abstract

This thesis presents the transfer of the metal wrap through (MWT) solar cell
concept from p-type to n-type crystalline Czochralski-grown silicon (Cz-Si)
wafers with 156 mm edge length. An industrially-feasible MWT solar cell
structure with screen-printed metallization is developed, which combines
the advantages of n-doped silicon with those of a rear contact cell structure.
The conversion efficiency of the fabricated solar cells increases continuously
within various development cycles. The studies focus on reverse bias sta-
bility, emitter diffusion, and electrical contacting of highly boron-doped
surfaces. Specific characterization of the reverse bias behavior of the solar
cells point out the major challenge to be overcome for a reliable operation
after module encapsulation. The vias and the rear p-type contacts repre-
sent the most important MWT specific structures. Detailed investigations
result in optimizations and process simplifications with respect to the rear
contact configuration. The maximum energy conversion efficiency achieved
for large-area n-type Cz-Si MWT solar cells within this work is 20.4%. Ana-
lytical calculations yield a potential energy conversion efficiency of almost
22% for n-type Cz-Si MWT solar cells by integration of technological im-
provements.

New tube furnace diffusion processes are developed to form deep driven-in
boron dopings with low surface concentration in a single process step. The
emitters formed therewith feature low dark saturation current density of
(30 + 3) fA/cm? for passivated and textured surface with a sheet resistance of
about 120 €2/sq. Despite low maximum dopant concentration of only
(1.8 £0.2)10" ecm™®, low specific contact resistance of less than 4 mQcm? is
obtained for screen-printed and fired metal contacts. It is experimentally
shown for the first time that the depth-dependent course of the dopant
concentration contributes to a low-ohmic contact formation. This correla-
tion is also demonstrated by means of an analytical model which is based
on metal crystallites. Furthermore, it is shown that charge carrier recombi-
nation underneath the metal contacts correlates with both the metal crys-
tallites and the junction depths of the boron dopings.

The progress in emitter formation and the improved understanding of met-
allization related issues are also of high interest for other solar cell types.
Furthermore, findings from this thesis also contributed fundamentally to
the ongoing development in p-type MWT solar cell technology.






Kurzfassung

Diese Arbeit beschéftigt sich damit, das ,Metal Wrap Through® (MWT)
Solarzellenkonzept von p-dotierten auf n-dotierte Substrate zu tibertragen,
die aus kristallinem Czochralski-Silicium (Cz-Si) mit einer Kantenldnge von
156 mm bestehen. Es wird eine industriell umsetzbare MWT-Solarzellen-
struktur mit siebgedruckter Metallisierung entwickelt, welche die Vorteile
von n-dotiertem Silicium mit den Vorteilen einer riickseitig kontaktierten
Zellstruktur vereint. Die Effizienz der hergestellten Solarzellen steigt tiber
mehrere Entwicklungszyklen hinweg kontinuierlich an. Die Untersuchungen
beschéftigen sich vor allem mit der Riickwartsstabilitat, der Emitterdiffusion
und der elektrischen Kontaktierung stark Bor-dotierter Oberflachen. Die
Herausforderungen, die fir einen zuverldssigen Betrieb nach Moduleinkap-
selung tberwunden werden miissen, werden durch spezifische Untersuchungen
des Verhaltens der Solarzellen unter Rickwartsspannung aufgezeigt. Die
Durchkontaktierungen (Vias) und die riickseitigen p-Kontakte bilden die
wichtigsten MWT-spezifischen Strukturen. Die riickseitige Kontaktanordnung
konnte im Zuge detaillierter Untersuchungen optimiert und deren Herstel-
lung vereinfacht werden. Der erreichte Wirkungsgrad fiir grofflichige MWT-
Solarzellen aus n-dotiertem Cz-Si betrigt 20,4%. Analytische Berechnungen
zeigen ein Effizienzpotenzial von nahezu 22% fiir MWT-Solarzellen aus
n-dotiertem Cz-Si bei Integration technologischer Verbesserungen auf.

Neue Rohrofen-Diffusionsprozesse werden entwickelt, um tief eingetriebene
Bordotierungen mit geringer Oberflachenkonzentration in einem einzigen Pro-
zessschritt auszubilden. Die damit hergestellten Emitter weisen eine geringe
Dunkelsattigungsstromdichte von (30 + 3) fA/cm? fiir eine passivierte und tex-
turierte Oberflédche und einen Schichtwiderstand von ungefahr 120 €2/sq auf.
Trotz geringer maximaler Dotierkonzentration von nur (1,8 + 0,2)-10" cm™®
ergeben sich geringe spezifische Kontaktwiderstiande kleiner 4 mQcm? fiir
siebgedruckte und gefeuerte Metallkontakte. Erstmalig wird experimentell
gezeigt, dass der tiefenabhédngige Verlauf der Dotierung zu einer niederoh-
migen Kontaktausbildung beitrédgt. Diese Korrelation wird auch anhand
eines analytischen Modells, welches auf Metallkristalliten beruht, demons-
triert. Des Weiteren wird gezeigt, dass die Ladungstrégerrekombination
unterhalb der Metallkontakte sowohl mit den Metallkristalliten als auch
mit der Tiefe der Bor-Dotierprofile korreliert.

Die Fortschritte in der Emitterausbildung und das verbesserte Verstédndnis
metallisierungsbedingter Fragestellungen sind auch fiir andere Solarzellen-
typen von besonderem Interesse. Erkenntnisse aus dieser Arbeit trugen auch
grundlegend zur Weiterentwicklung der MWT-Solarzellentechnologie auf
p-dotierten Substraten bei.
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1 Introduction

1.1 Motivation and objectives

Our society is more than ever confronted with the urgent need for a sus-
tainable and ecologically-oriented power supply. In addition to limited re-
sources of fossil fuels [1], the necessity to develop, establish, and optimize
more climate-friendly energy systems is apparent. In the long term, there
is no other opportunity than to transform the global energy production to
sustainable raw materials and to keep on improving the energy efficiency
of future high-tech products. Harvesting solar energy, which is available in
virtually unlimited extent [2, p. 2], takes on a key role. Photovoltaics (PV),
i.e. the direct conversion of solar energy into electrical energy, prove to be
an especially indispensable technology [3]. Most of the PV module produc-
tion worldwide is based on crystalline silicon solar cells (about 90% market
share in 2014 [4]). A rapidly growing market is predicted [5] and technolog-
ical progress is necessary to further reduce costs.

The driving force in industrial production in the past and still in the pre-
sent is the p-type silicon solar cell with full-area aluminum back surface
field [4]. After years of intensive research and development, p-type silicon
solar cells with dielectric passivated rear side took their way into mass
production within the last two years, and their market share is forecasted
to gradually increase [4]. Monocrystalline n-type Czochralski-grown silicon
(Cz-Si) [6] solar cells are also already being manufactured industrially,
though only on a small scale, but a growing market share is also predicted [4].
The main advantage of n-type Cz-Si over p-type Cz-Si is that it is less
sensitive to common impurities, such as e.g. iron [7], and hence allows for
higher minority charge carrier diffusion lengths compared to p-type sub-
strates with a similar impurity concentration. On the other hand, p-type
Cz-Si solar cells suffer from boron-oxygen related light-induced degrada-
tion (LID). Although there are quite novel approaches to suppress this LID
utilizing processes with cycle times that might be even suitable for mass
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1 Introduction

production [8,9], n-type Cz-Si solar cells do not suffer at all from this
degradation mechanism.

Another field of intensive research activity is dedicated to solar cells in
which the external contacts are located solely on the backside. The metal
wrap through (MWT) concept is a member of this back contact solar cell
species. It still features a metal grid on the front side, but the external
front contacts are relocated to the backside by metallized vias [10]. This
allows for a decrease in shaded front side area of up to 50%. The MWT
concept has been studied for a long time only on p-type silicon, what re-
sulted in highly efficient and very promising p-type MWT cell structures
for industrial implementation [11-14]. In 2010, the first n-type Cz-Si MWT
solar cells were presented [15]. To the beginning of this work in 2011, their
reported maximum energy conversion efficiency was 19.7% on wafers with
an industry-typical edge length of 156 mm [16]. However, until today, no
comprehensive details about the specific structure of these n-type MWT
cells or the corresponding fabrication processes have been released.

This thesis looks into these topics. It aims at obtaining in-depth knowledge
regarding n-type MWT solar cells with front side p-n-junction and exam-
ines the challenges resulting from the transfer of the MWT cell concept from
p-type to n-type Cz-Si. The results obtained are meant to support the PV
community in their quest for further progress. This includes the development
and optimization of processes and process sequences needed for fabrication
of large-area passivated and high-efficient n-type Cz-Si MWT solar cells with
screen-printed and fired contacts on pilot-line level. Main topics are the for-
mation of the different highly doped surfaces, their simultaneous passivation,
their electrical contacting, and also the MWT-specific contact separation
on the backside. Furthermore, analytical calculations and numerical simula-
tions are utilized for the interpretation of experimental data.

The chosen approach to form the boron-doped emitter and the phospho-
rus-doped back surface field (BSF) is based on sequential tube furnace dif-
fusion processes with, first, boron tribromide (BBr;) and, second, phosphorus
oxychloride as liquid dopant precursors. One focus of the process develop-
ment is the optimization of BBr, diffusion processes in terms of lowering
recombination at the passivated boron-doped emitter surfaces. Further-
more, the formation of tailor-made boron doping profiles is an important
topic in order to investigate metallization-related questions in more detail.
Apart from investigating the interaction between metal contacts and the

2|



1.2 Thesis outline

junction depth of the boron doping profiles regarding contact resistivity,
also charge carrier recombination below the metal contacts is examined on
the basis of these tailor-made doping profiles. The results are not only rele-
vant to n-type MWT solar cells, but also for solar cells in general with
highly boron-doped areas. The overall currents and their spatial distribu-
tions in reverse operation with respect to module integration of solar cells
are important parameters. Also the impact of reverse biasing onto the
forward characteristics of the solar cells needs to be quantified.

1.2 Thesis outline

Chapter 2 deals with the basics of the silicon solar cell technology. Follow-
ing the description of solar cells by the two-diode model, relevant parame-
ters describing the solar cells’ performance are introduced. The properties
and the diffusion of boron and phosphorus atoms in crystalline silicon are
discussed, and the theory of metal-semiconductor contacts is reviewed.

Chapter 3 first gives a detailed overview of the state of the art for relevant
solar cell concepts at the beginning of this work in 2011, including the
MWT concept. Then, the ongoing development in p-type MWT technolo-
gy is discussed, as this significantly influenced the design of the n-type
MWT solar cell structures that are introduced. Basic process sequences are
elaborated for fabrication of conventional and MWT solar cells utilizing
n-type Cz-Si as base material. This includes a detailed discussion regarding
challenges that have to be overcome in general for fabrication of n-type
Cz-Si solar cells and those in particular important for the implementation
of the MWT concept.

The formation of boron emitters using liquid BBr; as dopant precursor in
high-temperature tube furnace diffusion processes is presented in Chap-
ter 4. After detailed characterization of three basic diffusion processes, di-
verse process variations are examined. These aim at decreasing the recom-
bination activity of the highly doped surfaces by lowering the surface dop-
ing concentration and to form boron doping profiles tailor-made for the
study of certain issues. The qualification of diffusion barrier layers for the
usage in sequential diffusion processes concludes the chapter.

Chapter 5 is dedicated to the screen-printing metallization of the highly
boron-doped surfaces. After reviewing existing knowledge in terms of con-

| 3



1 Introduction

tact formation between boron-doped surfaces and fired metal pastes, the
impact of the doping profile curve on specific contact resistance is exam-
ined experimentally for various scenarios. Based on microstructural analy-
sis of the contact interface, calculations based on an analytical model sup-
port the understanding of the experimentally obtained results. Finally,
charge carrier recombination below the metallized areas is modelled by nu-
merical simulations which allow an in-depth insight into the processes pre-
vailing at the metal-silicon interface.

The electrical properties of the external rear contact structure of MWT solar
cells in the area of the vias are examined in detail in Chapter 6 utilizing
special test structures with n-type and p-type silicon bulk. The interaction
between screen-printed silver paste, surface doping, surface topography,
and dielectric insulation layer is examined in terms of current flow both
under forward and reverse bias operation.

Chapter 7 deals with the results obtained for fabricated n-type Cz-Si solar
cells within the thesis period. The current flow under reverse bias load and
its impact on energy conversion efficiency is examined on cell level, both
for n-type H—pattern and for n-type MWT solar cells. Several process opti-
mizations, including results from the previous chapters, and simplifications
for fabrication of n-type MWT solar cells are dealt with. Also, MWT-spe-
cific loss mechanisms are discussed. Finally, an estimate for the energy
conversion efficiency potential of n-type MWT solar cells is performed,
which might be achieved by integration of further technological progresses.

The work concludes with the Chapters 8 and 9, which summarize the work
at hand and give an outlook on further optimization potentials.

The Appendiz contains further information on the current transport models
for metal-silicon contacts, measuring and characterization methods for pro-
cesses used for solar cell fabrication, techniques for structuring highly doped
regions, and parameters for calculation of series resistance contributions on
the cell level.

4|



2 Fundamentals of Silicon Solar Cell
Technology

2.1 Introduction

This chapter deals with the basics of silicon solar cell technology. Follow-
ing the description of solar cells by the two-diode model, relevant parame-
ters describing the solar cells’ performance under forward operation are in-
troduced. As the highly doped surface layers in this work are formed by
high-temperature tube furnace diffusion processes, the fundamentals of dif-
fusion are considered both thermodynamically and at the atomic level.
This includes a review on the properties of boron and phosphorus atoms in
crystalline silicon, as well as the impact of thermal oxidation on the
dopant distribution. Thereafter, the theory of metal-semiconductor contacts,
also known as Schottky contacts, and their current transport mechanisms
are discussed.

2.2 Solar cell characteristics

The most important parameter to describe the ability of a silicon solar
cell—like any other solar cell made of different semiconductor material—to
convert solar energy into electrical energy, is the energy conversion effi-
ciency 7. In principle, two basic tasks have to be met by the solar cell.
Namely, first, light absorption for the generation of electrons and holes
and, second, the spatial separation and transport of these generated excess
charge carriers. The first point describes the optics of the cells, which is
not discussed in more detail in the following, whereas in the second point
the main electrical characteristics are summarized.

| 5



2 Fundamentals of Silicon Solar Cell Technology

2.2.1 Two-diode model and dark saturation current densities

Essentially, the structural composition of a silicon solar cell is very similar
to that of a silicon diode. Both have a p-type and n-type-doped region (also
referred to as base and emitter), which are separated by a depletion region
(i.e. the space-charge region). The current—voltage (I-V') characteristic of
an ideal diode is based on the theory of Shockley [17]. Upon illumination,
the following applies for the voltage-dependent current density j(V):

10 = exp (27) 1] - s 2.)

with elementary charge ¢, Boltzmann constant ky, temperature T, and the
collected photo current density j,,, which is generated by the illumination.
The dark saturation current density j, of the diode summarizes the contri-
butions of the dark saturation current density of base j, and emitter jg,.
Apart from radiative recombination [18,19], also Auger recombination [20],
and Shockley-Read-Hall (SRH) [21,22] recombination within the bulk as
well as at the surfaces are included in j, (in case non-ideal injection depen-
dencies can be neglected). In case of an ideal diode, these recombination
losses are described by a diode ideality factor of n, = 1.

In practice, a solar cell does not behave like an ideal diode because of elec-
trical losses, either caused by losses due to series resistance Rg contribu-
tions, or by leakage currents j,.,. between the two differently doped regions
(considered by shunt resistance Rp). In addition, further SRH recombina-
tion losses occur within the space-charge region of the p-n-junction, and
also non-ideal injection dependencies occur. This is taken into account by
a more realistic description of the I-V characteristic of a solar cell by the
two-diode model [23], whose equivalent circuit diagram is shown in
Fig. 2.1. Apart from Rg and R, (both quantities are used area-decoupled in
the unit Qcm?), this model considers the SRH recombination in the space
charge region and non-ideal recombination by the introduction of a second
diode with a theoretical diode ideality factor of n, = 2,

RS
% ijh SZlfm SZlfoz ljleak %

Light )i T

B —

Fig. 2.1. Equivalent circuit diagram of the two-diode model according to Eq. (2.2).
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2.2 Solar cell characteristics

V—jRs

Rp - ]ph .

The dark saturation current density ji, of the first diode (theoretical diode ide-
ality factor n, = 1) is equal to j, in Eq. (2.1) under the assumption of low-level
injection or uniform injection density. It is given by linear addition of the dark
saturation current densities j,,' and jy, of the emitter and the base, respectively,

Jor = Joe +j0b' (2~3)

When n, = 1 is assumed for all injection levels in the two-diode model, all
recombination from emitter and base add to j,, in principle, whereas injec-
tion dependencies deviating from the ideal behavior contribute to the dark
saturation current density of the second diode jy,. This can be, e.g. the SRH
recombination in the space-charge region or the injection-dependence of the
SRH recombination. In practice, the diode ideality factors n, and n, depend
on the injection level and deviate from their theoretical ideal values [24].

For the evaluation of j,, according to Eq. (2.3), j,. and j,, are needed. The ex-
perimental determination of j,, will be introduced in Chapter 2.2.2, where-
as the calculation of j,, is now discussed. The quantity j,, contains the re-
combination within the silicon bulk and the recombination at the rear side
of the solar cell. According to Ref. [25], j,, can be expressed for an n-type
bulk in low-level injection as

qunEeff

Job = 2.4
® Leff Nbulk ( )

with hole diffusion coefficient D, effective intrinsic charge carrier concen-
tration n, 4, effective diffusion length of the holes Ly, and bulk doping con-
centration N, ;. The effective diffusion length L. takes into account re-
combination within the silicon bulk and at the surfaces, and is given by [25]

Srear LP w
1+ Tp tanh (Lp)

P
S L + tanh (E>
D, I,

. (2.5)

eff —

1Strictly speaking, this quantity should be referred to as jy.. For simplicity, however, the 1 is
omitted in the following, and j,, is used instead. This also applies for j, and further parameters.
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2 Fundamentals of Silicon Solar Cell Technology

For the calculation of L, the thickness of the silicon bulk W is correlated
with the bulk diffusion length of the holes L, and the rear surface recom-
bination velocity S,,,, is included.

To obtain jy, also in high-level injection, Kimmerle et al. [26] suggest adapt-
ing Eq. (2.4) by replacing N, with (N, + Ap) and D, with the ambipo-
lar diffusion coefficient D, (given in Ref. [27]). Here, Ap is the excess charge
carrier density (holes in case of an n-type silicon bulk). Hence, the approxi-
mation to calculate jg, for any injection level reads

q Damb Miett

o Loff (]Vbulk + Ap )

For the n-type silicon solar cells investigated in this work—see e.g. the
schematic cross section of the cell structure in Fig. 3.2(b)—the rear side re-
combination of the phosphorus-doped back surface field (BSF) is summa-
rized in the dark saturation current density jopep. If the value for jyper is
known, S, can be calculated in dependence of Ap at the rear side, and is
given by [28]

Ny + Ap. (2.7)

Srnar = jUBSF 9

q Tt
As the emitter and the base are partly metallized in a final solar cell, the
Joe and j, can be further subdivided into contributions from the metallized
and from the non-metallized areas. With the respective metallization frac-

tions F\;, and Fy,, the following applies:

er = er,pass (1 _Fl\'l,e) + j()e,metFM,ea (28)
j(]b = j()b,pass (1 _FI\'I,I)) + jUb,metFl\'I,b‘ (29)

Here, jy, paes a0d g, s are the dark saturation current densities of the passi-
vated (non-metallized) areas. Accordingly, jj. . and jo, .. are the dark sat-
uration current densities of the metallized areas.

2.2.2 Determination of dark saturation current densities of
passivated surfaces

The experimental determination of the dark saturation current densities
for passivated emitters j,, and passivated BSFs jjzge is discussed in this
section. Their determination is based on the injection-dependent measure-
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2.2 Solar cell characteristics

ment of the effective minority charge carrier lifetimes of symmetrical life-
time samples by quasi-steady-state photoconductance measurements.

Quasi-steady-state photoconductance measurements

The quasi-steady-state photoconductance (QSSPC) measurement technique is
used to determine effective minority charge carrier lifetimes 7,; over a certain
injection level range on non-metallized lifetime samples [29]. A schematic cross
section of an exemplary lifetime sample is shown in Fig. 4.3(c). The QSSPC
measurement principle is briefly described in the following considering an
n-type silicon bulk substrate; more details can be found e.g. in Refs. [29-31].

The starting point is the continuity equation for uniform generation of elec-
trons and holes within the sample, which is given by

dap(t) _ _ Ap(t)
Tl G(t) - R(t) = G(t) - ] (2.10)

It describes the change of the time-dependent excess charge carrier density Ap(t),
which depends on the generation rate G(t) and the recombination rate R(t) of
electron-hole pairs. The recombination rate is defined by R(t) = Ap(t)/ 7o
After rearrangement of Eq. (2.10), the injection-dependent effective life-
time 7.4 reads
Ap(t)
Glt) dap(t)

dt

Tx(AD) = (2.11)

In order to calculate 7, quantitatively, G(¢) and Ap(t) need to be known.
The QSSPC technique offers the determination of both quantities. The
most widely used QSSPC measurement tool is a system from Sinton Instru-
ments (in this work, the WCT-120 [32] is used). The schematic setup of the
QSSPC measuring apparatus is shown in Fig. 2.2(a). It consists of a photo-
flash lamp, a red filter (not shown), a measurement chuck with an integrated
high-frequency resonant circuit (shown in simplified form as coil), and a cali-
brated reference solar cell. The coil, with a diameter of 40 mm, is mounted
directly below the sample in the center of the chuck; see also Fig. 2.2(b).

By a light flash with decreasing intensity, free charge carriers are generated,
which results in a time-dependent change in conductivity Ac. Assuming
An = Ap, the depth-averaged excess charge carrier density Ap(t) is given by

| 9



2 Fundamentals of Silicon Solar Cell Technology

AFIash lamp Reference cell [ WCT-120

Reference cell
Sample ¥
|

(a) (b)
Fig. 2.2. (a) Schematic illustration of the QSSPC measurement setup. Due to the
generation of excess charge carriers by illumination, the conductance of the sample
changes. The change in conductance is measured via inductive coupling. The light
intensity for the determination of the generation rate is monitored by a calibrated
reference solar cell. (b) Top view on a pseudo-square wafer with 156 mm edge
length on the QSSPC measurement chuck with marked coil (ratios drawn to scale).

NChuck  Coil

Ao(t)

ap(i) aW (e, + 1) (2.12)
The averaged excess charge carrier density Ap is linked to the change in
conductivity Ao via the charge carrier mobilities 1, and p, of electrons and
holes, respectively. The dependency of ji, and 1, on doping density and on
injection level is well known from literature [32-36]. The change in conduc-
tivity Ao is detected by the resonant circuit, by the fact that the free charge
carriers in the sample couple to the electromagnetic field in the vicinity of
the coil. The generation rate G(¢) can be determined by using the reference
cell, which measures the time-dependent flash intensity.

The determination of the effective lifetime 7.4 by using Eq. (2.11) is also called
the generalized analysis method, proposed by Nagel et al. [37]. An exem-
plary injection-dependent measurement of 7,4 is shown in Fig. 2.3(a). Apart
from that, also the quasi-steady-state and the quasi-transient analysis meth-
ods exist. Both analysis methods depend on the selection of the boundary con-
ditions, i.e. the relationship between lifetime and decay time of the flash. To
measure T,z in the quasi-steady-state mode, 7,; must be significantly smaller
than the decay time of the flash, which leads to dAp(¢)/dt = 0. The measure-
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2.2 Solar cell characteristics

30 T 1]
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Fig. 2.3. (a) Injection-dependent effective minority charge carrier lifetime 7,; measured
by QSSPC for a symmetrical and passivated lifetime sample with highly doped
surfaces. (b) The slope s* to determine j, according to Eq. (2.18) is extracted in high-
level injection: Ap ~ 10-N, .. Hence, the applied fit range is 7.6-10" cm™ + 30%.

ment of 74 in the quasi-transient mode is carried out without further gener-
ation. Hence, 7,4 must be significantly larger than the decay time of the flash,
which leads to G(t) = 0. Both approximations lead to a simplification of
Eq. (2.11). In this work, the generalized mode is used unless otherwise stated.

Extraction of dark saturation current densities

The dark saturation current density j, can be extracted from the injection-
dependent effective minority charge carrier lifetime 7,4 by quantitative
evaluation of recombination losses. The determination of j, is performed in
high-level injection in this work. High-level injection means that the excess
charge carrier concentration Ap is significantly larger than the doping con-
centration of the silicon bulk N, ,: Ap > 10-Ny . In high-level injection,
the recombination of the highly doped surface layers is dominant [38]. Hence,
the bulk material utilized for j, measurements in this work are n-type
Crochralski-grown silicon (Cz-Si) [6] wafers with a specific bulk resistance
Pou > D Qcm, which equals a bulk doping concentration N, < 9-10" cm™.

A standard method for extraction of dark saturation current densities j,
from QSSPC measurements is the so-called slope—method introduced by
Kane and Swanson [39]. Recently, the corresponding analysis method has
been revised and improved [40—42]. In this work, the latest analysis method
as published by Kimmerle et al. [42] is used, which also takes finite charge
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2 Fundamentals of Silicon Solar Cell Technology

carrier diffusion into account. This method is briefly introduced in the fol-
lowing; refer to Ref. [42] for further details.

The starting point forms Eq. (2.7), which correlates j, with the effective sur-
face recombination velocity S,z and is given after minor rearrangement by

2
q Mt

[ L (2.13)
M)ulk + Ap

Jo=
One method to extract j, from S, of highly doped surface regions on sym-
metrical lifetime samples is to form the derivation of j, with respect to Ap,

. d
Jo =4 @ (nfest Sogr )- (2.14)

To determine S, the surface minority charge carrier lifetime 7, is needed,
which is defined by [43]

1 1 1
_ _ (2.15)

Tott Thulk

T

surf

with bulk minority charge carrier lifetime 7. This corresponds to the addi-
tion of the single recombination rates. The contribution from the bulk can be
further divided in shares of intrinsic (7,,,) and SRH recombination (7gpy). The
former contains radiative and Auger recombination. Eq. (2.15) changes to

B (2.16)
Tsurt Tott Tintr Tsru

For symmetrical lifetime samples, the correlation between S,z and 7, is
given by the approximation [28]

14 w2 o\
S. = (r - ) 2.17
eff 2 ( surf Damb ’]TZ) ( )

Inserting Eq. (2.17) in Eq. (2.14) yields

. 1 d nfeff 1
_ W el \ — = gWs*. 2.18
=T W 21 (2.18)

surf 2
D amb 70

S*
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2.2 Solar cell characteristics

Thereby, s* is the slope of the injection dependent part of the equation,
which is determined by a linear fit; see Fig. 2.3(b). For the evaluation of s*,
the effective lifetimes 7., are measured by QSSPC for the various Ap; see
Eq. (2.11) and Fig. 2.3(a). The injection dependent effective intrinsic charge
carrier densities n; 4 are taken into account according to the parametriza-
tion from Sproul and Green [44], which are adapted to Altermatt et al. [45]
by using a prefactor of 0.9688. Therein, the band gap energy E, and the
band gap narrowing is considered according to Green [46] and Schenk [47],
respectively. In Eqgs. (2.4) and (2.7), n, 4 is equally taken into account. Fur-
thermore, the intrinsic lifetime 7,,, is determined by the parameterization
from Richter et al. [20]. The injection-independent contribution of 7y is
approximated by an iterative procedure. Refer to Ref. [42] for further in-
formation on this procedure as well as the calculation of D, .

Throughout this work, the given j, represent the dark saturation current
densities of one side of the samples, as is defined in Eq. (2.18).

2.2.3 Current-voltage characteristics and cell parameters

The forward current-voltage (I-V') characteristics of a solar cell in the dark
and under illumination are sketched in Fig. 2.4(a). During their measurement,
the externally applied voltage is varied stepwise, while the current is deter-
mined for each measurement point. In case of illumination, the light ab-
sorption shifts the I-V curve to negative’ currents—equivalent to the genera-
tion of electrical energy. Based on the illuminated -V curve, several charac-
teristic parameters can be extracted to describe the performance of solar
cells: the short-circuit current density jgc, the open-circuit voltage Vi, the
fill factor FF, the maximum power point (MPP), and the energy conversion
efficiency 7). See also Appendix B.1 for further information about the I-V
measurements performed in this work.

For determination of values for the shunt resistance Rp, the slope of the dark
I-V characteristics is fitted at the voltage zero point (e.g. in this work be-
tween —50 mV < V< 50 mV). The inverse of the fitted slope then gives Ry.

The dark I-V characteristic in semi-logarithmic depiction shows Fig. 2.4(b).
Depending on the voltage, certain parameters influence the shape of the I-V
curve most [48,49]. Their values can be determined by fitting the two-diode

*The signs in the two-diode model (Eq. (2.2)) are chosen such that j,, shifts the curve to negative
currents. The curve could be represented equally in the first quadrant with positive currents.
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Fig. 2.4. (a) Current-voltage characteristics for a silicon solar cell in forward bias
under both dark and illuminated condition. (b) Semi-logarithmically scaled dark
I-V curve in forward bias. The arrows indicate the sections from which the stated
parameters can be extracted by fitting the curve with the two-diode model.

model to the curve. For instance, the influence of j;, dominates at V., while
Joo affects the I-V curve particularly at lower voltages. On the other hand,
the values for R, and Rg can be extracted by a two-diode model fit for low
and high voltages, respectively.

Now consider again the illuminated I-V curve in Fig. 2.4(a). The short-cir-
cuit current density jgc is the maximum current density of a solar cell, when
no voltage is applied. Using V = 0 V and by neglecting Rg(Rg = 0 Qcm?),
Eq. (2.2) simplifies to:

jsc = *jpyu (2~19)

If no current is extracted from the solar cell (j = 0 mA/cm?), it is operated
in open-circuit and the applied voltage is maximum. Neglecting both the
recombination in the space-charge region (j, = 0 nA/cm?) and the occur-
rence of leakage currents (ji, = 0 mA/cm?, i.e. R, — o), the open-circuit
voltage Vi, is given according to Eq. (2.2) to be

In <jl + 1).
Jo1

A lower jj, therefore leads to a higher V.. Eq. (2.20) has to be understood
as an upper limit for Vi, (also referred to as Vi ), because of the previ-
ously mentioned simplifications used to obtain this equation.

kT

Voo = (2.20)
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2.2 Solar cell characteristics

The fill factor FF' describes the "squareness” of the I-V curve; see Fig. 2.4(a).
In other words, the FF describes the ratio of the solar cell's power at the
maximum power point (jypp, Vapp) to the product of jg. and Vi,

Juer Vapp
Jse Voc

FF = (2.21)

The energy conversion efficiency 1 of a solar cell is defined as the ratio be-

tween maximum extractable power density pypp and the power density of

the incident light pgrc under standard test conditions (STC),
0= DPuep Jupp Varpp - Jsc Voo FF

(2.22)

Dstc Dstc Psrc

The STC are described in IEC 60904-3 [50] and define the I-V measurements
to be performed with a specified spectrum of incident light (AM1.5G) at an
irradiance of 1000 W/m? (equivalent to 1 sun), and a temperature of 25°C.

According to Green [51] it is possible, to determine the so-called ideal fill
factor FF,, which is free of losses caused by Ry and R, contributions
(Rg = 0 Qem?, Rp — ), as well as non-ideal recombination (j, = 0 nA/cm?).
With the normalized voltage voe = Voo/(ksT/q), FF, calculates to

Voe — In(voe + 0.72)

FF, = . 2.23
0 Voo + 1 (2.23)

For example, a value of Vi = 660 mV results in FF, = 84% (T = 25°C).

A further important parameter is the so-called pseudo fill factor pFF, as can
be determined by Suns—V,. measurements [52]. The Suns—V,, method offers
the possibility, to measure the open-circuit voltage of a solar cell over
varying illumination intensity. For this purpose, the voltage of a cell is
measured in open-circuit condition between a conductive chuck and con-
tact pins on the front side (currentless measurement method). In doing so,
the illumination intensity is varied with a relatively slowly decaying light
pulse from a photoflash lamp, monitored by a reference cell. This varying
illumination intensity leads to different injection levels within the cell,
which correlate to different operating points along a pseudo I-V character-
istic; e.g. no illumination corresponds to the jy., whereas an illumination with
1 sun equals the V. Is the jso known under 1 sun illumination, the pseudo
I-V curve can be determined from the Suns—V,. data and thus, also the pFF.
This pseudo -V curve is unaffected by Rg losses, as no current is extracted
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2 Fundamentals of Silicon Solar Cell Technology

Table 2.1. Summary of some loss quantities, as introduced in this section.

Loss quantity Loss type

FF, - pFF Measure for FF' losses due to jg, and j., contributions
pFF - FF Measure for FFF losses due to Rg contributions
Voo = Voe Measure for V. losses due to recombination at metal contacts

from the cell during the measurement sequence. Hence, the difference be-
tween pFF and FF simply corresponds to the fill factor loss due to Rg con-
tributions [53]. Furthermore, the difference between FF| and pFF are caused by
Jo» contributions and a finite R}, (i.e. leakage currents j,); see also Table 2.1.

Another important parameter is the implied open-circuit voltage iV,
which can be determined by QSSPC measurements (see Chapter 2.2.2) on cell
precursors prior to metallization; see e.g. Fig. 7.11 for n-type cell precur-
sors as investigated in this work. From the excess charge carrier density Ap
of a cell precursor with n-type bulk doping, the iV, calculates to [29)

(2.24)

kpT N, +Ap)A
iVoo(ap) = IZ ln<( bulk p) p>.

2
T eft

For each illumination intensity, i.e. injection level Ap, an iV, can be ob-
tained. In the iV, all recombination effects within the silicon bulk, within
the highly doped layers, and at the surfaces are taken into account. By ex-
tracting the iV at an illumination intensity equivalent to 1 sun, the iV
represents an upper limit for the cells’ V. after application of metal con-
tacts. Hence, the difference between iV, and V. is a measure of metalliza-
tion induced recombination losses, assuming that the series resistances are
equally distributed across the whole cell area.

2.3 Fundamentals of diffusion and dopant properties
in crystalline silicon

For the formation of the highly doped surface layers in the n-type solar
cells investigated in this work, high-temperature diffusion processes in a
tube furnace are used. As will be discussed in Chapter 3.2 in more detail,
these n-type solar cells need both externally introduced boron and phos-
phorus dopings. The boron doping forms the emitter on the illuminated
front side, while the phosphorus doping represents the phosphorus BSF on
the rear side; see also Fig. 3.2(b). Following the description of diffusion as
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2.3 Fundamentals of diffusion and dopant properties in crystalline silicon

thermodynamic process in general, the properties of boron and phosphorus
atoms in crystalline silicon are reviewed. In doing so, diffusion of impuri-
ties® in silicon is also discussed on the atomic level. In addition, also the im-
pact of thermal oxidation on boron and phosphorus diffusion is addressed.

2.3.1 Fick's law

Diffusion occurs if the distribution of particles is not homogenous. In this
case, particles from the region with the higher particle density diffuse to
the region with the lower particle concentration. This process continues un-
til thermal equilibrium is reached. Diffusion processes can be described by
Fick’'s law [54,55]. The first Fick’s law connects the particle flux J through
a unit area per unit time with the diffusion coefficient D and the gradient
of the particle concentration N per unit volume,
ON(x,t)

Jt) = -D——=. (2.25)

The dopant concentration NV is a function of the location x and the time .

Using the continuity equation (conservation of mass) and Eq. (2.25), the
diffusion equation (second Fick's law) for spatially constant diffusion coeffi-
cients in one dimension is given by

ON(z,t) D 0>N(z,t)

= . 2.26
ot or? ( )
The diffusion coefficient of one single diffusion mechanism
E
D=D - ). (2.27)
oo 77)

depends on temperature 7T, the maximum diffusion coefficient D, (extrapo-
lated to infinite temperature), and the activation energy E,. Each diffusion
mechanism has characteristic values for D, and F,. Furthermore, D, and
FE, can also depend on the dopant concentration. In this work, diffusion of
dopant atoms (boron and phosphorus), starting from the wafer surface, is
of interest for the formation of the boron emitter and the phosphorus BSF.
Hence, the variable z is the distance from the wafer surface.

3Any foreign atoms that are not silicon atoms are referred to as impurities.
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2 Fundamentals of Silicon Solar Cell Technology

The diffusion profile of the dopant atoms results from initial and boundary
conditions. Two important cases are the constant-surface-concentration diffu-
sion and the constant-total-dopant diffusion. For the former, the dopant con-
centration at the wafer surface Ny is set to a constant level during the en-
tire diffusion process. This diffusion process is also referred to as diffusion
with unlimited dopant source, and the initial and boundary conditions are:

N(z,0) = 0, (2.28)
N(0,t) = N, (2.29)
N(s0,t) = 0. (2.30)

The resulting diffusion profile is then given by the solution of the diffusion
equation (Eq. (2.26)), namely by

Niz.t) = Ny erto ) (2:31)

x
2vDt
where erfc is the complementary error function [55, pp. 457-458], and VDt
is the diffusion length of the impurities. Exemplary diffusion profiles for
the constant-surface-concentration condition with different diffusion times,
according to Eq. (2.31), are shown in Fig. 2.5(a). Thereby, D is fixed for a
given diffusion temperature. The dopants penetrate the deeper into the
silicon the longer the diffusion time.

For the second case, the constant-total-dopant diffusion, a fixed amount of
dopant is deposited onto the silicon wafer surface, and the dopant subse-
quently diffuses into the silicon. This diffusion process is also referred to as
diffusion with limited dopant source. The initial condition and one of the
boundary conditions are the same as given in Egs. (2.28) and (2.30), re-
spectively. The other boundary condition is

oo

[N@tde = @, (2.32)
0

with the total dose of dopant @, per unit area. In this case, the Gaussian
distribution is a solution for the diffusion equation (Eq. (2.26)),

N(z,t) = ?Tgt exp ( 4321,‘)' (2.33)

As the dopant diffuses into the silicon, the surface dopant concentration
Ng must decrease, in order to keep the total dopant dose @, constant; see
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Fig. 2.5. Exemplary development of dopant concentration /V as function of depth x
with increasing diffusion time ¢ for (a) an unlimited dopant source, and (b) a limited
dopant source. The curves are calculated according to (a) Eq. (2.31) and (b) Eq. (2.33)
using the stated parameters.

Fig. 2.5(b). Once again, the dopants penetrate the deeper into the silicon
the longer the diffusion time.

2.3.2 Properties and diffusion of boron atoms in silicon

Boron atoms occupy predominantly substitutional sites in the silicon lat-
tice [56,57]. As boron atoms act as acceptors, a hole is introduced into the
valence band. The ionization energy of substitutional boron is found to be
approximately 0.04 eV [58, p. 337].

On an atomistic scale, the diffusion of impurity atoms is attributed to a
diffusion of the substitutional impurities either interacting with vacancies
or with interstitial silicon (also known as self-interstitials*) [59-65]. Vacan-
cies can be caused by, e.g. vibrations of the lattice atoms around their
equilibrium lattice sites at elevated temperatures. Thereby, the lattice
atom can acquire sufficient energy to leave its lattice site and to become an
interstitial atom. A nearby substitutional impurity atom may change its
lattice site with the vacancy and thus, migrate to the vacancy site. This
diffusion mechanism is referred to as vacancy-assisted diffusion. On the
other hand, the interstitial diffusion mechanism can be explained as follows:
a substitutional impurity and an interstitial silicon atom change their sites

“Interstitial sites, which contain only atoms of the same species as those already present in
the host lattice, are referred to as self-interstitials.
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(also referred to as kick-out mechanism), which results in a substitutional
silicon and an interstitial impurity atom. Then, the interstitial impurity
atom diffuses until it changes again its lattice site with a substitutional sil-
icon atom by kick-out. Thereby, the impurity atom becomes again substi-
tutional, whereas the silicon atom becomes likewise interstitial. This diffusion
mechanism of impurities, which involves self-interstitials and the kick-out
mechanism, is referred to as interstitial-assisted diffusion. Also a mixture
of both diffusion processes, vacancy and interstitial diffusion, is possible.

The diffusion of boron in silicon was initially attributed to both diffusion
via vacancies [59], and diffusion via self-interstitials [60]. However, recent
studies state that boron diffusion in crystalline silicon dominantly occurs
via self-interstitials, and hence is mediated by the interstitial diffusion
mechanism [61,62,65].

In this work, the boron diffusion is performed in a tube furnace with boron
tribromide (BBr;) as liquid dopant precursor; see Chapter 4.2 for further
technical information. The BBr; diffusion is a very complex oxidation-dif-
fusion process, in which the deposition of the dopant source onto the sili-
con surface and the diffusion of the dopants into the silicon bulk proceed
simultaneously [66]. In a preliminary chemical reaction, BBr; and oxygen
(0,) form boric oxide (B,0;) and bromine (Br,),

4 BBr, + 3 0, = 2 B,0, + 6 Br,, (2.34)

wherein the B,O, condenses on the silicon surface. The reaction of oxygen
and silicon leads to both the formation of silicon dioxide (SiO,)’ at the in-
terface as well as some interstitial silicon atoms,

Si + 0, — SiO,. (2.35)

Both, the B,O, and the SiO, mingle and form the borosilicate glass (BSG),
which then serves as the dopant source. Elemental boron (B) and SiO, result
from the reaction of the B,0; within the BSG and the silicon at the interface,

2 B,0, + 3 Si — 4 B + 3 Si0,. (2.36)

In general, the diffusion of impurity atoms in silicon correlates with their
interaction with point defects, as previously discussed. Hence, an increase
in point defect concentration will affect the diffusion characteristics of im-

5During the thermal oxidation process, silicon is consumed and the Si/SiO, interface moves into
the silicon. Thereby, 44% of the resulting SiO, layer thickness was formerly silicon [55, p. 372].
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purity atoms. One of the best known examples of this is the so-called oxi-
dation-enhanced diffusion of impurities in silicon [67,68]. As the name sug-
gests, oxidation thereby plays the crucial role. Due to thermal oxidation of
the silicon surface, a large number of additional self-interstitials is intro-
duced into the silicon promoting the impurity diffusion. This means that in
strongly oxidizing atmosphere, the boron atoms move faster into the silicon,
resulting in a deeper doping profile compared with a boron diffusion per-
formed with less oxygen content. Furthermore, it has been shown that
boron diffusion coefficients depend apart from temperature also on the boron
doping concentration [65,69-71]. The boron diffusion coefficient is reported
to be essentially constant for boron dopant concentrations below 10" cm™,
while an increase towards larger dopant concentrations is observed.

Additionally, thermal oxidation processes lead to redistribution of boron
atoms at the silicon surface; see Fig. 2.6(a). As the segregation coefficient
equilibrium concentration of impurity atoms in silicon
=4 DUHLY (2.37)

equilibrium concentration of impurity atoms in SiO,

for boron is lower than 1 (k= 0.3 [72]), the solubility of boron is higher in
Si0, than in silicon. Hence, the boron concentration in the silicon is re-
duced close to the surface (hereafter referred to as doping depletion zone).
Just the opposite is true for phosphorus. Its solubility in SiO, is lower
(k ~ 10 [72]), and therefore results in an increase in the phosphorus concen-
tration at the surface; see Fig. 2.6(b). The diffusion rates for both impuri-
ties are low in the SiO, layer.

Sio, Silicon Sio, Sili&

0 Depth 0 Depth
(a) k <1 (e.g. boron) (b) k> 1 (e.g. phosphorus)

Impurity concentration

Fig. 2.6. Schematic illustration of impurity redistribution in silicon due to thermal
oxidation (redrawn from Ref. [72]). For both illustrated cases, the diffusivity of the
impurities is low in the SiO, layer.
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2 Fundamentals of Silicon Solar Cell Technology

In order to act as acceptors and thus, to release a hole into the valence
band, the boron atoms must be incorporated into the silicon lattice in elec-
trically active state. For this purpose, the solubility of substitutional boron in
silicon is the crucial parameter; see Fig. 2.7. The higher the maximum tem-
perature, the more boron can be dissolved in silicon in substitutional form.
For boron atoms, a differentiation between active and inactive dopants is not
known. However, due to incomplete ionization, not all boron/phosphorus
atoms might release a hole/electron even at room temperature and contribute
to the charge carrier concentration for the doping concentration interval be-
tween ~ 10" cm™® and ~ 10" ¢cm™ [75]. The magnitude of this effect for typi-
cal doping profiles in this thesis is similar to the relevant measurement accu-
racy. Hence, incomplete ionization is of minor importance. In case the boron
concentration is higher than the solubility limit, a boron rich boundary lay-
er of silicon boride compounds (SiB, ) forms particularly at the silicon sur-
face; also known as boron rich layer (BRL) [66,76-79]. Obviously, the solu-
bility of boron in solid silicon is significantly lower than that of phosphorus.
This means that for boron diffusion, higher temperatures are necessary in
order to obtain comparable doping levels and profile depths, since the dif-
fusion coefficients of boron and phosphorus atoms differ not more than by
about a factor of two [80, p. 33].

The determination of doping profiles is the key for process characterization
and process development. The total impurity concentration—the dopant
can be both electrically active and inactive—can be measured by secondary
ion mass spectroscopy (SIMS) [31, pp. 102-103]. Another measurement
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Fig. 2.7. Solubility limit for active and inactive phosphorus as well as active boron
in crystalline silicon as function of the temperature for thermal diffusion processes
(active means that the dopants are incorporated substitutional). The data for the
graph are taken from Refs. [73,74].
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2.3 Fundamentals of diffusion and dopant properties in crystalline silicon

method is the electrochemical capacitance-voltage (ECV) technique, which
determines the charge carrier density [81]. See Appendix B.2 with respect
to the ECV measurement principle. Hence, the dopant concentration of
electrically active boron (and phosphorus) can be extracted by the ECV
method. If only electrically active dopants are present in the sample to be
measured, SIMS and ECV measurements are in very good agreement [81,82].

The presence of a BRL after boron diffusion is very undesirable, as it leads
to both a decrease in bulk lifetime of the silicon wafers [79], and to an in-
crease in surface recombination [83,84]. On the other hand, the BRL is
proven to be very effective in gettering iron impurities [84]. Additionally,
the BRL itself acts as dopant source during the diffusion process [76]. This
means when a BRL is present, the boron concentration within the BRL
mainly controls the diffusion process. Furthermore, it has been reported
that boron diffusion processes with conditions giving rise to the formation
of a BRL are more reproducible [76]. Without a BRL, the reproducibility
and uniformity depend mainly on the BBr, and O, concentration in the tube;
see Eq. (2.34). That is why the formation of a BRL during the diffusion
process is initially tolerated very often. In these cases, the BRL is removed
after the diffusion process. This is, however, not possible in hydrofluoric
acid (HF). The only mean to remove the BRL is oxidation, as e.g. in boiling
nitric acid (HNOs) [76,84], or by thermal oxidation [85,86]. Apart from ther-
mal oxidation of the BRL in a subsequent process step, also the incorpora-
tion of the thermal oxidation of the BRL at the end of the diffusion pro-
cess, while the BSG is still present, is possible. This option is used in this work
to avoid the presence of a BRL after the boron diffusion process utilizing
BBr,, and is referred to as post-oxidation in the following. However, in case
of iron gettering within the BRL, its thermal oxidation leads to a release
of the gettered iron atoms back into the silicon bulk. In order to completely
prevent the formation of a BRL during the diffusion process, the ratio of the
process gases, in particular the O,/BBr, ratio, is of utmost importance [87].

2.3.3 Properties and diffusion of phosphorus atoms in silicon

Just like boron atoms, also phosphorus atoms occupy predominantly sub-
stitutional sites in the silicon lattice up to a certain doping concentration [56].
As phosphorus atoms act as donors, an electron is introduced into the con-
duction band. The ionization energy of substitutional phosphorus is also
found to be approximately 0.04 eV [58, p. 390].
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2 Fundamentals of Silicon Solar Cell Technology

For phosphorus, two solubility limits exist as Fig. 2.7 shows. Below the ac-
tive solubility limit, all phosphorus atoms are dissolved in substitutional
form. If the phosphorus concentration exceeds the active solubility limit, the
phosphorus atoms are no longer dissolved substitutional and are thus elec-
trically inactive. For even higher phosphorus concentrations, the solubility
limit specifies from which concentrations phosphorus is bonded in silicon-
phosphorus precipitates.

The curve progression in Fig. 2.8 is characteristic for a phosphorus doping
profile. As the diffusion of phosphorus in silicon depends on two different
diffusion mechanisms, two typical sections can be distinguished in the dop-
ing profile: the so-called kink and tail. This is because the dominating dif-
fusion mechanism for each section depends on the doping concentration.

For concentrations of up to ~ 5-10" cm™, phosphorus diffuses mainly via
the interstitial diffusion mechanism [62,64]. For phosphorus concentrations
exceeding 510" cm™, this diffusion mechanism becomes ineffective due to
finite interstitial concentration and the diffusion via double negatively
charged vacancies is dominant [64,89]. As their energy level is 0.11 eV
below the conduction band energy, a high Fermi level and thus, a high
doping concentration are necessary so that the diffusion mechanism via
vacancies prevails. This can be the explanation for the onset of vacancy
diffusion for a doping concentration of 5-10" cm™. The characteristic kink
and tail curve progression is explained by Bentzen [64, pp. 51-69] as fol-
lows: due to very limited kick-out processes at high doping concentrations,
the surface-near and highly doped part of the profile diffuses much slower
than the deeper and less doped part. The kink designates the area with the
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Fig. 2.8. Exemplary illustration of a phosphorus doping profile from a POCI,; source

with both total phosphorus and electron concentration (redrawn from Ref. [88]).
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2.4 Metal-semiconductor contact

strongest drop in the phosphorus concentration, while the tail describes
the deeper section with a shallower gradient.

As the boron diffusion, also the phosphorus diffusion is performed in a tube fur-
nace in this work. As dopant source, liquid phosphorus oxychloride (POCI,)
is used. The process sequence for POCI, diffusion is basically the same as
for BBry diffusion. The latter will be discussed in more detail in Chap-
ter 4.2.1. The POCI, diffusion is likewise a very complex oxidation-diffusion
process. In the preliminary chemical reaction, POCl,; and O, form phospho-
rus pentoxide (P,0,,) on the silicon surface and chlorine (Cl,) [90, p. 297],

4 POCI, + 3 0, = P,0,, + 6 Cl,. (2.38)

It also forms SiO, on the silicon surface, which mixes with the P,O,, This
mixture represents the phosphosilicate glass (PSG). Subsequently, the
chemical reaction between P,0,, within the PSG and silicon at the inter-
face leads to the formation of elemental phosphorus (P) and SiO,,

P,0, +5Si — 4 P + 5 SiO,. (2.39)

As already mentioned in the previous section, thermal oxidation processes
lead to an increase in phosphorus concentration at the surface; see Fig. 2.6(b).
With a segregation coefficient of k ~ 10 [72], the solubility of phosphorus is
higher in silicon than in SiO,. Thus, phosphorus doping profiles do not fea-
ture a doping depletion zone at the surface. Oxidation-enhanced diffusion
also leads to an increase of the diffusion rate for phosphorus atoms. By
incorporation of thermal oxidation into the POCI, diffusion process, it is
furthermore possible, to realize phosphorus doping profiles without pres-
ence of electrically inactive phosphorus near the surface [91,92].

24 Metal-semiconductor contact

For the n-type solar cells dealt with in this work, the contact resistivity of
front and rear side metallization to the underlying highly doped silicon
plays an important role. With values in the range of a few mQcm? per
wafer side, the specific contact resistance p is not negligible for screen-
printed metallization. This section provides a brief overview of metal-semi-
conductor contacts in general and discusses the different current transport
mechanism in a metal-semiconductor contact. The theoretical calculation
of p¢ is dealt with in Appendix A.
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2.4.1 Schottky contact

The ideal contacting of solar cells consists of an ohmic contact with negli-
gible pq, which also does not degrade the cell performance. The ohmic con-
tact is characterized by a linear I-V characteristic both for positive and
negative voltages.

However, Schottky discovered in 1938 that metal-semiconductor contacts
have a rectifying behavior, as a potential barrier formed in between the
two materials [93-95]. This potential barrier is called the Schottky barrier.
Since then, a metal-semiconductor contact is also referred to as a Schottky
contact. Following Schottky's discovery, many works have been devoted to
metal-semiconductor contacts in order to further develop their understanding
and the underlying theoretical models, as e.g. in Refs [96-104]. A comprehen-
sive review of the models describing metal-semiconductor contacts is given,
e.g. by Schroder and Meier [105] as well as by Rhoderick and Williams [106].
In the following, the aspects relevant for screen-printed metal contacts and
silicon are briefly discussed.

After joining metal and semiconductor, the Fermi energies F;, of both ma-
terials align themselves due to electron flow from the material with the
higher Fy to the material with the lower Fy. This leads to a bending of the
energy band in the semiconductor right on the metal-semiconductor inter-
face, as illustrated for an n-type and a p-type semiconductor in Fig. 2.9(a)
and (b), respectively. Due to the band bending, the Schottky barrier height
q¢,” is present at the contact interface, which is

4P — X, (n-type doping)
qo, = o (2.40)
Eg - (q¢m - ar) (p_type doplng)

for an ideal metal-semiconductor contact with energy band gap E, of the
semiconductor. Note that q¢, is not dependent on doping density, i.e. is
not dependent on the position of E within the bandgap. The metal work
function ¢¢, and the semiconductor work function q¢, represent the
energy necessary to excite an electron from the Fermi level E} to the vacu-
um level. The electron affinity gX, equals the energy difference between the
conduction band edge E of the semiconductor and the vacuum level.

%In literature, both e, (in eV) and ¢, (in V) are referred to as the Schottky barrier height.
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Fig. 2.9. Energy band diagrams of metal-semiconductor contacts in thermal equi-
librium for an (a) n-type and a (b) p-type doped semiconductor.

The built-in potential V}; has to be overcome either by electrons in the con-
duction band or by holes in the valence band when moving into the metal,

q¢y, — (Ec — Ep) (n-type doping)

) (2.41)
q9, — (Ex — Ey) (p-type doping)

q‘/bi =

with the energy of the valence band edge Ey of the semiconductor.

Fig. 2.10 shows measured g¢, for various metals on n-type and p-type
silicon. As predicted by Eq. (2.40), q¢, increases with increasing g¢,, for
n-type silicon, whereas g¢, decreases with increasing q¢,, for p-type silicon.
However, the dependence of g¢, from q¢,, is much less pronounced as ex-
pected from Eq. (2.40). This is because surface states at the interface located
within the forbidden band gap act as donors or acceptors in practical metal-
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Fig. 2.10. Measured Schottky barrier heights q¢, on n-type and p-type silicon as
function of the metal work function g¢,, for various evaporated metals (redrawn
from Ref. [105]). The dotted lines represent Eq. (2.40) with £, = 1.1242 eV [107],
and gX, = 4.05 eV [108, p. 275].
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semiconductor contacts, as first shown by Bardeen [98]. These surface states
are not considered in the theory for ideal Schottky contacts, but influence
the determination of g¢, quite considerably.

Another effect which occurs in practical metal-semiconductor contacts is
the lowering of q¢, due to image forces, when an electrical field is present;
see Appendix A.

2.4.2 Current transport mechanisms

Depending on charge carrier concentration N of the semiconductor and on
temperature T, three different current transport mechanisms via charge
carrier (tunneling) flow have been proposed for metal-semiconductor con-
tacts [103-105,109], namely thermionic emission (TE), thermionic field
emission (TFE), and field emission (FE). Fig. 2.11 illustrates these current
transport mechanisms for an n-type doped semiconductor, for which elec-
trons are the majority charge carriers. These emission mechanisms also
apply to a p-type doped semiconductor, but then holes represent the ma-
jority charge carriers and the Schottky barrier is present in the valence band;
see Fig. 2.9(b). For TE in Fig. 2.11(a), the charge carriers are exclusively
thermally excited over the potential barrier. In case of TFE for somewhat
higher N, Fig. 2.11(b), the charge carriers can cross the potential barrier
by a combination of thermal excitation and quantum mechanical tunneling.
For even higher N, Fig. 2.11(c), FE becomes dominant and the charge car-
riers can directly tunnel the in this case quite thin potential barrier. Refer
to Appendix A for further details about the theoretical calculation of spe-
cific contact resistances p for the different current transport mechanisms.

%
Metal  Semiconductor Metal  Semiconductor Metal Semiconductor
(a) TE (b) TFE (c) FE
N <10® cm™ 108 em™® < N <10 cm™ N>10* cm™

Fig. 2.11. Schematic illustration of current transport mechanisms between metal
and n-type semiconductor in dependence on the semiconductor charge carrier con-
centration N: (a) thermionic emission (TE), (b) thermionic field emission (TFE),
and (c) field emission (FE). The stated values for N refer to 7'= 300 K, and serve
as a rough reference point. Image force barrier lowering is not taken into account.
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3 MWT Solar Cells: State of the Art
and Transfer to n-Type Silicon

3.1 Introduction

First, the state of the art in solar cell technology at the beginning of this
work (in 2011) is discussed. This review includes large-area monocrystalline
p-type and n-type silicon solar cells with thermally diffused front-side
emitter and screen-printed metallization. The benefits and challenges of
different cell concepts, such as the H—pattern or the metal wrap through
(MWT) approach, are also covered. Subsequently, the ongoing develop-
ment in p-type MWT technology as of 2012 is briefly presented; also results
from this work contributed to this significantly. The achieved improve-
ments for p-type MWT solar cells influenced the selection of the structural
design of the n-type MWT solar cells to be developed within this work.
The remaining part of the chapter deals with the development of process
sequences for fabrication of n-type Cz-Si H—pattern and n-type Cz-Si MWT
solar cells with front-side boron emitter and rear-side phosphorus doping.
Starting with the introduction of a basic process sequence for n-type H—pat-
tern solar cells, the challenges that have to be overcome in fabrication of
such devices are discussed. These challenges are then examined in more
detail starting in Chapter 4. Following the presentation of individual pro-
cesses, the transfer and the implementation of the MWT structure to and on
n-type Cz-Si is in focus. The cell structures introduced for possible n-type
MWT solar cells form the fundament of the development of the n-type MWT
technology in the further course of this work.

3.2 State of the art solar cell structures with front
side emitter

The present work deals with the development of monocrystalline n-type
Cz-Si solar cells featuring a thermally diffused front-side emitter and
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screen-printed metallization grids on both sides of the wafer. The following
two sections expound the relevant state of the art in science and technology
of such or similar solar cell types on p-type and n-type silicon with a wafer
edge length > 125 mm, utilized at the beginning of this work in the year
2011—both for research and for industrial production.

3.21 H-pattern concept and others

The world’s most widespread crystalline silicon solar cell concept in indus-
trial production—in 2011 and still to date [4]—is the very mature p-type sil-
icon H-pattern structure with aluminum back surface field (Al-BSF) [48];
see Fig. 3.1. Typically, the p-type silicon wafer is doped with boron atoms,
whereas the n-type front side emitter is doped with phosphorus atoms.
The latter is mainly realized by a thermal tube furnace diffusion process
using phosphorus oxychloride (POCI,) as liquid dopant precursor. The
light trapping on the cell’s front side is enhanced by a textured surface and
a silicon nitride (SiN,) layer acting as an antireflection coating, and also
serving as a passivation layer. The front- and rear-side contacts are applied
by screen printing, what is the most commonly used metallization technol-
ogy [4]. During a high temperature process in a fast firing oven, the rear
aluminum contact alloys into the p-type-doped base creating a highly
p-type-doped layer, the so-called Al-BSF. Simultaneously, the contact for-
mation takes place between emitter and front side metallization—consisting
of a screen-printed paste with silver as conductive component [49,110,111].
The basic ingredients of such a screen-printing silver paste, beside the
metal powder, are glass frits and organic components such as binders, sol-
vents, and additives. During the firing process, the solvents and binders
are burned off at temperatures up to 550°C. Above this temperature, the
glass frits become liquid, etch the SiN, layer, and form a glass layer at the
silicon surface by oxidation of the silicon. The silver powder dissolves and
sinters into a compact structure. During rapid cooling from the peak firing

Front grid Silicon
nitride

p-type Phosphorus emitter
silicon Aluminum BSF

Rear contact
Fig. 3.1. Schematic cross section of a p-type H-pattern Al-BSF solar cell structure.
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temperature in the range of 800°C to room temperature, epitaxial silver
crystallite growth into the silicon surface occurs. The sintered silver bulk is
separated from the silicon by the thin glass layer with embedded silver
particles. The glass layer ensures the mechanical adhesion to the substrate.
Especially direct current paths via silver crystallites, which connect the sili-
con and the silver bulk, are assumed to be responsible for low specific con-
tact resistance [110,112]. The metallization grid consists of contact fingers
with a width of w; <90 pm [113], and typically 1.5 mm wide straight or ta-
pered external busbar contacts. The thickness of the silicon wafers is
W~ 180 pm [113]. The name “H—pattern” originates from the fact that the
busbars are applied perpendicular to the fingers and thus the grid layout is
reminiscent of the letter “H”. The achieved energy conversion efficiencies 7
for these cells are about between 17% and 19% [113,114].

In 1989, Blakers et al. proposed a solar cell structure on p-type silicon with
dielectric rear side passivation between full-area aluminum contact and silicon
base—the so-called passivated emitter and rear cell (PERC) [115]; illus-
trated in Fig. 3.2(a). The passivation layer—which can be silicon dioxide
(S10,) [116-118,11] or aluminum oxide (Al,O,) [116,117,119]—has to be pro-
tected from the screen-printed aluminum layer during the firing process by an
intermediate SiN, layer. The electrical contacting of the base is realized with
local contacts. Therefore, either the passivation layer stack is opened prior to
metallization [120,121] and local aluminum contacts form during the firing pro-
cess, or laser-alloying is used to form the local contacts after metallization
and firing [122,123]. The rear side passivation of the PERC concept includes
two advantages over the AI-BSF structure. On the one hand, the internal re-

Front grid Silicon

. Front grid Silicon Passivation layer
nitride

nitride

p-type Phosphorus emitter n-type Boron emitter
silicon Local contact silicon Phosphorus BSF
Rear Silicon o — . .
contact  nitride  Passivation layer Silicon nitride  Rear grid

(a) p-type PERC solar cell (b) n-type PERT solar cell

Fig. 3.2. Schematic cross sections of H-pattern solar cell structures: (a) p-type PERC
and (b) n-type PERT. The front side of the p-type PERC concept resembles that
of the front side of the Al-BSF cell, with the only difference being the rear side
passivation. Furthermore, the rear side of the n-type PERT solar cell has the same
structure as the front side of the p-type PERC device.
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flection is significantly increased compared with alloyed aluminum, on the
other hand, the surface recombination velocity is significantly lowered [116].
For those p-type PERC cells, pilot-line conversion efficiencies up to 20.2%
have been reported in 2011 [124,125]. However, there is no industrial mass pro-
duction of this cell type at this time. The rear surface passivation results in
a conversion efficiency boost of An ~ 1%, compared with Al-BSF cells [116].

However, one major drawback of boron-doped p-type Cz-Si is that it suf-
fers from light-induced degradation (LID), as boron-oxygen complexes are
activated upon illumination resulting in a reduction of the minority charge
carrier lifetime [126,127]. The presence of oxygen in Cz-Si cannot be avoided
due to its manufacturing process [128, pp. 23-32]. The conversion efficiency
of solar cells in the degraded state (activated boron-oxygen complexes) can be
lower by up to 10%,, than in the annealed state (deactivated boron-oxygen
complexes) [129]. To overcome, or at least, decrease the detrimental im-
pact of LID in Cz-Si, the number of boron-oxygen complexes needs to be
reduced. This can be achieved by using alternative substrate materials.
One option is boron-doped Cz-Si grown by the magnetic-field-assisted Cz
method [130], in which significantly less oxygen is present [129,131]. How-
ever, it is much more expensive and has not yet been produced on a large
scale in industrial production. Another option is to replace boron with gal-
lium [129,131]. Unfortunately, gallium has an extremely low segregation
coefficient” in silicon resulting in a very large resistivity variation along the
ingot height and thus, to a low production yield. A third option is to
transform the highly recombination active state of the boron-oxygen com-
plexes into a non-recombination active, so-called regenerated state [133].
This regenerated state is stable under illumination. However, the duration
of the process needed for a complete transformation is in the range of tens
of minutes up to some hours. A fourth option is to replace boron with
phosphorus resulting in an n-type-doped silicon crystal. This n-type Cz-Si
is not only insensitive to boron-oxygen related LID [126,129], but is also
less sensitive to common metal impurities—such as iron—compared with
p-type doped Cz-Si due to the asymmetric capture cross sections of their
defects for electrons and holes (mostly high hole lifetime and low electron
lifetime) [7]. Hence, in principle, solar cells made of n-type silicon have a
higher energy conversion efficiency potential.

"The segregation coefficient k describes the relation between the impurity atom concentration
in the growing silicon crystal and in the silicon melt. Typically, k is lower than 1, as e.g. in
silicon: k(boron) = 0.8, k(phosphorus) = 0.35, and k (gallium) = 0.008 [132].
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By substituting the p-type base material with n-type silicon for H-pattern
solar cells with front side emitter, the cell structure has to be significantly
changed. Fig. 3.2(b) depicts the n-type counterpart to the p-type PERC
cell, namely the n-type passivated emitter rear totally diffused (PERT)
concept. This n-type H—pattern cell concept is often referred to as a bifacial
cell, as the rear side metallization has an open structure, allowing light to
also penetrate the cell from that side. The phosphorus doping in this case no
longer forms the emitter; instead it forms the back surface field (BSF). The
emitter is boron-doped and is usually passivated with a SiO, layer [134].
An even improved passivation might be achieved with an Al,O, layer [135],
however, its use is still not very widespread. The overlying SiN, layer again
serves as antireflection coating. One option to realize the two different
highly doped surfaces is their simultaneous formation within a single high-
temperature step, the so-called “co-diffusion” [136]. Cabal et al. utilize a
borosilicate glass (BSG)—which is applied to only one wafer side—as a solid
doping source for boron atoms during a POCI; diffusion, and achieve a peak
conversion efficiency of 18.9%° [136,137]. Another, rather more common
approach is the use of sequential tube furnace diffusion processes utilizing
boron tribromide (BBr,) or boron trichloride (BCl;) and POCI, as liquid
dopant precursors [134,137,138]. For both approaches, however, almost no
information is available on the actual implementation of the diffusion pro-
cesses. That is, the order in which the diffusion processes are performed,
and how it is ensured that each dopant type is present on only one side of
the wafer, is not very clear. Peak conversion efficiencies up to 19.5% have
been published for n-type H—pattern solar cells fabricated with sequential
diffusion processes [134,138], which have been industrially produced since the
end of 2010 by Yingli Green Energy under the brand name “Panda” [139].

For low-loss electrical contacting the boron-doped emitter in n-type solar
cells by screen printing, a small percentage of aluminum (Al) must be
added to the silver (Ag) paste [140-142]. For aerosol printed seed layers it
has been shown that an Ag ink (no Al added) can also provide a low-ohmic
electrical contact to boron emitters [143]. Unfortunately, especially the
screen-printed Ag-Al pastes trigger enhanced recombination below the met-
allized areas leading to severe voltage losses [16,138] and hence, conversion
efficiency losses. Fdler et al. propose the deep and homogeneous penetra-

$The type of measurement for n-type cells with open rear side metallization is often not accu-
rately described in literature. Unless specifically indicated, the cited conversion efficiencies for
such bifacial cells most likely refer to measurements performed on a reflective and conductive
measurement chuck or with double-sided irradiation.
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tion of metal into the boron emitter—along the whole contact area—as a pos-
sible cause [138]. They suggest further a two-step printing process to reduce
the impact of the highly recombination active Ag-Al metallization. By
printing only the fingers with Ag-Al paste and the external busbar con-
tacts with a less aggressive silver paste [144], the voltage loss after metalli-
zation could be significantly decreased. Furthermore, Lago et al. report on
metal crystallites perforating the boron emitter with crystallite depths up
to a few microns, deep enough to shunt the boron emitter [142].

As partial shading of a photovoltaic module can lead to reverse biasing the
shaded cells [145], it is important that those cells are not harmed by the ap-
plied negative voltage, and that the reverse behavior is not detrimental to the
module. Cabal et al. show for n-type Cz-Si H—pattern cells that the currents
occurring under reverse bias load are significantly higher than those observed
for p-type Cz-Si H-pattern cells [137]. Other publications devoted to different
reverse bias behaviors of p-type and n-type solar cells, or others which inves-
tigate the impact of reverse stress on the conversion efficiency, are not known.

For all H—pattern cell types, the external front busbar contacts cover al-
most 3% of the active cell surface. The finger contacts contribute about
the same percentage to the total metal coverage which thus amounts to
just fewer than 6%. Unfortunately, the busbar width cannot be arbitrarily
reduced'; as the reliable interconnectability of the solar cells must be guar-
anteed for module manufacturing. Nevertheless, several cell concepts aim
at reducing the principal shading on the cell’s front side, as e.g. approaches
that feature no busbars but only fingers on cell level, which are then inter-
connected by thin metal wires [146,147]. The back-contact back-junction
(BC-BJ) cell concept features no front side metallization at all, however,
the emitter is located on the rear side, necessitating the use of silicon material
with high bulk lifetime [148]. Superior conversion efficiencies up to 24.2%
have been reported by Sunpower for their BC-BJ cells on n-type Cz-Si wafers
with 125 mm edge length and passivated contacts [149]. Since both, emitter
and base contacts are located on the rear side, the realization of BC-BJ cells
on 156 mm wafers is anything but trivial without new and sophisticated
metallization approaches. A state of the art third approach to reduce the
front side shading—which can be classified structurally between the H—pat-

9This applies to a configuration with three 1.5 mm-wide straight busbars on a 156 mm wafer.

076 decrease silver consumption, also busbar widths of 1.2 mm are prevalent. Even if these
thinner busbars are realized tapered, typically 1.5 mm-wide cell interconnectors are soldered
on them resulting in no decreased shading of the cell’s front side after module integration.
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tern and the BC-BJ concept and is the focus of the present work—is dis-
cussed in the following section.

3.2.2 Metal wrap through (MWT) concept

The metal wrap through (MWT) solar cell concept was first introduced in
1998 by Kerschaver et al. [10]. In contrast to the H-pattern cell approach
(Fig. 3.1 and Fig. 3.2), both externally interconnectable contacts are located
on the rear side; see Fig. 3.3. This is achieved by a relocation of the external
front contacts to the rear side using metallized vias. This means that inter-
connectable busbar contacts are no longer required on the solar cell front
side, leading to reduced shading up to 50%. Focus was initially only set on
the use of p-type silicon as base material for this back-contacted cell tech-
nology. Several different p-type MW'T cell structures have been developed,
mainly differing in the structural configuration of the wafer’s rear side
(with or without passivation layer) and of the emitter.

The MWT-BSF concept (Fig. 3.3(a)) is the simplest p-type MWT structure
published up to 2011 [150-152]. Besides the front emitter, the MWT-BSF
solar cell also features an emitter inside the vias and on the rear side. Com-
pared with H—pattern cells with AI-BSF (Fig. 3.1), only laser-drilling the vias
and a contact separation on the rear side are additionally needed. This
leads to an efficiency advantage of An =~ 0.5%,,, for MWT-BSF cells [151],
and peak conversion efficiencies up to 19.4% have been reported [152].

In 2006, Dross et al. presented the first p-type MW'T solar cell with a passi-
vation layer below the back metal contacts [153]. The introduction of such
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Fig. 3.3. Schematic cross sections of p-type MWT solar cell structures with differ-
ent rear side configuration: (a) AI-BSF and (b) PERC. The phosphorus-doped
emitter permeates the vias reaching the back. The rear dielectric layer in (b) is a
stack consisting of the passivation layer and the SiN, capping layer.
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a passivation layer lead to an efficiency gain of An = 1%, in comparison
with non-passivated MWT-BSF cells [154]. In 2010, the term “MWT-PERC”
was introduced by Thaidigsmann et al. for these cells combining the MWT
structure and the PERC approach [155], as depicted in Fig. 3.3(b). Again, the
emitter extends from the front side through the vias up to the rear side. In
2011, the maximum conversion efficiency for such p-type MWT-PERC solar
cells reached 19.4% utilizing Cz-Si and screen-printed metallization [11]. Us-
ing high-quality float-zone silicon (FZ-Si), the conversion efficiency has been
increased to 20.1% for the otherwise identically fabricated cells. In the same
experiment, also extruded front contacts [156] have been used in combina-
tion with FZ-Si, resulting in a peak conversion efficiency of 20.6% [11]. At
the time of publication in 2011, this value represented the world record for
large-area p-type silicon solar cells (125 mm edge length).

Typically, the external rear contacts (both n-type and p-type polarity) and
the vias are metallized simultaneously with a non-fire-through silver
screen-printing paste, called “via paste”. The term “non-fire-through” refers
to the property of the paste not to penetrate' SiN, layers. One of the
main challenges in the fabrication of MWT solar cells is the use of such
suitable via pastes. A reliable and continuous via metallization is essential
in terms of achieving a low series resistance contribution [151]. For the
previously discussed p-type MWT-BSF (Fig. 3.3(a)) and MWT-PERC
cells (Fig. 3.3(b)), the presence of an emitter both inside the vias and on
the rear side ensures electrical contact separation between via paste
(n-type contact) and p-type silicon base. For this application, via pastes
have been designed so that they do not shunt the emitter [153,157—159].

In 2011, it became apparent that the rear emitter of passivated MW'T solar
cells is not necessarily needed if adapted passivation layer stacks and appro-
priate via pastes are used—this was the launch of the high-performance MWT
(HIP-MWT) architecture [118,160], as shown in Fig. 3.4. This significant
simplification of the MWT-PERC structure—the complex structuring of
the rear emitter is no longer necessary (compare with Fig. 3.3(b)}—shows
no drawbacks under forward bias conditions as, e.g. for the conversion effi-
ciency. Hence, the HIP-MWT concept offers the use of significantly more
cost-effective fabrication process sequences. Under reverse bias conditions

"This does not mean that the via paste does not attack the SiN, layer at all, which probably
would lead to mechanical adhesion problems. Rather, it means that the via paste does not
completely penetrate the SiN, layer up to the silicon.
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Fig. 3.4. Schematic cross section of the p-type HIP-MWT solar cell structure with-
out a rear-side emitter. The dielectric layer stack on the backside must ensure both
surface passivation and electrical contact separation between external n-type con-
tact and p-type base.

performed up to —12 V, the external n-type contacts initially showed in-
creased current flow for the HIP-MWT cells compared with the MWT-
PERC cells [160]. The investigation of further dielectric layers revealed
that the current flow under reverse bias load can be manipulated by the
choice of the dielectric layer [161], and that comparable low current flows
as for MWT-PERC cells can be achieved with HIP-MWT cells [162].
However, in case of low breakdown voltages and an adequate spatial distri-
bution of the current flow, the early breakdown behavior can be potential-
ly used on cell level as an integrated bypass diode approach [161,163].

In 2010, Guillevin et al. presented first MWT solar cells using n-type Cz-Si
as base material [15]. They reported a peak conversion efficiency of 18.7%"
for cells with a wafer edge length of 156 mm. The rear side grid of these
n-type MW cells has an open structure and consists of curved finger con-
tacts and external contact pads for both polarities. With use of a specific
unit cell design, (pseudo-) busbar contacts are neither needed on the front
nor on the rear side. In the following year, they increased the conversion
efficiency by An = 1%,,,, now achieving 19.7% with straight finger con-
tacts and perpendicular (pseudo-) busbar contacts both on the front and
rear side; see Fig. 3.5 [16]. The MWT cells show about 0.3%,,, higher con-
version efficiencies than H—pattern cells processed in parallel due to higher
voltage and current values.

However, further information about these n-type MWT cells—especially con-
cerning the structural configuration of the via contacts and the rear side of

275 for bifacial n-type H—pattern cells, the type of measurement is often not accurately de-
scribed in literature. Unless specifically indicated, the cited conversion efficiencies for n-type
MWT cells most likely refer to measurements performed on a reflective and non-conductive chuck.
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Fig. 3.5. Image of (a) front side and (b) rear side of an n-type MWT solar cell with
156 mm edge length, as published by Guillevin et al. in 2011 [16] (the labeling is
added). Narrow pseudo-busbars on the front side conduct the current from the fin-
gers to the vias. Wider busbars on the rear side collect the finger current and con-
duct it to the round-shaped external n-type contacts. The also round-shaped exter-
nal p-type contacts are not in contact with the rest of the rear metallization.

the cells—has not been published by these authors. Furthermore, there are no
known publications regarding the reverse bias behavior as well as the impact
of reverse bias load on the forward behavior of such n-type MWT solar cells.
In September 2011, Yingli Green Energy announced research collaboration
with the Energy Research Center of the Netherlands (ECN) and Amtech
Systems on the development of n-type MWT solar cells [164].

3.3 Ongoing development of p-type MWT technology

The development of n-type MWT solar cells within this work has been
strongly influenced by the concurrent ongoing development of p-type
MWT solar cells. Results from this work also contributed significantly to
this development in p-type MWT technology. In particular, the use of fur-
ther optimized via pastes to metallize the vias and the external contacts
on the rear side allow for significant simplifications in p-type MWT cell
structures. Building upon the status of p-type MWT solar cells at the be-
ginning of this work in 2011 (as discussed in the previous section 3.2.2),
this section deals with the ongoing development in p-type MWT technology
as of 2012.
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Simplification of the p-type HIP-MWT cell concept

The idea to further simplify the p-type HIP-MWT concept is based on the
target to enable the use of conventional and passivated p-type PERC cell
precursors™ for fabrication of MWT cells. This means that laser-drilling
the vias may take place only after application of the passivation layers. So
far, for HIP-MWT cells, laser-drilling the vias is performed prior to POCI,
diffusion in order to form an emitter also at the inside of the vias [118]; see
Fig. 3.4. By performing the laser-drilling process after passivation and hence,
just before the metallization process, it is clear that an emitter within the
vias can no longer be present. The MWT cell structure resulting from this
idea is shown in Fig. 3.6(a). This simplified MWT structure has been in-
troduced as the p-type HIP-MWT+ cell concept [14,165]. The difference to
the HIP-MWT cell in Fig. 3.4 is the no longer existing emitter within the
via, since the emitter is present on the front side only. For both, the HIP—
MWT and the HIP-MWT+ cell concept, the laser-drilling of the vias is
the only additional process step needed to fabricate passivated MWT cells
instead of H-pattern PERC cells. But only the HIP-MWT+ approach en-
ables the use of passivated PERC cell precursors, as the via-drilling is per-
formed directly before the metallization process. This makes the HIP—
MWT++ cell concept very attractive for industrial implementation.

On the other hand, the via paste is in direct contact to the p-type silicon
base within the vias for the HIP-MWT+ cell structure. Note that the cross
sections, as e.g. in Fig. 3.6(a), are not drawn to scale. The actual dimensions
for an exemplary p-type MWT solar cell are summarized in Table 3.1. The
proportion of the metallized surface of the external n-type contact compo-
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(a) HIP-MWT+ solar cell (b) MWT-BSF+ solar cell

Fig. 3.6. Schematic cross sections of p-type MWT solar cell structures without emit-
ter neither inside the via nor at the rear side: (a) HIP-MWT+ and (b) MWT-BSF+.

13Helre7 the term precursor refers to a p-type PERC solar cell which is passivated but not yet
metallized. The precursor has so far gone through all fabrication steps up to metallization.
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Table 3.1. Actual dimensions of the external n-type contact structure for an exem-
plary p-type MWT solar cell on pseudo-square silicon wafers with 156 mm edge
length and a thickness of W = 175 pm. The values are given for a metallization ge-
ometry with 24 round n-type contact pads with a diameter of 2.5 mm and two via
contacts per contact pad. The via diameters are 70 pm and 140 pym on front and
rear side, respectively.

Total wafer  Area n-type Area inside A A, A,
surface contact pads the vias ‘ A A
Awafcr Apads Avias Awafcr Awafcr Apads + Avias
(mm’) (mm?’) (mm?’) (%) (%) (%)
23895 117.8 2.8 0.5 0.01 2.3

nents in relation to the total wafer surface is 0.5% and 0.01% for the con-
tact pads and the vias, respectively. The proportion of the vias at the total
external n-type contact area amounts to only 2.3%. However, for the suc-
cessful realization of the HIP-MWT+ cell concept, a via paste is needed,
which—in the ideal case—does not form any type of electrically conduc-
tive contact to the directly adjacent p-type silicon within the vias.

In order to evaluate the availability of such a via paste, a first study utilizing
six different via pastes concerning their electrical contact behavior—both
to p-type and to n-type silicon—has been performed within this work at
the beginning of 2012. The performed experiments and the obtained results
are published in Ref. [165]. The investigations reveal significant differences
between the examined via pastes concerning their electrical contact behav-
ior, both in forward and reverse bias condition. This study reveals one via
paste which shows by far the lowest leakage currents of all examined via
pastes when applied on p-type silicon, either with or without an intermediate
dielectric layer. Furthermore, for the first time, this study showed a poten-
tial impact of reverse bias load on the occurring leakage currents in for-
ward direction. Therefore, it forms the basis for the comprehensive studies
carried out in Chapter 6 utilizing even further optimized via pastes.

However, the identified via paste has been used to fabricate p-type HIP-MWT
and HIP-MWT+ solar cells using FZ-Si wafers with 125 mm edge length.
The obtained peak conversion efficiencies are 20.2% and 20.3% for the best
HIP-MWT and HIP-MWT+ cells, respectively. At the time of publication of
the I-V data in 2012 [165], this HIP-MWT+ solar cell was the best perform-
ing MWT cell fabricated at Fraunhofer ISE using screen-printed contacts
only. Furthermore, this HIP-MWT+ cell features comparable low current
flow under reverse bias load as the parallel fabricated HIP-MWT cell. Later,

40 |



3.3 Ongoing development of p-type MWT technology

Thaidigsmann [166, p. 46] also showed that recombination losses at the inner
surface of the via contacts are negligible for these HIP-MWT+ solar cells.

Simplification of the p-type MWT-BSF cell concept

In the above mentioned first via paste evaluation [165], also a MWT-BSF
cell without rear-side emitter is introduced (an emitter within the vias is
still present). This means that in comparison with the MWT-BSF struc-
ture in Fig. 3.3(a), the via paste is in direct contact with the subjacent
bare p-type silicon in the area of the external n-type contact pads. Accord-
ing to Table 3.1, the area proportion of the silicon wafer in direct contact
with the via paste is 0.5% in this case. Hence, the requirements on the via
paste concerning its electrical insulation property for its application in
such MWT-BSF cells is significantly higher than for its use in HIP-MWT+
cells. None of the examined via pastes is found to be suitable for the real-
ization of this cell concept. The fabricated MWT-BSF devices show shunt-
ing issues with respect to low shunt resistances (i.e. low pseudo fill factors)
and high currents under reverse bias load.

In 2013, Yin et al. [13] published a further adjusted MWT structure with
Al-BSF in which the via paste is also applied directly onto the subjacent
bare p-type silicon base. Their published MWT structure has no emitter in
the vias nor at the rear side, see Fig. 3.6(b), and is referred to as MWT—
BSF+ in the following. Yin et al. report a peak conversion efficiency of 19.6%
on full-square p-type cast-mono silicon wafers with 156 mm edge length [13].
The published results for this cell configuration, in which the via paste is
directly applied onto the p-type silicon wafer, imply that no significant
leakage currents occur between the two components. In other words, this
means that the used via paste is optimized such that it does not form an
electrically conductive contact to the underlying bare silicon. The availability
of such optimized via pastes will be also shown in the studies in Chapter 6.
The MWT-BSF+ concept offers a significant simplification of the fabrica-
tion process for MWT solar cells with Al-BSF, as the contact separation
step on the rear side is no longer necessary.

Need for electrically non-contacting via pastes

As the preceding discussion of the different p-type MWT cell structures
shows, solely the non-fire-through property of the via pastes is no longer
sufficient. In addition, the via pastes themselves have to prevent electrical
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contact formation not only when printed on top of an intermediate dielec-
tric layer, but also when applied directly onto the bare p-type silicon base.
To meet both requirements, the glass components of the newer via paste
generations probably form a thin tunneling barrier, i.e. insulating glass
layer, during the contact firing process, resulting in an electrically non-
conducting contact system [163,167]. Furthermore, the actual requirements
on the via pastes depend on the cell structure of choice. In accordance to
the results from Yin et al. [13] with the via paste being directly applied on
bare p-type silicon, some of the via pastes investigated in Chapter 6 also
show no significant electrical contact to directly adjacent p-type silicon.

Conclusion

The fabrication of p-type HIP-MWT+ solar cells can be simply performed
by using p-type PERC cell precursors. This is possible because of the signif-
icant simplification of the p-type MWT cell structure compared with the ini-
tial MWT-PERC concept. The MWT-BSF+ approach also provides a more
cost-efficient fabrication of MWT cells with AI-BSF. However, these p-type
HIP-MWT+ or MWT-BSF+ solar cells suffer from boron-oxygen related
light-induced degradation (LID), resulting in lower performance under illu-
mination. To overcome this LID, one option is to replace the p-type silicon
base with n-type silicon material. The aim now is to transfer the MWT con-
cept to n-type silicon and likewise to use n-type PERT cell precursors, if
possible. In order to do that, the “parent” cell—the n-type PERT cell with
H-pattern metallization grid—and all processes for their fabrication are
needed. Hence, the fabrication process for n-type H—pattern PERT cells is
discussed first in the next section, before the realization of n-type MWT
solar cells is in focus of Chapter 3.5.

3.4 Processes for fabrication of n-type H-pattern
solar cells

In order to start the development of n-type MWT solar cells, a basic fabri-
cation process for n-type H-pattern PERT solar cells is mandatory. How-
ever, at the beginning of this work in 2011, such a basic fabrication process
was not yet available in the PV-TEC pilot-line [168] at Fraunhofer ISE.
Aside from the non-availability of a proven process flow, the development
of BBr; diffusion processes for forming the boron-doped emitter for wafers
with 156 mm edge length was only established during the end of 2012, as
the tube furnace for this purpose was only then available.
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As discussed in Chapter 3.2.1, co-diffusion [136] or sequential diffusion pro-
cesses [134,137,138] can be used to form the different highly doped surfaces
necessary in n-type silicon solar cells; see e.g. Fig. 3.2(b). The co-diffusion
approach, as introduced by Cabal et al. [136], utilizes a solid dopant source
on one wafer side during a high-temperature gas phase diffusion of the other
dopant atoms on the other wafer side. This approach has been also investi-
gated at Fraunhofer ISE by Rothhardt in a parallel PhD thesis [169]. Refer to
this thesis or recent results from Cabal et al. [170] for further information
concerning the co-diffusion approach. The process route utilized in this work
is based on a sequential diffusion approach, which is now being introduced.

3.4.1 Basic process sequence

The persecuted process sequence for fabrication of n-type Cz-Si H—pattern
PERT solar cells within this work, utilizing sequential diffusion processes, is
illustrated in Fig. 3.7(a). The schematic cross section of the resulting cell
structure is given in Fig. 3.2(b). A final n-type H-pattern solar cell, fabri-
cated according to this process sequence, is shown in Fig. 3.7(b).

Following wet-chemical alkaline texture, which is performed in a bath with
potassium hydroxide (KOH) and additives to form random pyramids on ei-
ther wafer side, the rear side is covered by a diffusion barrier layer applied
by plasma-enhanced chemical vapor deposition (PECVD). During BBr, dif-

(  Alkalinetexture ]
PECVD rear diffusion barrier
BSG etch
PECVD front diffusion barrier
PSG etch / Cleaning

(__Deposition Al,O; on front side (PECVD/ALD) |
((Deposition SiN, on front and rear side (PECVD) |
[ Screen printing of front and rear contacts )
( Fast firing )
( Laser edge isolation on front side )

(a) (b)
Fig. 3.7. (a) Schematic process sequence for fabrication of n-type Cz-Si H-pattern PERT
solar cells with sequential diffusion approach; see Fig. 3.2(b) for the resulting cell
cross section. (b) Photographs of front and rear sides of a bifacial n-type H-pattern
cell with three external busbar contacts, fabricated according to the sequence in (a).
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fusion, this barrier layer has to prevent boron atoms to enter the silicon on
the covered rear side and thus, has to ensure the presence of boron doping
after the diffusion process on the uncovered front side only. Both the BSG
and the barrier layer are then removed in 10% HF solution, which is re-
ferred to as BSG etch. Prior to POCI, diffusion, a further barrier layer is
applied by PECVD on the previously boron-doped front side. The phos-
phorus BSF on the rear side is formed during the subsequently performed
POCI, diffusion. The PSG and the barrier layer are again removed in 10%
HF solution, which is referred to as PSG etch.

A wet-chemical cleaning step precedes the deposition of an Al,O, layer with
a thickness of up to 10 nm on the boron-doped emitter on the front side.
The ALO, passivation layer can either be applied by PECVD [171-174] or
by atomic layer deposition (ALD) [135,172,174,175]. Subsequently, a SiN,
layer is applied by PECVD on both wafer sides. On the front side, this
SiN, layer acts as an antireflection coating, whereas on the rear side, it
acts in addition as a passivation layer. The SiN, layer thickness on the
rear side is typically 75 nm, whereas its thickness on the front side is re-
duced according to the already present AL,O, layer (the total layer thick-
ness is again about 75 nm). This is also reflected in a similar color of the
front and rear sides in Fig. 3.7(b).

In order to be able to extract generated current from the so far passivated
cell precursors, metal contacts in the shape of finger and busbar structures
are applied on either wafer surface by screen printing technology; see
Fig. 3.7(b). For this purpose, different screen-printing pastes are employed.
As discussed in Chapter 3.2.1, an Ag-Al paste is necessary for the metal-
lization of the front-side boron emitter, in order to achieve low specific
contact resistance. The rear-side phosphorus BSF is metallized with an Ag
paste. After each printing step, the pastes are dried in a drying furnace at
about 200°C to evaporate the solvents. Upon completion of the screen print-
ing process, contact formation takes place during fast firing in a conveyor
belt furnace at significantly higher temperatures (wafer temperature between
700°C and 800°C). Moreover, the firing step activates the chemical passiva-
tion property of the passivation layers. This is correlated with the diffusion
of e.g. hydrogen from the Al,O, or SiN, layer (which is more likely) to the sili-
con interface, where it effectively saturates dangling bonds [175-177]. In
order to electrically separate front and rear side, laser edge isolation on the
front side terminates the fabrication process.
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3.4.2 Challenges in the fabrication process and approaches

Like any fabrication process, also this process sequence entails challenges
not only regarding single processes, but also in terms of their mutual inter-
action. In the following subsections, these challenges are examined more
closely. Ways to address these challenges are presented in part directly, or are
referenced to the following chapters, in which the corresponding approaches
are discussed in detail.

Quality of n-type Cz-Si wafer material

As the n-type Cz-Si wafers are exposed to several high temperature steps,
their bulk lifetimes must not significantly degrade. A prominent example
for very significant lifetime degradation after a high temperature step is
the presence of so-called “swirl” structures. These swirl defects are correlated
to oxygen precipitates [178-180], resulting in bulk lifetimes of up to only a
few tens of microseconds [180]; see also Fig. 3.8(b) and (c). To ensure no
degradation of the bulk lifetime during the applied fabrication process,
n-type Cz-Si wafers from different material suppliers have been evaluated
prior to their usage within this work. For that purpose, some of the wafers
from each supplier have undergone a process sequence similar to that in
Fig. 3.7(a) up to the PSG etch. Following the PSG etch, the highly doped
surface layers and the random pyramids on either wafer side are wet-chem-
ically etched. Subsequently, the surfaces are passivated and the bulk life-
times are measured after firing by means of QSSPC. An exemplary result
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Fig. 3.8. Photoluminescence (PL) images of three n-type Cz-Si wafers after they
have undergone the material evaluation process sequence. The wafers in (b) and (c)
feature swirl defects, resulting in bulk lifetimes in the wafer center of only 70 ps
and 240 ps, respectively. The wafer in (a) features no ring structures and has a
bulk lifetime of 2.6 ms in the center.
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of this material screening is depicted in Fig. 3.8. Clearly visible are the
swirl defects in Fig. 3.8(b) and (c), resulting in bulk lifetimes of only 70 ps
and 240 ps in the wafer center, respectively. Thus, this material is not suit-
able for the applied process sequence, whereas the material in Fig. 3.8(a) is
highly suitable with a bulk lifetime of 2.6 ms in the wafer center.

Diffusion barrier layers

For the selected process route with sequential diffusions, suitable diffusion
barrier layers are mandatory to ensure the doping on only one wafer side
during BBr; and POCI, diffusion. Hence, single-sided application methods
for the barrier layers are imperative. Because for the POCI, diffusion the al-
ready boron-doped silicon surface has to be protected by a diffusion barrier
layer, the interaction of this layer with the boron atoms has to be known. As
also oxygen is present in the gas atmosphere during the POCI,; diffusion, the
barrier effect of the applied layers against oxygen is also of high interest. Es-
pecially since, as discussed in Chapter 2.3.2, oxidation of the boron-doped
surface would lead to oxidation-enhanced diffusion of boron atoms and to a
depletion of boron atoms at the surface. Following the diffusion processes, the
used sacrificial barrier layer should also be removable in 10% HF solution.
An excerpt of the experiments performed concerning the evaluation of dif-
ferent diffusion barrier layers is discussed in Chapter 4.5. These investiga-
tions resulted in the selection of a suitable diffusion barrier layer which is
used for fabrication of n-type solar cells within this work.

Formation of the boron emitter by BBr; diffusion

The newly acquired quartz tube furnace from Tempress Systems for boron
diffusion using liquid BBr, as dopant precursor—see Chapter 4.2 for fur-
ther technical information—has been ready for processing from the end of
2012. The then performed development of BBr, diffusion processes, in order
to form suitable boron emitters on alkaline textured surfaces, includes several
challenges. First, the doping with boron atoms should be as homogeneous as
possible across the whole wafer surface. This is equivalent to the need for a
sufficiently homogeneous sheet resistance. As for the following points, it is
also important that the diffusion processes also yield similar results for the
different process boat positions. Second, the dark saturation current densi-
ties j,, after passivation and firing of the formed boron emitters should be as

YA will be discussed in Chapter 4, some basic diffusion processes and corresponding parame-
ters have been provided by Tempress Systems.
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low as possible on alkaline textured surfaces. This implies that no boron-rich
layer may be present at the silicon surface after BBr, diffusion, as discussed
in Chapter 2.3.2. Third, the formed boron emitters should be electrically con-
tactable with low resistance by using screen-printed and fired metal pastes.
In order to evaluate and to better understand the performed BBr, diffusion
processes with respect to these challenges, for each performed diffusion
several test specimens are either prepared separately or along with solar
cells. Further challenges concerning, e.g. the electrical contacting of the
boron-doped emitters are the interplay between the formed boron doping
profiles and the recombination activity of charge carriers below the metal-
lized areas. Also shunting issues in correlation to the boron doping profile
play a decisive role in developing promising BBr; diffusion processes.

The development of the BBr, diffusion processes, and the ability to cus-
tomize the resulting doping profiles with respect to the aforementioned
challenges, will be discussed in detail in Chapter 4.

Formation of the phosphorus back surface field (BSF) by POCI; diffusion

The phosphorus diffusion using liquid POCI, as dopant precursor are performed
in a quartz tube furnace from centrotherm photovoltaics. The industrial system
used is the “Centronic E2000 HT 410-4" with four horizontal quartz tubes.
The challenges for the formation of the phosphorus-doped BSF by POCI,
diffusion are almost equivalent to those mentioned above for the formation
of the boron-doped emitter by BBr, diffusion. Hence, e.g. the homogeneity
in sheet resistance across the whole wafer surface, low dark saturation cur-
rent densities jjpgr, and the ability to contact the phosphorus-doped sur-
face with low specific contact resistance utilizing screen-printed and fired
metal contacts are issues that are linked to the POCI, diffusion process.

The idea with respect to the order of the diffusion processes is that both
the BBr; and the POCI, diffusion processes might be optimized separately,
in case the already present boron doping profile does not alter during
POCI, diffusion. This makes the process sequence with BBr; diffusion first
very attractive, as the independent developments in boron emitter and
phosphorus BSF formation can be directly implemented in the cell fabrication
process. The feasibility of this approach depends on the applied diffusion bar-
rier layer, as discussed before, and the effect of the thermal budget of the
POCI, diffusion process on the rearrangement of the boron dopants. As the
solubility of phosphorus atoms in silicon is significantly higher than that of
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boron atoms, see Fig. 2.7, POCI, diffusion is performed at clearly lower tem-
peratures than BBr, diffusion processes. The studies, which are devoted to
the topic with respect to the diffusion barrier layers, will be dealt with in
Chapter 4.5. Another advantage of the diffusion order with BBr, diffusion
first is that the diffusion process with the higher getter efficiency—which is
the POC]; diffusion [181,182]—comes last. In principle, also the inverted
order of the diffusion processes, i.e. the BBr; diffusion follows the POCI,
diffusion, is an option for a sequential diffusion approach. In this case, the
higher thermal budget of the BBr; diffusion process would inevitably lead
to a significant redistribution of phosphorus dopants. Hence, an independ-
ent optimization of the two diffusion processes is no longer easily possible.

With regard to POCI, diffusion itself, no comprehensive process develop-
ments and optimizations are carried out within this work. The processes
used to form the phosphorus BSF have been developed as part of other
works, as e.g. published in Refs. [91,92], and are not more than slightly
modified for their implementation in n-type cell fabrication. Particularly
the publication from Werner et al. [92] provides an overview on current
POCI, diffusion processes developed at Fraunhofer ISE. In order to evalu-
ate the used POCI, diffusion processes, several test specimens are prepared
along with the solar cells.

Wet-chemical cleaning and passivation layers

Prior to the application of dielectric passivation layers, contaminants on the
wafer surface need to be reduced in order to achieve maximum surface
passivation quality. The surface passivation is crucial, as the silicon crystal
abruptly terminates at the wafer surfaces and thus, many defects are present.
Two different passivation mechanisms are distinguished [183], namely the
saturation of dangling bonds at the silicon surface, and keeping out of
charge carriers of either type from the surface. Both mechanisms are also
known as chemical and field effect passivation, wherein the second mecha-
nism is based on fixed charges within the passivation layer. Hence, layer
types have to be used which can effectively passivate the highly boron-
and the highly phosphorus-doped surfaces.

Within this work, the wet-chemical cleaning prior to the deposition of the
passivation layer is performed either in HF solution', or in a SC1/SC2

YThe immersion in HF solution is strictly speaking no real cleaning, as the HF etches only
the native SiO, layer and thus has no real purifying effect.
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cleaning'®, or in nitric acid (HNO,) preceded and followed by a dip in 1% HF
solution. The latter is referred to as HNF cleaning in the following. HNO,
is often used to wet-chemically oxidize silicon surfaces [185,186].

A SiN, layer can effectively passivate phosphorus-doped surfaces [187], where-
as it cannot provide an effective passivation of boron-doped surfaces [188].
Hence, the boron-doped surfaces are passivated with a thin ALO; layer, ei-
ther applied by PECVD or ALD with layer thicknesses of approximately
10 nm or 5 nm, respectively. The PECVD depositions of the SiN, layers on
either wafer side are performed as described previously.

Screen printing and fast firing process

In order to extract the generated current out of the solar cell, electrical
conductive metal contacts to the highly doped surfaces are needed. The
most common method to form metal contacts in solar cell fabrication of-
fers the screen printing technology. The requirements on the metallization
are, e.g. minimum shading, especially at the cell front side, high line con-
ductivity, low specific contact resistances, low recombination at the metal
contacts, and no shunting of the emitter layer.

The low-loss electrical contacting of the phosphorus doping on the rear
side of the n-type solar cells is possible with Ag pastes, as they are com-
monly used for contacting phosphorus emitters in p-type cells. However,
these Ag pastes are not suitable to contact boron-doped surfaces with low
specific contact resistance [140,142]. Instead, Ag-Al pastes have to be used to
realize the electrical contacting of boron emitters with low series resistance
contribution [140,142], as described also in Chapter 3.2.1. Unfortunately,
these Ag-Al pastes trigger enhanced recombination below the metallized areas
leading to severe voltage losses [16,138]. The conductivity of Ag-Al pastes
is also somewhat lower than that of Ag pastes [140,142]. The selection of a
suitable fast firing process is also important, during which the contact forma-
tion takes place between the applied metal contacts and the doped surfaces.

All in all, the metallization of the front boron emitter is one of the crucial
challenges in the fabrication of such n-type solar cells. Concerning this issue,
especially the studies in Chapter 5 target the generation of knowledge and

The terms SC1 and SC2 stand for standard clean 1 and 2, respectively. The SC1/SC2 clean-
ing is a shortened version of the RCA cleaning [184] used in microelectronics.
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deeper understanding of the mechanisms that are prevailing at the contact
interface between Ag-Al metallization and the boron-doped silicon surface.

An obvious approach to reduce the impact of the highly recombination ac-
tive Ag-Al metallization is the reduction of the therewith metallized areas.
For this purpose, the screen printing of the finger structures and the exter-
nal busbar contacts can be carried out with two different pastes: the finger
contacts are printed with an Ag-Al paste, whereas the external busbar con-
tacts are formed with a non-fire-through and electrically non-contacting sil-
ver paste [138]. This method is known as the dual printing approach [189],
wherein the busbar contacts are also referred to as floating busbars. An-
other promising approach to reduce the Ag-Al covered area on the cell’s
front side of n-type solar cells represents the MWT approach, which is
now being dealt with in more detail.

3.5 Transfer of the MWT concept to n-type silicon

As discussed in Chapter 3.2.2, Yingli Green Energy, ECN, and Amtech Sys-
tems started their collaboration on the development of n-type MWT solar
cells in 2011. However, no scientifically reliable cross sections or detailed
fabrication process sequences for n-type MWT solar cells have been published
by them to date. Hence, at the beginning of this work, one of the first tasks
regarding the development of n-type MWT solar cells has been to evaluate
and assess possible cell structures and their associated fabrication processes.

The first realization of n-type MWT solar cells within this work resulted
in fully functional devices with a peak conversion efficiency of 17.7% on
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(a) nMWT solar cell (b) nMWT+ solar cell

Fig. 3.9. Schematic cross sections of n-type MW'T solar cell structures with emitter
on the front side only. The rear-side configurations are different: (a) nMWT with
full-area phosphorus BSF and (b) nMWT+ with structured phosphorus BSF.
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pseudo-square Cz-Si wafers with 125 mm edge length. More information
about these first n-type MWT solar cells can be found in Ref. [190].

In the present work, the cell structures shown in Fig. 3.9 form the basis for
the development of the n-type MWT cell technology. Both n-type MWT
cell structures exhibit the boron emitter on the front side only and hence,
resemble the p-type HIP-MWT+ structure in Fig. 3.6(a). The naming
nMWT is used in the following for the cell with full-area phosphorus BSF,
as depicted in Fig. 3.9(a), whereas the term nMWT+ denotes the cell
without phosphorus doping below the external p-type contacts, as appar-
ent in Fig. 3.9(b). The “+” symbolizes that the phosphorus BSF is (addi-
tionally) structured. The fact that no emitter is present within the vias of-
fers the possibility to drill the vias directly before metallization, as this has
been already discussed with respect to the p-type HIP-MWT+ solar cells
in Chapter 3.2. A possible fabrication process for the nMWT and nMWT+
solar cells as well as for H-pattern reference cells is illustrated in Fig. 3.10.

One option to ensure that no phosphorus doping is present below the ex-
ternal p-type contacts for the nMWT+ cell is the use of structured diffu-
sion barrier layers during POCI, diffusion. Another possibility is to struc-
ture the phosphorus-doped surfaces subsequent to the diffusion process.
For both approaches, the use of an inkjet-printed masking resist and wet-
chemical etching is an option [191-193]. Laser processes also allow for struc-
turing dielectric layers serving as diffusion barriers or for the direct struc-

C___ Akaewawre
PECVD rear diffusion barrier
c—  BSGetth ]

( PECVD front diffusion barrier (DB) )

c—— ' PSGetch/Cleaning ]
Deposition Al,O; on front side (PECVD/ALD)
Deposition SiN, on front and rear side (PECVD)

[3

i Laser-drilling vias

( Screen printing of front and rear contacts
( Fast firing
( Laser edge isolation on front side

Fig. 3.10. Schematic process sequence for fabrication of n-type Cz-Si H-pattern as
well as nMWT and nMWT+ solar cells as depicted in Fig. 3.9.
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turing of highly doped silicon surfaces [194]. The application of local diffu-
sion barrier layers by inkjet printing or screen printing prior to POCI, dif-
fusion is in principal also possible, in case the material used can withstand
the high temperatures and is easily removable afterwards [195]. Another
option is the use of a screen-printed etching paste to locally remove the
phosphorus-doped surface layer [195,196].

For most of the nMWT+ cells fabricated and investigated in this work,
the diffusion barrier layers are structured prior to POCI; diffusion using
inkjet-printed masking resist and wet-chemical etching in buffered HF; see
Appendix C.1 for further details. This process sequence to structure dielec-
tric layers is robust and already well-proven. Furthermore, this method al-
lows realizing the nMWT+ cell structure, as depicted in Fig. 3.9(b), by the
use of diffusion barrier layers whose properties are known.

This allows for the investigation and comparison of the two different
n-type MW'T cell concepts nMWT and nMWT++, as this will be done in
the Chapters 6 and 7. However, in case a structured phosphorus BSF is
found to be necessary to prevent shunting on the rear side, this inkjet-based
structuring method is not suitable on industrial scale. In order to evaluate
if laser processes are an opportunity to structure the phosphorus BSF sub-
sequent to POCI; diffusion, a proof-of-concept on cell level is performed
and discussed in section 7.6. The principle of the laser processes that are
used is described in Appendix C.2.

The first realized nMWT and nMWT++ solar cells with an edge length of
156 mm feature a front-side metallization pattern with three (pseudo-) busbar
contacts; see Fig. 3.11(a). Accordingly, three contact rows are located on
the rear side with the external contact pads for each polarity. Then, the
switch was made to a metallization layout with four (pseudo-) busbar con-
tacts on the front side; see Fig. 3.11(b). On the rear side, four contact rows
are present for each polarity. The increase in contact rows leads to a short-
ening of the effective finger length on front and rear side. This results in a
reduction of the series resistance contribution of the finger contacts and al-
lows for an increase in fill factor [197,198]. The change in metallization ge-
ometry, i.e. the position of the external contact pads, is connected with
considerable effort, as for each geometry, a suitable measurement chuck
must be available. Hence, the arrangement of the external contact pads is
as shown in Fig. 3.11 throughout this work.
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Fig. 3.11. Photographs of front and rear sides of n-type MWT cells with 156 mm edge
length and a different number of contact rows per polarity: (a) three and (b) four.

By comparing the nMWT structure in Fig. 3.9(a) with the n-type H—pat-
tern structure in Fig. 3.2(b), it is clear that the nMWT approach repre-
sents the structurally simplest realization opportunity of an MWT cell us-
ing n-type silicon. However, the significantly higher risk of shunting and
unwanted leakage currents in the area of the external p-type contacts still
remains for the nMWT concept in comparison with the nMWT+ ap-
proach. This topic is content of the Chapters 6 and 7, where it is examined
and discussed very detailed.

3.6 Chapter summary

Following a comprehensive review about the state-of-the-art for relevant
p-type and n-type silicon solar cells at the beginning of the work in 2011,
it is elaborated that the development of n-type MWT solar cell structures
has been strongly influenced by concurrent ongoing improvements in p-type
MWT cell technology. Also based on results that have arisen in the con-
text of this work, the p-type MWT structures were considerably simplified.

One key for the successful fabrication of MWT cells in general—either us-
ing p-type or n-type silicon wafers—is the silver-based via paste, which is
used to metallize the via contacts as well as the external contacts on the
rear side. For the p-type HIP-MWT solar cell with passivated rear surface
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and the p-type MWT-BSF cell structure, the requirements on the via
paste are originally that it should not fire-through dielectric layers, that it
ensures reliable and continuous via metallization with low series resistance,
and that it does not shunt an adjacent emitter layer. The availability of
further optimized via pastes then resulted in the development of simplified
p-type MWT cell concepts, namely the p-type HIP-MWT+ and the p-type
MWT-BSF+ solar cell. These both MWT cell structures have in common that
the emitter is present on the front side only and thus, no emitter is present
neither within the vias nor at the rear side. These simplifications are only
possible as the new via paste generation utilized is able to prevent or at least
to significantly suppress electrical contact formation to the directly under-
lying (bare) p-type silicon surface and thus, is able to prevent shunting in the
critical areas. These higher requirements on the via paste also apply accord-
ingly to the transfer of the MWT technology to n-type silicon bulk material.

The challenges with respect to individual processes or process clusters to
fabricate n-type Cz-Si solar cells with a boron-doped emitter on the front
side, a phosphorus doping on the rear side, and screen-printed metalliza-
tion are discussed in detail. The approach chosen to realize the boron- and
phosphorus-doped surfaces within this work is based on utilizing sequential
diffusion processes, which are performed in quartz tube furnaces with lig-
uid BBr; and POCI, as dopant precursors, respectively. The process se-
quence with BBr; diffusion first is assessed as very attractive, as the inde-
pendent developments in BBr; and POCI,; diffusion most likely can be di-
rectly implemented in the cell fabrication process.

The first realization of n-type Cz-Si MWT solar cells results in a maxi-
mum conversion efficiency of 17.7%, demonstrating the overall basic func-
tionality of the fabricated devices. Based on the p-type HIP-MWT+ cell
concept, two n-type MWT structures are introduced. The characteristic
feature of those n-type MWT cells is that the emitter is present on the
front side only and hence, no emitter within the vias and at the rear side
exists. These n-type MWT cell structures, either with full-area phosphorus
doping on the rear side (designated as nMWT) or a doping recess in the
area of the external p-type contacts (designated as nMWT+), form the basis
for the experiments performed and discussed in the Chapters 6 and 7. How-
ever, the former configuration of the nMWT structure might represent a
major challenge for achieving high pseudo fill factors due to possibly in-
creased risk of leakage currents under forward operation in the area of the
external p-type contact pads.

54 |



4 Boron Emitter Formation and
Passivation

4.1 Introduction

This chapter summarizes the performed characterizations and optimizations
regarding boron diffusion in a quartz tube furnace using liquid boron tribro-
mide (BBr;) as dopant precursor. For the n-type silicon solar cells investigated
in this work, the BBr; diffusion is necessary to form the p-n-junction on the
front side. Different objectives with respect to optimization of BBr, diffusion
processes are discussed, assuming the electrical contactability to be potentially
realized by screen-printed and fired metal contacts. A set of test specimens is
introduced that allows for determination of characteristic parameters to ana-
lyze the various examined BBr, diffusion processes. This set includes samples
to extract the homogeneity in sheet resistance across single wafers and from
wafer to wafer along the process boat, the boron doping profile, and the re-
combination of the highly boron-doped surface layers. Of course, apart from
these parameters, also metallization-related issues are of high interest, which
will be dealt with in Chapter 5. Following the characterization of three basic
BBr, diffusion processes, which have been provided by Tempress Systems,
some of the performed process variations are presented. As sequential diffu-
sion processes with first BBry; and second POCI, diffusion are used for cell
fabrication within this work, the diffusion must be restricted to one wafer
side. For this purpose, also the qualification of diffusion barrier layers as well
as the impact of POCI, diffusion on the boron doping profile is examined.

4.2 Boron diffusion with liquid BBr; as dopant
precursor

The p-type-doped emitter in n-type silicon solar cells is frequently formed
by using high-temperature atmospheric pressure tube furnace diffusion pro-
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cesses with BBr, as a liquid dopant precursor. The industrial system used is
the “T'S81255” from Tempress Systems with five horizontal quartz tubes.

4.2.1 Principle, process sequence, and objectives

A sketch of the quartz tube, in which the BBr; diffusion processes take
place, is shown in Fig. 4.1. The quartz boat has 262 slots and can take up
wafers with edge lengths up to 156 mm. During diffusion, the wafers are
oriented in the so-called diamond position, where one of a wafer’s corners
faces the upper side of the tube. An inert carrier gas (nitrogen, N,) is bub-
bled through the reservoir with liquid BBr,;. Subsequently, the rather small
quantity of N,-BBr,; vapor is mixed with N, and oxygen (O,) before the gas
mixture enters the quartz tube. The temperatures used for boron diffusion
usually range from ~ 850°C to ~ 1000°C. Refer to Chapter 2.3.2 for details
about the properties and the diffusion mechanism of boron atoms in silicon,
as well as the chemical reactions taking place at the silicon surface.

A typical boron diffusion process with one temperature plateau utilizing
BBr, is shown in Fig. 4.2(a). After inserting the quartz boat with the sili-
con wafers in the quartz tube, the temperature is raised to the processing
temperature. This step is performed in inert gas atmosphere with N, only.
The second step is the deposition phase, during which N,-BBr, is intro-
duced into the tube along with O, and N,. The chemical reaction between
0O, and BBr, as well as O, and silicon leads to the formation of a borosili-
cate glass (BSG) on the wafer surfaces; see Chapter 2.3.2. For the following
drive-in step, the N,-BBr; supply is switched off and the grown BSG layer
acts as dopant source. This step can be performed either with N,+ O, or
just with N,. The last step consists of cooling down with an integrated
post-oxidation featuring a significantly higher share of O,. The post-oxida-

* Five heating zones / Isolation Silicon wafers
Quartz ® & &6 6 6 o6 o6 0 o &6 &6 &6 & o o6 o ° o o o
tube * A B C D E

> -
N, = Door
1
N, -
o 6 © 0 6 6 0 6 & 6 o 6 o 0o o © o O O O J
BBrs Quartz boat Exhaust gas lance

Fig. 4.1. Schematic cross section of the quartz tube with resistance heating used
for the BBr, diffusion processes (*the wafers are oriented in the so-called diamond
position). The wafer positions in the quartz boat are indicated by the letters A-E.
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Fig. 4.2. Schematic illustration of process sequences with (a) one and (b) two tem-
perature plateaus for boron diffusion utilizing BBr, as liquid dopant precursor. The
gases marked with “x” are introduced into the tube at different steps.

tion is performed throughout this work to avoid the presence of a highly
recombination-active boron-rich layer (BRL) at the boron-doped silicon
surface after BBr, diffusion. A more sophisticated process sequence with
two temperature plateaus is depicted in Fig. 4.2(b). The deposition step is
performed at lower temperature 7T}, than the drive-in step with 7},,. Both
fundamental process sequences are utilized in the following.

lep

The characterization and the development of BBr, diffusion processes are
based on different objectives. These include e.g.

e A homogeneous boron doping across wafers with an edge length of
156 mm (synonymous with a homogeneous sheet resistance R)

e Similar R for different boat positions A-E (see Fig. 4.1)

e Determination of boron doping profiles in order to understand the rela-
tionship between diffusion process and shape of the resulting boron doping

e Low recombination of the highly boron-doped surfaces after passivation
and firing (i.e. low dark saturation current densities)

o Electrical contact formation by screen-printed and fired metal con-
tacts to the highly boron-doped silicon surfaces with low specific con-
tact resistance

e Custom-made boron doping profiles in order to investigate their inter-
action with screen-printed metallization
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4.2.2 Samples for processes characterization

To characterize BBr, diffusion processes and to determine their quality, vari-
ous sample types are examined to extract characteristic quantities, such as

e The sheet resistance R,
e The R,
e The boron doping profile NMd)

e The dark saturation current density j, of the highly doped and pas-
sivated surfaces

of the boron-doped surface layers

sh

standard deviation o as measure for the uniformity of the doping

e The specific contact resistance p. between metal contact and boron-
doped silicon

For this purpose, the set of test specimens typically includes the sample
types with both-sided boron doping shown in Fig. 4.3. Their following des-
ignation is based on the extracted quantities. The corresponding fabrica-
tion processes, including the performed measurements to extract the char-
acteristic properties, are illustrated in Fig. 4.4. Initially, all sample types
undergo the same process flow (apart from the surface formation) up to the
determination of the emitter sheet resistances R, after BBr; diffusion. The
different sample types will now be briefly introduced.

Samples for determining emitter sheet resistances R,

The emitter sheet resistances Ry, after diffusion are determined using the
R, samples illustrated in Fig. 4.3(a) and (b). The surfaces can be either alka-
line saw-damage etched or alkaline textured, depending on which surface is to
be examined. One method to measure Ry, is based on inductive coupling [199)],
which is a non-destructive measurement method. The bulk doping type is
irrelevant for this measurement method as only differences in R, are con-
sidered (no p-n-junction is required). More specifically, Ry, is calculated
from the bulk resistance'” (measured before diffusion) and the total sheet
resistance of the both sides diffused wafer (measured after diffusion). In do-
ing so, a parallel connection of the differently doped layers is assumed. R,
is the mean value for the various measurement locations; i.e. multiple mea-
surements are performed along the wafer length on three parallel straight
lines (see Appendix B.3). This method can be used to determine R, on
wafers with BSG layer directly after boron diffusion (see Fig. 4.3(a)), or af-

17Any existing thermal donors [200] have been previously dissolved during a high-temperature step.
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ter removal of the BSG (see Fig. 4.3(b)). It is found that the R, obtained
on the same sample once with and once without BSG layer are equal to
each other. Furthermore, the standard deviation o of the measured data
points is determined for each sample representing a measure for the homo-
geneity in R across the measurement range.

Another method to determine R, represents the 4-point-probe (4pp) tech-
nique [31,199], which permits direct R,,,, measurements on the boron-
doped surfaces after BSG etch (Fig. 4.3(b)), in case n-type silicon wafers
are used. With the 4pp method, spatially resolved R, ,, mappings with
20 x 20 measuring points (distance 7.7 mm) across almost the whole wafer
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Fig. 4.3. Schematic cross sections of different symmetric sample types used to char-
acterize BBr, diffusion processes with regard to different parameters: (a,b) sheet re-
sistance Ry, (b) boron doping profile N(d), (c) dark saturation current density j,.,
and (d) specific contact resistance pe.
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Fig. 4.4. Schematic process sequences for fabrication of the characterization sam-
ples shown in Fig. 4.3. The utilized characterization techniques are marked by col-
ored boxes with dashed borders.
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surface are made. Again, the standard deviation oy, of the measured data
points is a measure for the homogeneity of the formed boron-doped layers.

Note that data relating to 4pp measurements are indicated by the sub-
script “4pp” in this work. Data relating to inductive R measurements are
shown without additional index.

Samples for determining boron doping profiles N(d)

Using the samples just discussed (Fig. 4.3(b)), boron doping profiles Md) can
be extracted from electrochemical capacitance-voltage (ECV) measurements.
With the ECV method, the amount of charge carriers is determined [81].
Although the surfaces of the solar cells are alkaline textured, the doping
profiles within this chapter are always determined on alkaline saw-damage
etched surfaces, as ECV measurements on flat surfaces are more reliable than
on textured ones. Refer to Appendix B.2 with respect to the ECV measure-
ment principle and measurement uncertainties.

Samples for determining emitter dark saturation current densities jj,

Dark saturation current densities j,, of the alkaline textured, boron-doped,
and passivated surfaces are determined by quasi-steady-state photoconduc-
tance (QSSPC) measurements; see Fig. 4.3(c) for the cross section of the jy,
samples. Refer to Chapter 2.2.2 for more information about the method for
extracting j,.. Within this chapter, all j,, samples are passivated by a layer
stack consisting of ALO, and SiN,, both applied by PECVD. The passivation
mechanism of the passivation layers is activated by a fast firing process in a
conveyer belt furnace at temperatures representative for n-type solar cells. The
Joe samples resemble the front side of the n-type solar cells to be developed.

Samples for determining specific contact resistances p.

The p. samples in Fig. 4.3(d) enable the determination of specific contact
resistances p. to evaluate the electrical contact between metal contacts
and the boron-doped surfaces. Subsequent to the BSG etch, cleaning, and
the both-sided deposition of the passivation layer stack, the metal contacts
on either side are formed by screen printing. Subsequently, contact forma-
tion takes place during fast firing in a conveyer belt furnace. Apart from
the possibility to examine two different pastes on each p. sample, the
both-sided metallization equals the final solar cell metallization and hence,
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4.3 Characterization of basic diffusion processes

wafer temperatures are comparable in both cases. The p, measurement is
performed according to the transmission line model (TLM) [201,202], which
is described in more detail in Appendix B.4. Within the course of this
work, the p. samples have been used extensively for process development
concerning BBr,; diffusion and for evaluation of screen-printing pastes.
However, all p, dealt with starting in Chapter 5 are determined using
complete solar cell structures.

4.3 Characterization of basic diffusion processes

In the course of this work, the process parameters for three generations of
BBr, diffusion processes have been provided by Tempress Systems. These ba-
sic diffusion processes are referred to as Gen1-Gen3 in the following'.

4.3.1 Process description and approach

The processes Genl and Gen2 are based on process sequences with one tem-
perature plateau, as shown in Fig. 4.2(a). In contrast, the Gen3 process is
based on a process sequence with two temperature plateaus, see Fig. 4.2(b).
For Gen3, Ty, is lower as for Genl/Gen2, while Ty, is higher. Two char-
acteristic gas flux ratios during the deposition step of the diffusion processes
relative to process Genl are stated in Table 4.1. From Genl to Gen2, the ra-
tio between N,-BBr, and O, is kept constant, while the ratio of N-BBr;+ O,
to N, is reduced by 67%. This means that process Gen2 is performed with
significantly less N,-BBr, flux. Process Gen3 features a slightly larger ratio be-
tween N,-BBr, and O, as process Genl, but the N,-BBr, share is also signifi-
cantly reduced. In this case, the ratio between N,-BBr,+ O, and N, is reduced
by 51%. For all three process generations, the sum of deposition time and
drive-in time is virtually identical, only the ratios of the two times with
each other vary significantly. For diffusion process Gen3, an additional
variation is performed. Diffusion process Gen3* features identical process
parameters as process Gen3, but no post-oxidation after the drive-in step.

Table 4.1. Changes in gas fluxes Ag; during the deposition step for the BBr; diffu-
sion processes Gen2 and Gen3 with respect to process Genl.

Changes relative to Genl Genl Gen2 Gen3
Age (Ny-BBr;/0,) (%) - 0 +2.2
Ag; ([N-BBr; + O,]/N,) (%) - —67 -51

Date of availability: Genl (November 2012), Gen2 (November 2013), and Gen3 (January 2014).
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| Dummy wafer with BSG

E
Virgin dumm Wafer Quartz
’ ’ / boat
| Sample: Ry, N(d
W samples: jo,, pc

Fig. 4.5. Schematic illustration of the wafer arrangement in the quartz boat for the
characterization of BBr, diffusion processes (not so scale, 50 wafers fit at each position).
The boat positions are indicated by A-E (see also Fig. 4.1). Position A is located at
the gas inlet, position E by the furnace door. The neighboring wafers to the samples
of either type are virgin wafers to prevent any influence of a BSG covered surface.

A typical arrangement of the wafers in the quartz boat is depicted in
Fig. 4.5, as it is used for the characterization of the BBr, diffusion process-
es within this chapter. The gas inlet is located on the left, the door on the
right hand side; see Fig. 4.1. At each position under study (A-C, E), the
test samples are surrounded by one virgin dummy wafer on each side. One

R,,/N(d) sample is located at positions B, C, and E, whereas at position A,
also several j,, and p. samples are present apart from the R /N(d) sample.
Each sample package is surrounded by six BSG-coated dummy wafers on
either side. Unless otherwise stated, the results presented in the following
refer to samples located at position A.

4.3.2 Emitter sheet resistances

The R, ,, distributions determined by 4pp measurements across wafers with
156 mm edge length for the different process generations shows Fig. 4.6.
The lower left wafer corner showed towards the upper part of the tube furnace
during the BBr; diffusion processes; see also Fig. 4.1. The highest R, ,, are
obtained for the upper right corner (bottom of the boat), whereas the lowest
R, ., are apparent for the lower left corner (top of the boat). This diagonal
trend is very strongly pronounced especially for diffusion process Genl. It is
also apparent that 12, ,,, varies most across the wafer for process Genl. Look-
ing at the wafers directly after the respective diffusion processes (not shown),
the discoloration of the surface, which is related to the BSG layer thickness,
is significantly more inhomogeneous for process Genl than for the others.

Some characteristic R, parameters are summarized in Table 4.2, both for

sh
the 4pp measurements (top) as well as the conducted inductive measure-
ments (bottom). The obtained mean R, between 60 €2/sq and 70 €2/sq are
quite similar for both measuring methods for the respective BBr, diffusion,
and R, decreases across the different generations. In terms of percentaged

sh
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Fig. 4.6. Mapping of emitter sheet resistances R, ,,, obtained by 4pp measurements
on alkaline saw-damage etched n-type Cz-Si wafers for BBr, diffusion processes (a)
Genl, (b) Gen2, (¢) Gen3, and (d) Gen3*. As indicated in (a), the lower left corner
showed towards the upper part of the tube; see also Fig. 4.1. The black dots illustrate
the 20 x 20 measurement pattern on the sample, which is indicated by the grey shad-
ed wafer in the background. Note that the scaling is different for all four R plots.

Emitter sheet resistance Rsh’4pp (Q/sq)

Table 4.2. Characteristic R, parameters for the samples shown in Fig. 4.6 with al-
kaline saw-damage etched surface, determined by 4pp measurements (top) and in-
ductive inline measurements (bottom). The mean, minimum, and maximum values
in R, as well as the percentaged standard deviation o (equal to standard deviation
divided by R,,) are stated for Genl to Gen3.

sh

BBr, diffusion process Genl Gen2 Gen3 Gen3*
4pp R, ,,, mean (©2/sq) 72 68 66 59
meas. Ry, std.-dev. g, (%) 8.8 34 2.7 2.7

Ry, 4, min./max.  (Q/sq) 63/87 61/75 62/74 52/64
Induc- R, mean (©2/sq) 71 69 69 60
tive R, std.-dev. o (%) 7.6 1.7 2.0 2.1
meas. R min./max. (©2/sq) 65/84 66/71 67/73 58/63
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4 Boron Emitter Formation and Passivation

standard deviation o (equal to standard deviation divided by Ry), the 4pp
measurements yield higher values compared with the inductive measure-
ments, since the measuring points for the 4pp measurement are equally
distributed across almost the entire wafer surface, while the inductive mea-
surement is only performed over three lines in vertical direction; see Fig. B.2
in Appendix B.3. Hence, the 4pp method is more sensitive to R inhomo-
geneities occurring particularly in the wafer edge regions which the inductive
measurement tool does not completely capture. Hence, the spatial resolution of
the 4pp method is much higher. However, the inductive measurements, which
are carried out by default prior and after BBr, diffusion also point out the im-

portant trends and are thus a meaningful way to simply measure Ry, and o for

sh
a large number of wafers. Inductive and 4pp measurements performed on
samples with alkaline textured surface (not shown) yield nearly the same R,

as the ones performed on samples with alkaline saw-damage etched surface.

The improvement in the single wafer’s R, homogeneity over the process
generations is clearly evident. The standard deviation o, across the
wafers decreases for the 4pp measurements from 8.8% for Genl, to 3.4%
for Gen2, and finally to only 2.7% for Gen3. Despite reduced N,-BBr; flux
for process Gen2, see Table 4.1, 0,,, is significantly reduced compared with
process Genl. The two plateau process Gen3—the deposition step is car-
ried out at lower T, than the drive-in step with 77, —with also less
N,-BBr; flux than in process Genl improves uniformity further. For all
three generations, the minimum R, ,, are about 60 {1/sq, while the maxi-
mum Ry, is much higher for Genl. The comparison between Gen3 and
Gen3* (without post-oxidation) reveals that the post-oxidation leads to an in-
crease in R, . Expressed in numbers this means an increase from R, ,,, =
(59 = 3) 2/sq for Gen3* to Ry, ,,, = (66 + 3) £2/sq for Gen3, which is equiv-
alent to about 10%. On the other hand, no impact on 0,,, is observed when
post-oxidation is incorporated into the diffusion process. Corresponding
trends yield the inductive inline measurements. Further details on this topic
are discussed in section 4.3.3. Note that the values for R, and o stated in
the following sections refer to the inductive inline measurements.

For a homogeneous performance of solar cells over their full area, the homo-
geneity in R over each wafer is of major importance. Furthermore, the ho-
mogeneity in R, from wafer to wafer along the process boat is crucial for
the performance of a whole cell bath. According to the wafer arrangement
introduced in Fig. 4.5, the homogeneity of the four BBr; diffusion processes
is examined at different boat positions (A—C, E). The results are summarized
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4.3 Characterization of basic diffusion processes

Table 4.3. Mean emitter sheet resistances R, and standard deviations o determined
by inductive measurements on alkaline saw-damage etched R samples processed with
the four BBr, diffusions at the different boat positions A—C, and E (see Fig. 4.5).

Boat position — A B C E

R, o R, o R, o R, o
BBr, diffusion (Q/sq) (%) (Q/sa) (%) (2/sq) (%) (/sq) (%)
Genl 7176 70 5.9 70 6.3 - -
Gen2 69 1.7 68 3.9 72 23 - -
Gen3 69 2.0 69 2.0 70 1.5 70 1.4
Gen3* 60 2.1 61 1.9 63 1.3 - —

in Table 4.3. Note that position E is examined only for Gen3. For each dif-
fusion process, the mean R are quite similar for the different boat posi-
tions. The remaining differences in R, can be reduced by adjusting the
temperatures of the five individually controlled heating zones; see Fig. 4.1.
However, this was not carried out in this thesis. Regarding the standard
deviation o, the different boat positions result in partially different values
within each diffusion processes, particularly for Genl and Gen2. On the
other hand, processes Gen3 and Gen3* show o < 2.1% for each examined
boat position. Even at position E, the position farthest from the gas inlet,
o is not increased for Gen3. This shows that fairly low o across the wafers
and hence, a high homogeneity in R, might be achieved along the whole
process boat in case of full load for process generation Gen3.

4.3.3 Doping profiles

The resulting doping profiles N(d) are determined by ECV measurements
on samples with alkaline saw-damage etched surfaces. The profiles extracted
at the wafer center are shown in Fig. 4.7(a). As introduced based on Fig. 4.2,
diffusion processes Genl-Gen3 feature a post-oxidation step at the end of
the diffusion process, which leads to the pronounced boron depletion at the
wafer surface due to segregation of boron into the growing SiO, layer at the
silicon interface; see Chapter 2.3.2. For Gen3*, in which no post-oxidation
is incorporated, the depletion at the surface is much less pronounced, leading
to ~ 10% lower R,. The R, measured by means of inductive coupling as well
as the maximum dopant concentrations N, are depicted in the graph.

max

It is striking that the doping profiles show a steeper drop in N(d) for boron
concentrations N(d) < 10" cm™. From literature [69,70] it is known that
diffusion profiles with concentrations N(d) > 10" ¢cm™® cannot be correctly
described by simple complementary error functions, Eq. (2.31), or Gaussian
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Fig. 4.7. Boron doping profiles N(d), determined by ECV measurements on alkaline
saw-damage etched surfaces for the different BBr, diffusion process generations.
The measurements are performed at (a) the wafer center for the four processes and
at (b) the wafer center as well as the top right wafer corner (labeled with “bottom”
in Fig. 4.6) for processes Genl and Gen3. Exemplary error bars are shown. The
given R correspond to inductive measurements performed at the respective spots.

functions, Eq. (2.33). This is due to the fact that the effective boron diffu-
sion coefficient Dy is not constant with boron concentration. In fact,
Dy, i is reported to be essentially constant for N(d) < 10" ¢cm™, while it in-
creases towards larger doping concentrations [65,69—71]. This deviation
from Fick’s law (Eq. (2.26)) is not astonishing, as the flux of migrating boron
atoms is not purely determined by the local gradient in the substitutional
boron concentration (i.e. the boron atom flux is mediated by the intersti-
tial diffusion mechanism; see Chapter 2.3.2).

The N, given in Fig. 4.7(a) are in agreement with the solubility limit of
boron in silicon; see Fig. 2.7. Processes Genl and Gen2 show very similar pro-
file progressions with similar N, = (1.0 + 0.1)-10* cm™ and profile depth d =
(420 + 42) nm (determined at N = 10'" cm™®), resulting in a similar Ry, ~
70 2/sq. Gen3 shows a slightly lower N, = (0.91 + 0.09)-10” cm™, and a
slightly deeper profile with d = (460 + 46) nm, resulting in R ~ 66 €2/sq. Due
to the not performed post-oxidation for Gen3*, = (1.0 £ 0.1)-10* cm™®

max

is somewhat higher for process Gen3* than for process Gen3.

The total amount of boron atoms @, present in the silicon is @, =
(1.7 +0.2):10" cm® for Genl and Gen3, Q,,, = (1.8 + 0.2):10" cm* for Gen2,
and Q,, = (1.9 £ 0.2)-10” cm™? for Gen3*. The difference in @, between Gen3*
and Gen3 yields AQ,,, = (0.2 + 0.3):10" ecm ™ It seems that due to post-oxida-
tion, less boron atoms remain in the silicon for diffusion process Gen3.
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4.3 Characterization of basic diffusion processes

Comparing ECV measurements in Fig. 4.7(b) performed at two wafer loca-
tions with different R, values (wafer center and top right corner in
Fig. 4.6) reveals that for Genl, the distribution in Ry over the wafer sur-
face correlates with a variation in profile depth d and rather not in N_,..
The doping profiles on those two locations have nearly identical N, but
significantly different depths d. As already mentioned, the discoloration of
the BSG covered surface and thus, the BSG layer thickness, is least ho-
mogenous on the wafers processed with diffusion Genl. Hence, the differ-
ent depths d might be explained by local differences in the effective boron
diffusion coefficient Dy for N(d) > 10" cm™ across the wafer. This means
that Dy is lower for the top right corner compared with Dy in the
wafer center. In contrast, Gen3 yields nearly identical measurements of
both N, and d at the different wafer locations, as this process features a

very homogeneous BSG layer and thus, boron diffusion. The same findings
hold for the processes Gen2 and Gen3* (not shown).

4.3.4 Emitter dark saturation current densities

The emitter dark saturation current densities j,, of the alkaline textured j,
samples are determined from QSSPC measurements according to Eq. (2.18),
as described in Chapter 2.2.2. On each j,, sample, five QSSPC measurements
are performed at the positions indicated in Fig. 4.8. The error on the ex-
tracted j,, is assumed to be £10%. However, the error bars shown for j, in the
following represent the standard deviation of the measurement data reflect-
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Fig. 4.8. Pseudo-square wafer  Fig. 4.9. Dark saturation current densities j,, of alka-
with 156 mm edge length and  line textured j,, samples processed with BBr, diffusion
marked positions for QSSPC  Genl before and after firing at different set peak fir-
measurements to determine j,,  ing temperatures. The passivation consists of PECVD
at different positions (ratios are ~ Al,O; and SiN, layers. The Vi, is calculated
to scale; see also Fig. 2.2(b)). according to Eq. (2.20) utilizing j,, = 39 mA /cm?.
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4 Boron Emitter Formation and Passivation

ing the uniformity in j,, over the wafer surface for more than one wafer.

The need for activation of the passivation property of the passivation layer
stack, consisting of Al,O, and SiN, layers both applied by PECVD, is clear by
studying the j,, results for BBr, diffusion Genl, shown in Fig. 4.9. Before fir-
ing, the obtained j,, clearly exceed 500 fA/cm?®. After firing with set peak
firing temperatures in the range between 760°C < T, < 880°C, the chemi-
cal passivation property is activated resulting in significantly lower j, =
(80 + 5) fA/cm?. This activation is correlated with the diffusion of e.g. hy-
drogen from the Al,O; or SiN, layer (which is more likely) to the silicon
interface, where it effectively saturates dangling bonds [175-177]. Up to a
temperature of 820°C, the j,, = (77 £ 5) fA/cm® are not influenced by
increased firing temperature. For higher temperatures, the measured j,
slightly increase to j,, = (85 + 6) fA/cm?. This increase might be correlated
with the onset of blistering [203]. Hence, the set peak temperature used for fir-
ing the j,, samples is always 790°C in the following. According to Eq. (2.20),
a limit in open open-circuit voltage Vi, can be calculated based on the
measured j,., using a photo current density j, = 39 mA/cm?, and tempera-
ture T = 25°C. A j,, = 77 fA/cm? is equal to Vi = 692 mV.

A comparison of j,, values for all four BBr, diffusion processes is illustrated
in Fig. 4.10(a). Processes Genl and Gen2 are at the same level with
Joe = (77 £ 5) fA/ecm? and j,, = (76 £ 5) fA/cm?, respectively, as expected
since the doping profiles shown in Fig. 4.7 are almost identical. Process
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Fig. 4.10. (a) Dark saturation current densities j,, of alkaline textured j,, samples
(PECVD ALO,/SiN,) after firing processed with the indicated BBr, diffusion pro-
cesses. The Vi is calculated according to Eq. (2.20) utilizing j,, = 39 mA/cm?,
(b) PL image of a j,, sample with boron emitter Gen3*.
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4.3 Characterization of basic diffusion processes

Gen3 yields lower j,, = (60 = 6) fA/cm? due to reduced N, (i.e. less Auger
recombination), whereas process Gen3* without post-oxidation shows sig-
nificant higher j,, = (313 £ 112) fA/cm?. This high j,, suggests that a boron
rich layer (BRL) is present at the surface and is the reason for the higher
recombination. This assumption is confirmed by the photoluminescence (PL)
image shown in Fig. 4.10(b). The region with a BRL is clearly visible. This
part of the wafer surface also stayed hydrophilic after removal of the BSG
layer in HF solution, which is a hint for a potential presence of a BRL. In
case no BRL is present, the surfaces are perfectly hydrophobic directly af-
ter removal of the BSG layer, as this has been observed for the diffusion
processes Genl-Gen3. While the surface depletion is reduced utilizing dif-
fusion process Gen3* see Fig. 4.7(a), a BRL remains at the wafer sur-
faces" due to the omitted post-oxidation, which makes this diffusion pro-
cess unfavorable for implementation in solar cells.

43.5 Impact of varied drive-in temperatures

The impact of different drive-in temperatures T}, for the three process
generations Genl-Gen3 on emitter sheet resistance R, maximum dopant
concentration N, ., and profile depth d is also studied; see Fig. 4.11. The

results for different T}, are plotted against the normalized drive-in tem-
peratures Ty, o With respect to the diffusion processes Genl/Gen2. It is

Normalized drive-in temperature Tornnom

(a)

Fig. 4.11. (a) Emitter sheet resistances R,

on Genl-Gen3. (b) Maximum dopant concentration
(bottom) determined at N = 10" cm™ plotted against T,
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plotted against normalized drive-in tem-
peratures Th1om = o / Ton(Gen cenz) for BBry diffusion processes which are based

N,
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the error of each measuring point is assumed to be +£10%.

(top) and profile depths d

For both quantities,

YAg the ECV technique only measures charge carriers, the electrically inactive SiB, ; com-
pounds, which are characteristic for a BRL, are not detectable by ECV.
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4 Boron Emitter Formation and Passivation

found that the correlation between Ty, .., and R, is very similar for
processes based on the generations Genl and Gen2, which can be empiri-
cally described by almost the same exponential function; see Fig. 4.11(a).
For diffusion processes based on generation Gen3, the exponential fit is
shifted by ~ 20 €/sq towards higher R, compared to Genl and Gen2. The
reason therefore is that both N, and d are lower for Gen3-based processes

max

for the same Ty, om; See Fig. 4.11(D).

4.4 Formation of custom-made doping profiles

In order to obtain custom-made doping profiles for different purposes, a
variety of BBr, diffusion processes have been examined. In the following,
some of the performed variations based on diffusion process Gen3 are dis-
cussed. Apart from lowering j,, also obtaining a better understanding of
the decrease of N, or the increase of the profile depth d is in focus. The
resulting profiles enable e.g. the investigation of the interaction between
profile shape of the boron doping and the specific contact resistance p. of
metal contacts, as this will be examined in Chapter 5. Finally, whether or
not the doping depletion zone increases recombination—and hence j,,—at

the boron-doped surfaces is examined.

4.41 Doping profiles with deeper junction

One possible approach to increase the junction depth d while maintaining
N, for process Gen3 is to extend the drive-in time ¢, while keeping all
other parameters the same. Fig. 4.12(a) shows a variation in t,,. Thereby,
diffusion process Gen3 forms the reference profile with ¢, = t,. For
diffusion processes Gen3-DrInl and Gen3-DrlIn2, t¢,,, is extended to 3t
and 6t,, respectively. It is evident that the profile depths d increase signifi-
cantly when ¢, is increased (d increases by a factor of approximately 2
for six times longer tp,,). On the other hand, N, ~ 9-10" cm™ is found to
be in the same range for all three profiles, and the curve progressions are
identical up to d ~ 60 nm. For ¢,,, under study, the BSG layers represent
an unlimited dopant source. As discussed before, the profile shapes cannot
be correctly described by the complementary error function, as given in
Eq. (2.31), for one constant effective boron diffusion coefficient Dy 4. Nev-
ertheless, the impact of longer t,,, can be evaluated qualitatively by the
complementary error function by considering two different Dy, once for

Md) > 10" ¢cm™ and once for Md) < 10" cm™. This rough estimate (not
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Fig. 4.12. (a) Boron doping profiles N(d), determined by ECV measurements on al-
kaline saw-damage etched surfaces for the indicated BBr, diffusion processes. Exem-
plary error bars are shown. (b) Dark saturation current densities j,, of alkaline tex-
tured j,, samples (PECVD Al,O,/SiN,) after firing depending on R,,. The Vi, is
calculated according to Eq. (2.20) utilizing j,, = 39 mA/cm®. Note that the given
R,, in (a) relate only to the area where the ECV measurements are performed and
thus, their values might be somewhat different to the Ry, given in (b).

sh

shown) qualitatively yields the same relationship between d and tp,, as
mentioned above. When ¢, is increased as specified, Ry decreases from
initially 66 €2/sq for Gen3 to 36 €2/sq for Gen3—-DrIn2. The standard devia-
tions o over the wafers remain at very low levels with o = 1.2% for Gen3—
DrInl and o = 2.8% for Gen3-DrIn2.

The j,, determined on j, samples with alkaline texture for the three diffu-
sion processes are summarized in Fig. 4.12(b). A linear relationship arises for
the j,, with respect to Ry the higher R, the lower j,. The diffusion pro-
cesses Gen3-DrInl and Gen3-DrIn2 result in j, = (88 + 13) fA/cm? and
Joe = (99 £ 13) fA /em?, respectively, which are higher as for process Gen3
with j,, = (60 + 6) fA/cm?. These higher j,, are because Auger recombination
increases for increasing d, while the surface recombination velocity is identical

for all three doping profiles (profile progressions are identical near the surface).

4.4.2 Doping profiles with lower surface dopant concentration

hax, ONE approach
is to vary the post-oxidation (PO) step which follows the drive-in phase. Start-
ing from diffusion process Gen3 with standard (Std) post-oxidation, five fur-
ther diffusion processes with different post-oxidations are examined for this
purpose while all other parameters are kept the same; see Fig. 4.13(a). For

In order to lower the maximum dopant concentration IV,
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4 Boron Emitter Formation and Passivation

process Gen3-PO1, the post-oxidation step takes place during the whole
cool-down (CD) phase starting from the drive-in temperature Tp,,. For
processes Gen3-PO2 to Gen3—POb5, the post-oxidation also starts at T,
but the temperature is first kept constant for a certain time t,, before the
cool-down phase begins. Thereby, tp, is stepwise increased between tpq = ¢,
and tpy = 6t,. The impact of the varied post-oxidation times is clearly visible
in Fig. 4.13(a). On the one hand, N, decreases stepwise with increased tp,
while on the other hand, the profiles become deeper. The reasons, therefore,
are segregation of boron into the growing SiO, layer at the silicon interface
(see Chapter 2.3.2), longer diffusion times, and oxidation-enhanced diffu-
sion of boron; see also the following more detailed discussion.

When comparing every pair of successive diffusion processes, as listed in
Fig. 4.13(a), the strongest decrease in N, is apparent from (9.1 + 0.9)-10" cm™
for Gen3 to (5.2 + 0.5)10" cm™ for Gen3-PO1. With further extended post-
oxidation, the reduction in N, takes place at a slower rate, as the gradient
in the dopant concentration decreases (which is always the driving force in a
diffusion process). For process Gen3—PO5 with the longest post-oxidation,
N, 18 decreased to (1.8 + 0.2)-10" em™®, while d is increased to (830 + 83) nm.
This results in an increased Ry, ~ 104 2/sq. The standard deviation o over
the wafers only slightly increases to 3.3%—4.2% for all five diffusion processes

with varied post-oxidations, which still corresponds to sufficiently low values.
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Fig. 4.13. (a) Boron doping profiles N(d), determined by ECV measurements on alka-
line saw-damage etched surfaces for the indicated BBr, diffusion processes (Std: stan-
dard, CD: cool-down). Exemplary error bars are shown. (b) Dark saturation current
densities j,, of alkaline textured j,, samples (PECVD AL O,/SiN,) after firing depend-
ing on R,,. The Vi, is calculated according to Eq. (2.20) utilizing j,, = 39 mA /cm?.
Note that the given Ry in (a) relate only to the area where the ECV measurements are
performed and thus, their values might be somewhat different to the R given in (b).
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4.4 Formation of custom-made doping profiles

During the initial phase of post-oxidation, the growth of an SiO, layer at
the interface between BSG and silicon is fast, and the gradient in the
boron concentration between SiO, and silicon is very strongly pronounced.
The oxidation of boron-doped silicon, the segregation of boron atoms into
the growing SiO, layer, and the diffusion of boron atoms into the SiO, lay-
er—which is much faster than the diffusion of boron atoms into the bulk
silicon—lead to the distinctive depletion zone for process Gen3, as appar-
ent in Fig. 4.13(a). For the diffusion processes with extended post-oxida-
tion, the growth of the SiO, layer slows down as its thickness increases,
and a concentration gradient of boron atoms towards the silicon surface is
also present. Furthermore, boron atoms originating from the BSG layer
are also present in the growing SiO, layer. Thus, diffusion of boron atoms
towards the silicon surface and diffusion of boron atoms into the SiO, layer
approach each other. This results in a significantly less pronounced doping
depletion zone, the longer the post-oxidation takes place; see Fig. 4.13(a).

However, a large amount of boron atoms initially present in the silicon—with
respect to profile Gen3—segregate or diffuse into the growing SiO, layer
during the extended post-oxidation times. The total amount of boron @, and
its percentage change AQ,, with respect to profile Gen3 are summarized in
Table 4.4. For process Gen3-PO5 with the longest post-oxidation, up to 50%
less boron atoms are present in the silicon compared with Gen3. Hence, the
extension of the post-oxidation is an effective approach to achieve deep dop-
ing profiles with lower IV, and less pronounced doping depletion zones.

The j,, determined on j,, samples with alkaline texture for the six diffusion
processes are summarized in Fig. 4.13(b). It arises again a linear relation-
ship between j, and R: the higher R, the lower j,. Decreased surface re-
combination velocity and lower Auger recombination lead to lower j,, for
the stepwise extended post-oxidations. From initially j,, = (60 + 6) fA/cm?
for diffusion process Gen3, j,. is significantly reduced to j, = (30 + 3) fA/cm?
for process Gen3-PO5. Expressed in terms of Vi qy,,, this results in a remark-

Table 4.4. Total amount of boron @, and its change AQ,, for BBr, diffusion pro-
cesses with extended post-oxidations with respect to process Gen3.

BBr, diffusion Gen3 Gen3—  Gen3—-  Gen3—-  Gen3— Gen3—
PO1 PO2 PO3 PO4 PO5
Total boron 1.7 1.4 1.2 1.1 0.92 0.88
doping Q,, (10® cm®) 02  +01  £01 =01  +0.09 =0.09
Change AQ,,, (%) - 21413 34412 39+12 47+11 49+ 11
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4 Boron Emitter Formation and Passivation

able gain in AVqp,, = (18 £4) mV from initially Ve = (699 = 3) mV to
Voc timic = (717 £ 2) mV.

To obtain doping profiles with low N, but further increased depth d, the
combination of prolonged drive-in time and adapted post-oxidation is
promising. An exemplary result of this approach is shown in Fig. 4.14(a).
Based on diffusion process Gen3-Drlnl, post-oxidation with ¢p, = 1.5¢, is in-
tegrated into this diffusion process, which is referred to as Gen3-DrInl1-PO6.
It becomes evident that the adapted post-oxidation step significantly re-
duces N, to N, = (4.1+0.4)10” cm™® and further deepens the profile
to d = (780 + 78) nm. Again, this correlates with increased segregation and
diffusion of boron atoms into the growing SiO, layer, longer diffusion time
for boron atoms into the bulk silicon as well as oxidation-enhanced diffusion
of boron. The j, is determined to be j,, = (54 £ 2) fA/cm? for this process
and hence, is lower as for the other two with jy, = (60 + 6) fA/cm? and
Joo = (88 £ 13) fA/cm? for Gen3 and Gen3-Drlnl, respectively.

In case N, is to be decreased without increasing d, an option is to per-
form the drive-in step at a lower temperature; see Fig. 4.14(b). Based on
BBr, diffusion Gen3—PO2, both T}, and the post-oxidation temperature are
decreased by 25 K. This adapted diffusion process with lower 77,
ferred to as Gen3-PO2-LT. As it is clear from Fig. 4.14(b), N, is decreased to
N, = (3.9 £ 0.4)10" cm™, while d is almost the same as that of Gen3. This

result can be explained by the following considerations: after the drive-in
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Fig. 4.14. Boron doping profiles N(d), determined by ECV measurements on alka-
line saw-damage etched surfaces for the different BBr, diffusion processes in (a) and
(b) as discussed in the text. Exemplary error bars are shown. The given R, corre-
spond to inductive measurements performed in the area of the ECV measurements.
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4.4 Formation of custom-made doping profiles

step and hence, prior to post-oxidation, the doping profile for process
Gen3-PO2-LT would show lower N, .. and d than the profile for process
Gen3, as Ty, is lower. The lower IV, results from the lower solubility of
boron in silicon for lower Ty,,,; see Fig. 2.7. The lower d correlates with
lower effective boron diffusion coefficients at lower T, [69,71]. Performing the
post-oxidation then leads to further lowering of N, ,. and increasing d, as
already discussed. By suitable combination of adjusted T}, and post-oxi-
dation, as performed for process Gen3-PO2-LT, N, .
pared with process Gen3, while almost the same d results. Thus, the lower
N,.. for diffusion process Gen3—PO2-LT leads to both an increase in
R, of about 40 Q/sq and significantly lower j, = (37 + 4) fA/cm? in com-

parison with process Gen3 with j,, = (60 + 6) fA/cm?.

can be lowered com-

4.4.3 Doping profiles without surface depletion by wet-chemical
etching

For the used BBr, diffusion processes with incorporated post-oxidation, a
characteristic doping depletion zone at the surface is always present. In
some publications [204,205], this doping depletion zone is suspected to trigger
increased recombination at the passivated surfaces. Rothhardt [169, p. 58-61]
simulated the difference in j,, for boron doping profiles with and without a
doping depletion zone (the further course of the profiles and the depth are
identical). He concluded that the profile with a doping depletion zone yields
slightly lower recombination in the passivated area, which is equivalent to
lower j,.. In the following, the influence of the doping depletion zone on j,,
will be studied experimentally. For this purpose, in addition to doping pro-
files with doping depletion zone, doping profiles without one are mandatory.

The dopant depletion at the surface can be reduced, if the post-oxidation
is omitted as in diffusion process Gen3*, but on the other hand, a BRL re-
mains at the surface leading to high j,; see Fig. 4.7(a) and Fig. 4.10(b).
Hence, alternatives are necessary in order to realize boron doping profiles
without dopant depletion towards the surface and without BRL.

Apart from fine-tuning the BBr; diffusion process without post-oxidation,
another approach is the removal of the doping depletion zone of the boron-
doped silicon surface after BBr; diffusion by wet-chemical etching; see
Fig. 4.15(a). The as-diffused and the resulting doping profiles after etching
of the doping depletion zones are shown. The wet-chemical etching has
been performed in a solution containing ozone, HF, and hydrochloric acid
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4 Boron Emitter Formation and Passivation

(HC1) [206] for both N(d) as well as j,, samples processed with BBr, diffu-
sions Gen3—DrInl, Gen3-PO2, and Gen3-PO4. The different surface to-
pographies, i.e. alkaline saw-damage etched surfaces for the N(d) samples
and alkaline textured surfaces for the j, samples, result in different etching
rates. As also found in Ref. [206], the etching rate for the textured surface
is lower. Accordingly, the etching time for the textured j, samples is pro-
longed in such a manner that the same change in R, is achieved as for the
alkaline saw-damage etched N(d) samples. The thicknesses of the removed
silicon layers range between (85 + 9) nm and (225 + 23) nm. The depth of
the doping profiles is reduced accordingly, which leads to an increase in
R, between 10 €2/sq and 76 €2/sq compared to the non-etched profiles.

sh

The j,, results are depicted in Fig. 4.15(b). It is found that no significant
differences in j, between initial (as diffused) and etched doping profiles are
apparent, despite significantly increased R, for the latter. It seems that
the increased recombination directly at the surface due to a higher dopant
concentration for the etched profiles is compensated by reduced Auger re-
combination within the doped volume, which extent is decreased. Trans-
ferred to a profile pair without and with doping depletion zone but identi-
cal profile depth, this means that j,, must be higher for the doping profile
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Fig. 4.15. (a) Boron doping profiles N(d), determined by ECV measurements on al-
kaline saw-damage etched surfaces for different BBr, diffusion processes (as dif-
fused) and after wet-chemical etching of their doping depletion zones (etched). The
etched profiles are shifted to the right by the stated silicon surface removal (R as
diffused/etched). Exemplary error bars are shown. (b) Dark saturation current den-
sities j,, of alkaline textured j,, samples (PECVD Al,0,/SiN,) after firing depending
on Ry,. The Vi), is calculated according to Eq. (2.20) utilizing j,, = 39 mA/cm?.
Note that the given Ry, in (a) relate only to the area where the ECV measurements are
performed and thus, their values might be somewhat different to the Ry, given in (b).
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4.5 Identification of suitable diffusion barrier layers

without doping depletion zone. Hence, these results suggest that the presence
of a doping depletion zone does lead to reduced recombination and lower
Jo. at boron-doped and passivated areas and thus, the doping depletion
zone is found to be beneficial in terms of low emitter recombination. This
is in accordance with the results from Rothhardt [169, p. 58-61].

4.5 Identification of suitable diffusion barrier layers

For the fabrication of n-type solar cells within this work, the differently
doped surfaces are realized by a sequential diffusion approach with first
BBr, and second POCI, diffusion; see Chapters 3.4 and 3.5. The main re-
quirement on the diffusion barrier layers used during both diffusion pro-
cesses is to prevent boron or phosphorus diffusion into the masked silicon
surface. Additionally, for POCI, diffusion, the interaction between the al-
ready present boron-doped surface, the applied barrier layer, and the gas
atmosphere has to be known.

As discussed in Chapter 3.4.2, the idea with respect to the order of the dif-
fusion processes is that both the BBr; and the POCI, diffusion processes
are supposed to be independently optimized and characterized, and that
the respective processes then can be directly implemented into cell fabrica-
tion. Allowing for this scenario it means that the boron doping profile
must not significantly change during POCI, diffusion. The feasibility of
this approach depends on the applied diffusion barrier layer and the effect
of the thermal budget of the POC]I, diffusion process on the rearrangement
of boron dopants. The advantage in this approach is the fact that POCI,
diffusions are performed at clearly lower temperatures than BBr, diffusion
processes, because the solubility of phosphorus atoms in silicon is significantly
higher than that of boron atoms; see Fig. 2.7. For the selection of diffusion
barrier layers this means that such barrier layers should be considered
which are able to prevent further substantial boron depletion at the silicon
surface. Furthermore, it is also important that the used diffusion barrier lay-
ers are easily removable in HF solution after the high-temperature processes.

The most obvious choice for a diffusion barrier layer is thermally grown
SiO, because it is commonly used in POCI; processes [11], and it can be easily
removed in HF solution [207]. Unfortunately, a thermally grown SiO, layer is
known to lead to a pronounced surface depletion of boron due to the segre-
gation of boron into the SiO, layer; see Fig. 2.6. As thermal oxidation oc-
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4 Boron Emitter Formation and Passivation

curs on both wafer sides, the unilateral removal of the SiO, layer would be
also necessary. Hence, alternatives to thermal oxidation are required. This can
be, e.g. SiO,” or SiN, layers deposited by PECVD or sputtering, as both meth-
ods allow for a single-sided layer deposition. As SiN, features lower etching
rates in HF solution than SiO, [207,208], only thin SiN, layers are preferred.

In order to identify suitable barrier layers, comprehensive studies have been
carried out utilizing various SiO, and SiN, layers applied by PECVD or sput-
tering. A large part of the performed experiments and the obtained results re-
garding POC], diffusion is published in Ref. [209]. Hereinafter, selected experi-
ments and important results concerning POCI, diffusion are discussed for
the PECVD barrier layers summarized in Fig. 4.16. The results concerning
diffusion barrier layers in BBr, diffusion are not discussed separately, but
they are considered in the final selection of a suitable diffusion barrier layer.

4.5.1 Sample preparation

The process sequence depicted in Fig. 4.16 enables the investigation of
whether or not the thermal budget of the applied POCI, diffusion process
affects the masked boron-doped surfaces with respect to a redistribution of
boron atoms. Note that all diffusion barrier layers, listed in Fig. 4.16, have
been previously examined on alkaline saw-damage etched and alkaline tex-
tured surfaces with respect to their masking properties against phosphorus
in-diffusion during POCI; diffusion. All layers are found to effectively mask
the silicon surface against phosphorus from the POCI,/O, gas atmosphere
at T'= 835°C. In addition, these extended investigations target the barrier
effect of the layers against oxygen from the POCI,;/O, gas atmosphere.

Following the alkaline saw-damage etch of the p-type Cz-Si wafers, BBr,
diffusion process Genl, including post-oxidation, is performed. After etch-
ing off the BSG layer in 10% HF solution, the reference doping profile of
the applied BBr, diffusion is determined by ECV on sample RefProf. Note
that the ECV measurement on each sample is carried out at the same spot
in the lower left corner of the wafer, as this region features sufficient homo-
geneous sheet resistances for the applied BBr, diffusion process Genl; see
Fig. 4.6(a). SiN, and SiO, layers are then applied by PECVD on either
wafer side for samples DB1-DB6, according to Fig. 4.16. The subsequently
performed POCI, diffusion process Phosl takes place at T'= 822°C (it is

DThe term “SiO," is used for silicon oxide layers applied by either PECVD or sputtering. In
contrast, thermally-grown silicon oxide is referred to as “SiO,".
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4.5 Identification of suitable diffusion barrier layers

PECVD barrier layers

Sample Barrier Thickness . p-type Cz-Si
ID layer (nm) p-type Cz-Si wafers (156 mm)
RefProf _ _ ( Saw-damage etch ) e——
i BBr; diffusion (Gen1) Initial boron doping
o Iy " - (Ry, ~ 70 Q/sq),
DB2 SN 25 ( BSG etch )/ o N

X

ECV (RefProf)

DB3  SiO, 100 L _______ G i ) ___
DB4# Sio, 100 i_PECVD _d_'ff‘fs_'?rl _b__a[”_e_' (both sides) r— Barrier layer
DB5 SO, + SiN, 100 + 25 ( POCI; diffusion (Phos1) )

( )

DB6 SN, + SIO, 25+ 100 PSG etch (barrier removal)

- - i —
#Oxygen instead of POCI; is ( UL LR }\ Resulting boron
introduced into the tube during doping
the 15 minutes deposition step st

Fig. 4.16. Left: Overview of the investigated PECVD layers on the both-sides coated
samples DB1-DB6. Sample RefProf serves as reference for the initial charge carrier
concentration profile of the boron-doped surface. Right: Schematic process sequence
for fabrication of the test samples with selected schematic cross sections.

assumed that the barrier layers also mask the silicon surface during this
process as T is lower as in the POCI, diffusion mentioned above). To test
the influence of higher oxygen content, pure oxygen at increased flow rates
instead of POCI, is introduced into the tube during the 15 minutes deposi-
tion phase for sample DB4, while leaving the rest of the process parame-
ters unchanged. Following the barrier layer removal in 10% HF solution,
the resulting boron doping profiles of samples DB1-DB6 are also deter-
mined by ECV. In the following, the naming DB1-DB6 is used both for
the samples as well as for the measured boron doping profiles.

4.5.2 Results
SiN, diffusion barrier layers

The boron doping profiles for reference sample RefProf and samples DB1
and DB2 are shown in Fig. 4.17(a). Obviously, the boron doping profiles
DB1 and DB2 hardly differ from the reference profile RefProf. No signifi-
cant differences are visible neither for the surface doping concentrations
nor for the course in the depth. Hence, the temperature loading of the
POCI, diffusion, which is much lower than for BBr, diffusion, shows no
significant redistribution of the boron atoms.

It also follows that the 15 nm-thick SiN, layer can sufficiently protect the
boron-doped surface against oxidation, as neither a decrease in the maxi-
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Fig. 4.17. Boron doping profiles N(d), determined by ECV measurements for refer-
ence sample RefProf and samples (a) DB1-DB2 and (b) DB3-DB4. Exemplary er-
ror bars are shown.

mum dopant concentration nor a deepening of the profile is observed for
sample DB1. This is due to the following reason: if oxygen would reach the
interface between barrier layer and silicon, this would cause an oxidation
leading to surface depletion and oxidation-enhanced diffusion of boron
atoms, as discussed in Chapter 2.3.2. Also from literature, SiN, layers are
known to efficiently mask silicon against oxygen [208].

SiO, diffusion barrier layers

The boron doping profiles for reference sample RefProf and samples DB3
and DB4 are shown in Fig. 4.17(b). It is clear that both profiles differ from
the reference profile RefProf. For profile DB3, the dopant concentration close
to the surface is somewhat lower and the profile is slightly deeper. Profile
DB4 shows further lowering of the surface dopant concentration and a fur-
ther profile deepening. Remember that for sample DB4, a high oxygen flow
instead of POCI; has been used during the deposition phase of the diffusion
process. It is obvious that the larger the surface depletion, the deeper the
resulting profile. Both resulting profiles are characteristic for the oxidation of
boron-doped surfaces and also for oxidation-enhanced diffusion of boron. Since
oxygen has a higher diffusion coefficient in SiO, than phosphorus [208,210],
oxygen originating from the POCl;/O, gas atmosphere during the deposi-
tion phase is suspected to reach the interface between barrier layer and
silicon, which then leads to oxidation of the boron-doped silicon surface.
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4.5 Identification of suitable diffusion barrier layers

SiO, and SiN, diffusion barrier layer stacks

The doping profiles for samples DB5 and DB6 are shown in Fig. 4.18.
With an additional 25 nm-thick SiN, layer, neither surface depletion nor
profile deepening is observed for samples DB5 and DBG6, irrespective of
whether the SiO, or the SiN, layer is deposited first.

As mentioned above, oxygen originating from the POCL,/O, gas atmos-
phere is suspected to reach the silicon interface and to trigger oxidation in
case of the SiO, barrier layers shown in Fig. 4.17(b). However, also other
sources of oxygen could in principle be possible, as the SiO, layers or the
silicon wafers.

By comparing profiles DB5 and DB6, a contribution of oxygen from the
Si0, layers themselves is very unlikely, as both profiles equal the reference
profile RefProf. The segregation of boron into the barrier layers is most
probably insignificant, as the profiles DB5 and DB6 are equal whether the
silicon surface is in direct contact with the SiN, layer or with the SiO, layer.
Hence, no significant segregation of boron into the PECVD SiO, layer is
observed, which is in contrast to strongly pronounced boron segregation in
case of thermally grown SiO,; see Fig. 2.6(a). Also, oxygen present in the
Cz-Si wafer (due to the fabrication process) can be excluded as oxygen
source; otherwise also wafers with a SiN, layer should show altered doping
profiles.
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Fig. 4.18. Boron doping profiles N(d), de- Fig. 4.19. Boron doping profiles N(d), de-
termined by ECV measurements for refer- termined by ECV measurements (sym-
ence sample RefProf and samples DB5— bols, no error bars shown) for samples
DB6. Exemplary error bars are shown. DB1, DB3, and DB4 as well as the cor-
responding simulated profiles (lines).
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Numerical simulations

The findings are supported by numerical simulations of the redistribution
of boron atoms during POCI, diffusion, which have been performed by Schin
with Sentaurus Process [211]. To be more sensitive to the differences in the
boron doping profiles evolving during POCI, diffusion, the reference profile
RefProf, measured directly after BBr, diffusion, is used as input.

In addition to sample DB1 coated with 15 nm-thick SiN, layers, also sam-
ples DB3 and DB4 with 100 nm-thick SiO, layers are considered. The pro-
cess conditions, i.e. temperature profiles and gas fluxes, are taken as in the
corresponding experiments. Schon used the models and the diffusion pa-
rameters as he published them in Ref. [212]. Only the diffusivity of oxygen
in the SiO, layer is fitted. The diffusion of oxygen to the reacting Si/SiO,
interface determines the oxidizing velocity and thus, the depletion and the
oxidation-enhanced diffusion of boron atoms.

The simulation results, shown as lines in Fig. 4.19, are in very good agree-
ment with the ECV measurements. The simulation of profile DB1 confirms
that the temperature loading in the POCI; process has no significant effect
on the resulting boron profile, and that no oxidation at the interface occurs.
It is found that the simulated profiles DB3 and DB4 match the measured
ones for an oxygen diffusion coefficient in the PECVD SiO, layer which is
about 10 times higher than in thermally grown SiO, [209]. Furthermore,
the simulations prove that the 15 nm-thick SiN, layer completely masks
the boron-doped silicon surface against oxygen, whereas the 100 nm-thick
Si0, layer is permeable to oxygen.

Selected diffusion barrier layer for cell fabrication

Based on the discussed results and further not shown examinations, the
PECVD diffusion barrier layer for fabrication of n-type solar cells is chosen
to be a layer stack consisting of 50 nm SiO, and 30 nm SiN,. This layer
stack masks against boron in BBr,; diffusion, and against phosphorus and
oxygen in POCI, diffusion. In Chapter 7, the POCI; diffusion processes
Phos2 [92] and Phos3 utilized for fabrication of solar cells feature an incor-
porated in-situ oxidation at temperatures of up to 880°C. Even for these
elevated temperatures, no significant redistribution of boron atoms is
found for the boron-doped surfaces masked with the above mentioned bar-
rier layer stack. The total barrier layer stack thickness of 80 nm results in a
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dark blue color of the masked surfaces, enabling simple process control after
both PECVD deposition and PSG etch.

The fact that the boron doping profiles are not significantly changed dur-
ing POCI, diffusions Phos1-Phos3 enables the usage of j,, samples to char-
acterize the BBr; diffusion processes without the need to undergo POCI,
diffusion with both sides” masked surfaces. Thus, j, samples, as already in-
troduced, are representative to examine the emitter properties in connec-
tion with the entire cell fabrication process.

4.6 Chapter summary

The characterization and optimization of diffusion processes to form the
boron-doped emitter are essential tasks for the development and steady
improvement of n-type silicon solar cells. Using boron tribromide (BBr;) as
liquid dopant precursor, various diffusion processes in an industrial quartz
tube furnace are examined with respect to achieve low emitter dark satura-
tion current densities j,,, and to create knowledge how to control the shape
of the doping profiles for further studies (performed in the following chap-
ters). All investigations are performed on wafers with 156 mm edge length.

Three basic BBr; diffusion process generations Genl-Gen3, whose parame-
ters have been provided by Tempress Systems, are comprehensively examined.
Each process is equipped with an integrated post-oxidation to avoid the
presence of a highly recombination-active boron-rich layer after diffusion. All
three diffusion processes yield emitter sheet resistances Ry, = 70 (2/sq, while jq,
is found to be j,, = (76 + 5) fA/cm? for diffusion processes Genl/Gen2, and
Joe = (60 £ 6) fA/cm? for process Gen3 on alkaline textured surface with
PECVD Al,0,/SiN, passivation layers after firing. Basically, the profile
shapes are very similar, with small differences in maximum dopant concen-
trations N,,. (in the range of 10* cm™®) and in profile depths d (close to
500 nm). More pronounced is the difference of the homogeneity in Ry,
across the wafers for the three process generations. The percentage standard
deviation o, in Ry, ,,, across single wafers, determined by 4-point-probe (4pp)
measurements, decreases from 8.8% for Genl, to 3.4% for Gen2, and finally
to only 2.7% for Gen3. This decrease in o, originates from the fact that
the variation of the profile depths across the wafer is significantly reduced,
which correlates with a more homogeneous formation of the BSG layer for
BBr, diffusion processes Gen2 and Gen3. The found homogeneity in R,
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4 Boron Emitter Formation and Passivation

with o < 3% on single wafers at different positions in the process boat,
which has in total 262 slots, is also excellent for diffusion process Gen3.
Based on diffusion process Gen3, deeper doping profiles with similar N,
are realized by extending the drive-in time, which offer the opportunity to
investigate the correlation of profile depth and specific contact resistance to
screen-printed and fired metal contacts, as this is performed in Chapter 5.

In order to decrease j,,, N, needs to be reduced to lower both surface and

Auger recombination. For this purpose, the extension of the post-oxidation
is found to be a very promising method to change the boron doping pro-
files accordingly. With this approach, fairly low j, = (30 £ 3) fA/cm? at
R,, ~ 120 Q/q is achieved on alkaline textured surface passivated by PECVD
ALO,/SiN, layers. The respective doping profile depth is just over 800 nm,
while N, is decreased to N, = (1.8 = 0.2)-10" cm™. The measured j,, equals
an open-circuit voltage limit of Vq s = (717 £ 2) mV, which is higher by
remarkable (18 + 4) mV as that of the original process Gen3. With the
knowledge gained concerning the BBr, diffusion processes, it is possible to
adjust N, and profile depth more or less independently from each other,

and to realize custom-made doping profiles.

The incorporated post-oxidation leads to depletion of boron atoms at the
silicon surface. By comparing doping profiles as diffused and after wet-
chemically etching of the doping depletion zone, it is concluded that the
surface depletion is beneficial in terms of low recombination at boron-
doped and passivated areas (assuming the same junction depth). The possi-
ble impact of the near-surface doping depletion zone with respect to screen-
printed and fired metal contacts will be dealt with in Chapter 5.

For fabrication of n-type solar cells, each of the two wafer surfaces has to
be doped with different dopants. An approach to realize this is to use se-
quential diffusion processes with first BBr; and second phosphorus diffu-
sion using phosphorus oxychloride (POCL,). In doing so, suitable diffusion
barrier layers have to be applied on the surface not to be doped during the
respective diffusion processes. A therefor suitable diffusion barrier layer
stack is found to consist of 50 nm SiO, and 30 nm SiN,, both applied by
PECVD. The fact that the boron doping profile is not significantly
changed during POCI, diffusion, independently pre-optimized boron and
phosphorus dopings can be implemented into the n-type silicon solar cell
fabrication process by using sequential BBr; and POCI, diffusions.
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5 Contacting of Boron Emitters Using
Ag-Al Screen-Printing Pastes

5.1 Introduction

For the contacting of boron-doped emitters with screen-printed and fired
metallization in n-type silicon solar cells, usually a small amount of alu-
minum is added to the silver-based pastes. The reasons and some associat-
ed consequences are briefly discussed on the basis of recent publications.
Subsequently, the possible impact of boron doping profiles with deeper
junctions on specific contact resistance p,, measured between Ag-Al con-
tacts and alkaline textured, boron-doped, and passivated surfaces, is inves-
tigated both experimentally as well as with an analytical model. The prop-
erties of formerly metallized areas are examined by microstructural investi-
gations. As all boron emitters applied in this work feature dopant deple-
tion towards the surface, the potential impact of this doping depletion
zone on pg is also addressed. Furthermore, some emitter profiles developed
in the previous chapter with decreased maximum dopant concentrations
are tested for their low-ohmic electrical contactability. Finally, charge car-
rier recombination underneath the metal contacts is examined in-depth on
the basis of numerical simulations.

5.2 Review on electrical contacting of boron-doped
surfaces

The electrical contacting of boron-doped emitter surfaces in n-type silicon
solar cells is one major challenge for further increasing their energy conver-
sion efficiency. Using screen-printed metal pastes, the pastes’ task is to fire-
through the passivation layer during a short contact firing process and to
form a highly conductive connection to the boron-doped silicon surface. To
date, to achieve low specific contact resistances p. in the range of a few
m$lem? after firing, a small percentage of aluminum (Al) needs to be added
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to the screen-printing silver (Ag) pastes [140-142,213,214]. For aerosol
printed seed layers it has been shown that an Ag ink (no Al added) can
also provide a low-ohmic electrical contact to boron emitters after firing
with pg also in the range of a few mQem? [143).

However, especially the screen-printed and fired Ag-Al contacts trigger en-
hanced charge carrier recombination below the metallized areas leading to
severe open-circuit voltage losses [16,213—-216] and hence, energy conver-
sion efficiency losses. The reasons, therefore, are currently being discussed
within the photovoltaic community, as e.g. in Refs. [142,213,215,216]. For
instance, Edler et al. propose that the deep and homogeneous layer-like
penetration of metal—across the whole contact area—into the boron emit-
ter might be a possible cause [215]. By assuming that the metal penetrates
the emitter along the whole width of the contacts, they found agreement
between simulation and experimental data. On the other hand, several au-
thors report on the observation of large and deep metal crystallites at the
interface between the bulk of the Ag-Al contact and the boron-doped sur-
face [142,213,217]. These metal crystallites reach depths up to a few mi-
crons, deep enough to even shunt the boron emitter.

Up to now, only a few studies have addressed the underlying mechanism in
contact formation of such Ag-Al pastes to boron emitters [217-219]. Dur-
ing the contact firing process, the Al most likely catalyzes the formation of
much larger and deeper crystallites [217] than in case of pure Ag pastes
used to contact phosphorus-doped surfaces [220,221]. According to the cur-
rent state of knowledge, Al is needed to create crystallites by means of an
Ag-Al-Si alloy phase [217,219]; however, the formed crystallites themselves
consist mainly of Ag (reported Al contents of the crystallites vary between
1% [213,219] and 3% —10% [217]). No highly doped regions are observed
underneath the crystallites [213,217], which would imply presence of an Al
alloy. Several authors have shown that a higher Al share in the Ag paste
leads to lower po [141,142213,214,222]. The lower p. is attributed to a
higher density and a larger size of crystallites observed on the silicon surface
for Ag-Al pastes with higher Al content [141,213,222]. At the same time, a
higher Al content in the paste leads to increased charge carrier recombina-
tion in the metallized areas and thus, to larger metallization-induced volt-
age losses [213]. The voltage loss increases with increasing contact firing
temperature, as the amount and size of crystallites is found to increase [223].
Furthermore, also the glass components in the Ag-Al paste are identified
to play an important role for contact formation [224].
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Heinz et al. [213] propose that the formation of only small crystallites of
sufficient number is favorable to ensure low p. without pronounced recom-
bination losses at the Ag-Al contacts, because deep crystallites are found to be
highly recombination active. Furthermore, it has been shown that the re-
combination rate below the Ag-Al contacts can be decreased by utilizing
boron emitters with larger junction depth [215,216]. According to the theory
of ideal planar contacts, see Fig. A.2, high dopant concentration at the sur-
face is necessary to achieve reasonable low pc. Fritz et al. [225] report that
apart from the maximum dopant concentration IV, of the boron emitter, also
other emitter properties—like their doping profile shapes or the defect concen-
tration at the emitter surface—possibly play a decisive role for achieving
low pe. From two different boron emitters investigated in their studies, sur-
prisingly, the emitter with the lower N, yields the lower p, contradicting
the theory of ideal planar contacts. The reason for this observation could
not be found within the performed investigations.

In conclusion, the contact behavior is influenced by a lot of parameters and
necessitates further research. Therefore, some specific issues concerning the
relationship between metal contacts and doping profiles are studied in de-
tail in the following sections. For this purpose, use is made of BBr; diffusion
processes from Chapter 4, some of which were developed to meet special re-
quirements needed with respect to the doping profile properties. The exami-
nations aim, on the one hand, at clarifying whether or not the junction
depth of the boron dopings has an impact on p.. This includes the issue
whether the dopant depletion of the boron profiles towards the surface affect
the electrical contact. On the other hand is to be found, whether doping pro-
files with quite low NN, of just above 10" cm™ can be contacted with reason-
able p¢ in the range of a few m{2cm?. Finally, numerical simulations are uti-
lized to clarify if the reported increased charge carrier recombination below
Ag-Al contacts can be indeed correlated with the presence of (partly) deep
penetrating metal crystallites.

5.3 Impact of junction depth on the specific contact
resistance

In this section, the impact of an increase in junction depth of the boron
emitter on p. is experimentally investigated utilizing two different, com-
mercially available Ag-Al screen-printing pastes from two different paste
manufacturers, referred to as “Ag-All” and “Ag-Al2". For this purpose, three

| 87



5 Contacting of Boron Emitters Using Ag-Al Screen-Printing Pastes

boron doping profiles with different junction depths, but nearly equal curve
progressions in the near-surface region are utilized. The p. are measured
after contact firing according to the transmission line model (TLM); see
Appendix B.4. Scanning electron microscopy (SEM) [226] images of the
sample surfaces taken following wet-chemical etching of metal contacts,
glass layers, and dielectric passivation layer stacks, reveal the microscopic
structure of the formerly metallized areas. The results of this section and
the following section 5.4 are also published in Ref. [227].

5.3.1 Sample preparation

The samples used for determining p. equal final solar cells. The applied
fabrication process is very similar to that shown in Fig. 3.7(a) and is
briefly described now.

Following alkaline texture of the n-type Cz-Si wafers with an edge length
of 156 mm, the boron-doped front sides and the phosphorus-doped rear
sides are formed by tube furnace diffusion processes with, first, a BBr,,
and second, a POCI, liquid dopant precursor. The necessary diffusion bar-
rier layers consist of a layer stack with 50 nm SiO, and 30 nm SiN, both
applied by PECVD. For BBr; diffusion, three different processes are used,
namely diffusion process Gen3, Gen3-DrInl, and Gen3-DrIn2 from Chap-
ter 4.4.1. All samples receive the same POCI, diffusion Phos2, during which
their boron doping profiles do not alter significantly, as shown in Chap-
ter 4.5. This is an important fact for the investigations to be performed.

1016 L L
0.0 0.2 0.4 0.6 0.8 1.0

Depth d (um)

Fig. 5.1. Boron doping profiles NV(d), determined by ECV measurements at the cen-
ter of alkaline textured wafers for the BBr, diffusion processes Gen3, Gen3-DrInl, and
Gen3-DrIn2. The given sheet resistances R correspond to inductive measurements
performed in the area of the ECV measurements. Exemplary error bars are shown.
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5.3 Impact of junction depth on the specific contact resistance

After the three different BBr, diffusions and subsequent wet-chemical etching
of the borosilicate glass (BSG), the boron doping profiles are determined by
electrochemical capacitance-voltage (ECV) measurements (see Appendix B.2)
on the alkaline textured surfaces. The doping profiles are shown in Fig. 5.1.
They are in close agreement with profiles measured on reference wafers with
alkaline saw-damage etched surfaces; see Fig. 4.12(a). The three boron dop-
ings feature almost identical curve progressions up to a depth d =~ 60 nm
with maximum dopant concentration N, ~ 810" cm™, but different
junction depths, determined by extrapolation at a dopant concentration
N = 10" ecm™ (dgey = 570 N, dgens per ~ 790 nm, and degy pawe ~ 980 nm).
The depletion of the boron concentration close to the surface (hereafter re-
ferred to as doping depletion zone) originates from the post-oxidation per-
formed at the end of the BBr, diffusion process; see Chapter 4.3.3.

Prior to metallization, both wafer sides are coated with dielectric layers
applied by PECVD. A layer stack of 10 nm-thick Al,O; and 65 nm-thick
SiN, is deposited on the front boron emitter, whereas a 75 nm-thick SiN,
layer is applied on the rear phosphorus doping. Subsequently, each of the
two Ag-Al pastes is screen printed in the form of an H-pattern grid with a
nominal screen opening of 75 pm onto the boron-doped and coated sur-
faces. The rear side H—pattern grid is screen printed with a silver paste.
For the following evaluation, the rear side of the samples is not of interest,
and is therefore no longer discussed. After contact firing in an industrial
conveyor belt furnace (peak wafer temperature about 720°C* for < 1 s), all
samples are cut into 10 mm-wide strips and p. is measured by the TLM
method. Measurements with a light microscope reveal the finger widths to
be w; ~ 80 pm for both Ag-Al pastes.

Sheet resistance distribution and TLM measurement points

The homogeneity of the boron emitter sheet resistance R, ,,, over almost
the entire wafer is determined by four-point-probe (4pp) measurements
with a resolution of 20 x 20 data points. The R ,,, distribution measured
for one textured wafer after each boron diffusion and BSG etching is illus-
trated in Fig. 5.2. Emitter Gen3 shows a low percentage standard devia-
tion gy, of only 3.1% in R, ,,,. For emitters Gen3-DrInl and Gen3-DrIn2,
0y, 18 somewhat higher with 4.7% and 6.1%, respectively. However, the ar-

AThis peak wafer temperature belongs to the optimal contact firing process identified for cell
fabrication within this thesis.
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Fig. 5.2. Emitter sheet resistances R, ,,, obtained by 4pp measurements on alka-
line textured n-type Cz-Si wafers after the specified BBr, diffusions and etching of
the BSG layer. The mean R, and the percentage standard deviation o, are
stated above the figures. The slightly lower R, in the wafer center compared with
the R, obtained by the inductive measurements, Fig. 5.1, originate from the 4pp
technique applied on textured surfaces. The black dots illustrate the 20 x 20 mea-
surement pattern on the sample, which is indicated by the grey shaded wafer in the
background. The black dashed rectangles indicate the areas utilized for the TLM

measurements. Note that the scaling is different for all three R ,  plots.

eas with significantly different R, ,, are located particularly in the lower
left and in the upper right corner. This is due to the fact that during BBr,
diffusion, the wafers are oriented in the so-called diamond position—the
lower left wafer corner showed up in the tube; see Fig. 4.1. Hence, a large
area in the wafer center, where the TLM measurements are performed,
shows nearly identical R ,,. The same R, indicate the same junction
depths at the investigated spots. This fact is very important for the task to
investigate the correlation between junction depth and p.

5.3.2 Specific contact resistance

Fig. 5.3 shows the p. measured at the six TLM positions marked in Fig. 5.2.
For each boron doping with each Ag-Al paste, two wafers are examined.
As the doping profiles feature an initial doping depletion zone (extending
to a profile depth d ~ 60 nm, see Fig. 5.1), the low doping concentration of
2-10" ecm™ at the surface could cause a high po. But nevertheless, the ob-
tained p are overall very low with p, < 5 mQem?. A clear trend is visible for
both Ag-Al pastes and the three boron doping profiles: lower p. is measured
for increasing junction depth d. For example, p. determined for paste Ag-All
decreases from po = (3.7 + 0.8) m{2em? for profile Gen3 (d ~ 570 nm) to p, =
(2.0 £ 0.4) mQem? for profile Gen3-DrIn2 (d ~ 980 nm). Paste Ag-Al2 con-
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Fig. 5.3. Specific contact resistances p. for the two Ag-Al pastes obtained by TLM
measurements on the alkaline-textured and boron-doped surfaces Gen3, Gen3—
DrInl, and Gen3-DrIn2 after contact firing. The surfaces are coated with a layer
stack of Al,O, and SiN, both applied by PECVD. The junction depths d are also
stated. The meaning of the box plots is exemplary explained for the first data set.

sistently shows about half the p. as paste Ag-All for each doping profile
with the same trend regarding the junction depths.

This result clearly demonstrates that the doping profile progression after
the doping depletion zone for deeper profiles with dopant concentrations N
well below N, significantly affects the measured p.. Thus, IV, is not the
only parameter of the doping profile which impacts the low-ohmic electrical
contactability of boron-doped surfaces utilizing Ag-Al contacts, but also
the junction depth. On the other hand, it is also clear that the Ag-Al

paste itself has a major influence on the electrical contact formation.

5.3.3 Microstructure analysis

In order to investigate the silicon surface below the screen-printed and fired
Ag-Al contacts, SEM images are taken after wet-chemical etching® of the
TLM measurement strips. The wet-chemical etching process is performed
such that the bulk Ag-Al contacts, the glass layer, the passivation layer stack,
and all metal crystallites penetrating the boron-doped silicon (emitter }—ei-
ther in direct contact with the bulk metal or separated from it by an inter-
mediate thin glass layer [228]—are removed. Two exemplary SEM images

2Performed wet-chemical etching sequence (in each case at room temperature): (a) 35% HNO,
for 2 min, (b) H,O/HCI/H,0, (mix ratio 1.5 : 1 : 0.2) for 5 min, (c) buffered HF for 45 min,
(d) 35% HNO, for 2 min, and (e) H,O0/HCl/H,0, (mix ratio 1.5 : 1 : 0.2) for 5 min.
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Fig. 5.4. Scanning electron microscopy images of alkaline textured Cz-Si surfaces with
boron doping Gen3-DrInl after wet-chemical etching of (a) paste Ag-All, (b) paste
Ag-Al2, the glass layer, the passivation layer stack, and the crystallites after con-
tact firing. Each imprint was occupied by a crystallite before wet-chemical etching.

for both Ag-Al pastes and boron emitter Gen3-DrInl are shown in Fig. 5.4.
The marked crystallite imprints imply a former metal crystallite presence at
these locations [220]. The crystallites were either in direct contact to the
bulk metal or separated from it by an intermediate thin glass layer. Differ-
ent sizes of crystallite imprints can be observed, and also very large and
thus deep imprints are apparent. This finding is in line with the findings
from other authors, as already discussed in section 5.2. The imprints are
significantly larger in size than those observed for silver pastes on phos-
phorus-doped surfaces [220,221]. This significant difference in size can also
be seen by comparing the SEM images shown in Fig. 7.13(b) and (d).

To determine a rough estimation of both the crystallite coverage fraction
Ay and their distribution in penetration depth d for both Ag-Al
pastes and each of the three boron emitters, 30 of such SEM images as in
Fig. 5.4 are taken at different spots across the TLM measurement strips.
For each combination of Ag-Al paste and boron emitter, the areas of clear-
ly recognizable crystallite imprints are manually measured in the first step.

To determine the respective crystallite coverage fraction A the sum of

cryst)

cryst?

all measured imprint areas is divided by the total area of all taken images
per group. For estimating the depth distribution of the crystallites, each
measured imprint area is assumed as a square area of the same size. This
square area is taken as the quadratic base of an inverted pyramid repre-
senting the crystallite. Thereby, the crystallites are assumed to be repre-
sented by perfect, i.e. fully-formed, inverted pyramids. Based on the side
lengths of the quadratic base, the depths of the crystallites d, are calcu-
lated and the relative frequency of their occurrence is determined. The re-
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Fig. 5.5. Relative frequency of crystallite imprints with certain depths for boron
emitters (a) Gen3, (b) Gen3-DrInl, and (c¢) Gen3-DrIn2. The depths are estimated
for both Ag-Al pastes according to the discussion in the text. The estimated total
crystallite coverage fractions 4, are also stated. Crystallite imprints with depths
less than 0.2 pm are not considered.

sults are shown in Fig. 5.5, summarized in groups with a difference of
0.1 pm in d.. The crystallites penetrate some 100 nm up to several mi-
crons deep into the boron-doped emitter surfaces. No clear differences in
d.y are obvious for both Ag-Al pastes and the three boron emitters. Due to
the large cutout of the SEM images and the fact that only clearly recogniz-
able crystallite imprints are considered for this evaluation, the minimal re-
solvable depth of the crystallite imprints amounts to 0.2 pm. However, small-
er and thus not very deep crystallite imprints have been observed as well. The
procedure yields crystallite coverage fractions A, between 0.4% and 1.5%. It
seems that paste Ag-Al2 features a somewhat higher A, at least for the
samples with boron emitters Gen3-DrInl and Gen3-DrIn2. However, the
absolute numbers for A4, should only be understood as a rough estimate.

According to the theory for ideal planar metal contacts, see Fig. A.2, no sig-
nificant difference in p. is expected for the three different boron-doped sur-
faces, as the boron dopant concentrations in Fig. 5.1 are basically equal directly
at the surface. Hence, the decrease in p. with increasing junction depth d of
the boron emitters seems to be correlated with the presence of the observed
deep penetrating metal crystallites. It has to be noted again that Fig. 5.5
refers to all crystallites whether they have been in direct contact with the con-
tact bulk or separated from it by an intermediate thin glass layer. Hence, a di-
rect correlation between the obtained microstructure results and the measured
absolute p. in Fig. 5.3 is not possible. This is because the estimated coverage
fractions A, only represent an upper limit for all occurring crystallites.
However, the estimated A, are yet to become helpful in section 5.4.2.

| 93



5 Contacting of Boron Emitters Using Ag-Al Screen-Printing Pastes

5.4 Analytical model for calculation of specific
contact resistances

The potential relationship between p., junction depth d, and deep pene-
trating crystallites is examined with the aid of an analytical model. There-
with, the causes for the observed differences in the measured p. for the
three boron doping profiles with different junction depths are supposed to
be identified. Also, the impact on p. of the doping depletion zone of the
boron profiles close to the surface is addressed.

Preliminary considerations

Various theories for current transport mechanisms exist and have been ex-
tensively studied within the last decade in terms of their applicability to
silicon solar cells mainly featuring screen-printed and fired silver contacts
on phosphorus-doped emitters, as e.g. in Refs. [111,229,230]. Apart from
current transport via direct silicon-silver contacts (including silver crystal-
lites penetrating the phosphorus emitter), electron tunneling through a thin
interfacial glass layer is discussed. However, the latter is not further con-
sidered in the following sections, as recent results from Hoenig [230] em-
phasize that current transport via direct Si-Ag contacts is more likely for
phosphorus emitters and silver contacts, which is supported by results of
Cabrera et al. [221]. Additionally, Fritz et al. [225] propose the direct cur-
rent conduction between Ag-Al contacts and boron-doped silicon as also
being more likely to occur than other current transport mechanisms. Fur-
thermore, results published by, e.g. Heinz et al. [213] reveal that the crystal-
lites formed below fired Ag-Al contacts on textured and boron-doped sur-
face consist almost solely of silver (the Al content is in the range of 1%).

Hence, for the analytical calculations to be performed, it is assumed that cur-
rent transport occurs exclusively via metal crystallites in direct contact both
with the bulk of the Ag-Al contact and with the boron-doped emitter. The
Schottky barrier height g¢, for silver and aluminum is only slightly differ-
ent (see Table 5.1); however, the small difference has a distinct effect on
the performed calculations. As g¢, is one of the input parameters with un-
known exact value for the investigated contact system, as is discussed in
Chapter 5.4.2; the real composition of the metal crystallites is therefore
rather of minor importance. The author is aware that metal-silicon con-
tacts are much more complex than considered in the used analytical model.
Despite its simplicity, however, not only can the experimentally deter-
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mined p. be matched qualitatively, but also quantitatively by choice of ap-
propriate and physically reasonable input parameters.

5.4.1 Approach

The procedure introduced in Refs. [111,230] for silver contacts on phospho-
rus-doped surfaces forms the starting point to calculate ps. The analytical
model applied in these works considers the three current transport mecha-
nisms between metal and highly doped silicon as introduced in Chapter 2.4
and summarized in Table A.1 in Appendix A, namely thermionic emission
(TE), thermionic field emission (TFE), and field emission (FE). Of course,
for using the analytical model for boron-doped surfaces, the dopant-type-
dependent variables concerning the applied current transport mechanisms
have to be adapted to the p-type boron doping. Exemplarily calculated p
for p-doped silicon as function of dopant concentration N shows Fig. A.2
for the three different current transport models. The unified model for p.
from Varahramyan and Verret, labeled with TFE/FE in Fig. A.2, describes
the TFE and FE very well for N> 10" cm™ On the other hand, for
N < 10" em™, this unified model does not consider TE, which is becoming
more and more important towards lower .

As the depth-dependent progression of the dopant concentration also for
N < 10" em™ has to be considered for the examinations to be performed
due to the deep penetrating crystallites, the unified TFE/FE model is not
suitable for calculating p. for dopant concentrations in the range of
10" cm™ < N < 10% em™®. Since the dopant concentrations of the three boron
emitters under investigation are less than 10* cm™, FE processes do not
have to be taken into account. Hence, the combination of TE and TFE for
calculation of p. is clearly more appropriate and is given by

1 1 !

p,(TE/TFE)-( + ) , (5.1)
¢ pc(TE) — po(TFE)

The resulting curve for p. from Eq. (5.1) is plotted in Fig. 5.6 as solid line

along with the curves for TE and TFE. The formulae to calculate po(TE)

and po(TFE) are given in Egs. (A.6) and (A.7), respectively.

The approach pursued now allows for calculating p. depending on e.g. dop-
ing profile, crystallite penetration depth, and crystallite coverage fraction.
For the calculations, the following assumptions are made:
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Fig. 5.6. Specific contact resistances p. on p-doped silicon as function of charge

carrier concentration N for the different current transport models (used parame-

ters: see Table 5.2). Image force barrier lowering is taken into account. Note that

the maximum N = 10* ¢cm™ on the z-axis is different from that in Fig. A.2.

e The considered wafer surface is smooth and parallel to the (100) crys-
tal plane of silicon.

o The crystallites are represented by fully-formed inverted pyramids
with a quadratic base grown into the boron-doped silicon surface with
an angle of 54.7° [108, p. 495] to the (100) plane.

As the dopant concentrations of the boron emitters vary with increasing (crys-
tallite penetration) depth, this fact has to be considered for the calculation of
the total contact resistance R, of a single crystallite. For this purpose, the
sidewall surface of the crystallite in contact to the boron-doped silicon is di-
vided in arbitrary small area elements AA;, as sketched in Fig. 5.7. For each
area element AA;, the average contact resistance R, is calculated by con-
sidering the depth-dependent dopant concentration. This is implemented by
the calculation of the specific contact resistance pg.; according to Eq. (5.1).
Assuming a parallel connection of all single contact resistances R . ;, the
total contact resistance of a single crystallite R, is given by

-1 -1
Re eyt = (Zﬁ) = <ZT> , (5.2)

1
J,eryst i
AL

In order to compare calculated and experimentally measured p, it is help-
ful to define the specific contact resistance of a single crystallite p¢ . as the
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5.4 Analytical model for calculation of specific contact resistances

Fig. 5.7. Sketch of an inverted pyramid representing a metal crystallite with depth
d,. and side length b of the quadratic base. For calculation of the doping-profile-

crys
dependent contact resistance, the pyramid’s sidewall area is divided in arbitrary
small area elements AA;.

total contact resistance R, in relation to the base area of the crystallite
with side length b,

chryst = RC@ryst bz . (53)

To finally calculate the theoretically expected macroscopic specific contact
resistance p. between an ideal Ag-Al contact (all crystallites are in direct
contact with the Ag-Al bulk) and the boron-doped silicon, the specific con-
tact resistance of a single crystallite pg ., has to be divided by the crystal-
lite coverage fraction A, below the Ag-Al contact:

o pC,cryst

po="28 (5.4)

cryst

5.4.2 Calculation of specific contact resistances

For calculation of the specific contact resistances p. between the Ag-Al con-
tacts and the boron-doped silicon emitters, according to Eqgs. (5.1) and (5.4),
several input parameters are necessary. Different values can be found in
literature for the various parameters needed for the considered TE and
TFE processes. Table 5.1 gives an overview of these parameters for both
p-type as well as n-type silicon at room temperature (i.e. T'= 300 K). It is
clear that different parameter sets have to be used depending on the dop-
ing type. It has to be noted that the effective charge carrier tunneling
mass m*—which is, e.g. dependent on doping density and crystal orienta-
tion [231]—is least precisely known especially for holes [232]. Thus, the
given values for m* have to be taken as rough estimation. Furthermore,
the Schottky barrier height g¢, on practical silicon surfaces can differ quite
significantly, as exemplarily shown by Turner and Rhoderick [233], depend-
ing on the structure of the interface and in particular on the structure of
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5 Contacting of Boron Emitters Using Ag-Al Screen-Printing Pastes

Table 5.1. Overview of several doping-type-dependent parameters at T = 300 K as
found in the literature. The constant ¢ for the unified TFE/FE model, Eq. (A.11),
is also specified.

Parameter  q¢, (Ag) qé,, (Al) A* m/m, c
(Unit) (eV) (eV) (A-cem™K?) (1) (1)
ptype Si 0.54 [108] 0.58 [108] 32 [237] 0.35-0.5 [231]  0.355
0.53-0.55 [236] 0.57-0.58 [236] [238)]
n-type Si 0.78 [108] 0.72 [108] 112 [237] 0.25-0.4 [239]  0.425
0.68-0.83 [106] 0.61-0.77 [106] [238)]

Table 5.2. Overview of the parameters used within this chapter for the calculations
of p. unless otherwise stated.

Parameter T qp, A* mX*/my e, Ny
(Unit) (K) (eV)  (A-em™K?) (1) (1) (cm™)
p-type Si 300 0.54 32 0.5 11.7  2.503-10%

the interfacial layer. Also other parameters, like the surface orientation,
play an important role for g¢,, as shown by Tung [234] and by Butler and
Harding [235]. A summary of different g¢, on n-type silicon is found in
Ref. [106. p. 52]. However, for all performed calculations of p. on p-doped
silicon within this chapter, the parameters given in Table 5.2 are used unless
otherwise stated.

Dependence on crystallite coverage fraction and crystallite depth

The calculated macroscopic p. for the doping profile of boron emitter
Gen3 is exemplified in Fig. 5.8(a). Apart from varying the crystallite cover-
age fraction A, (0.005% < A, <20%), also the crystallite penetration
depth d, is varied (7.5 nm <d, <480 nm). The maximum considered
ey are chosen such that the crystallites stay within the emitter. The mea-
sured data points of doping profile Gen3 are interpolated with the software
“‘OriginPro 8.5” to have more data points available for the calculations
(1000 data points in total). The results demonstrate the clear dependence
of pc both on A and d for the assumption that current transport ex-
clusively occurs via metal crystallites in direct contact with both the highly
boron-doped silicon and the Ag-Al contact bulk. It is clear that the higher
Ay, the lower pe will be because more crystallites contribute to the con-
ductivity. For crystallites, which penetrate the boron emitter only up to
the depth of the doping depletion zone (d, < 60 nm), initially a signifi-

cryst —
cant reduction of p is apparent for increasing crystallite depth d After
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5.4 Analytical model for calculation of specific contact resistances

reaching a minimum, p, gradually increases for crystallites deeper than
120 nm. This is even more obvious in Fig. 5.9(a), in which the course of p, is
demonstrated in dependence of d,, for constant A, = 0.2%. This increase
has two reasons: first, more and more of the crystallite’s flank surface is in
touch with lower doping densities for increasing d,,. So, the more the spe-
cific contact resistance of each crystallite pg . increases, the deeper the
crystallites are. Second, the quadratic base area of every crystallite increases
for increasing d,,, and therefore, the number of crystallites decreases for

increasing d.,. for a given A4

cryst cryst*

N,E\ o &ryst. Aepth o 7AW5 Cut off doping deple-
é 107 dcr . (DR tion zone (60 nm)
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Fig. 5.8. Calculated specific contact resistance p. for boron profile Gen3 (Fig. 5.1)
according to Eqgs. (5.1) and (5.4) as function of crystallite coverage fraction A,
and crystallite penetration depth d,, (used input parameters: see Table 5.2). The
experimentally measured value range of Pe (2 mQem? S pe < 4 mQem?; Fig. 5.3) is
also plotted. In (b), the doping depletion zone of profile Gen3 (i.e. the first 60 nm)
is cut off to account for a possible etching of the boron emitter during contact firing.
In (¢) and (d), the stated input parameters are changed compared to (a).

§ %\ .~ Doping depletion  poron profile Cut off doping depletion zone (60 nm)
g 107 zone —o— Gen3
; & Guide to the eye\ Guide to the eyi .
O Uy <
§' § 10° ‘ ‘ ‘ ‘ Elcos ‘ ‘ ‘ ‘ ‘
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Crystallite depth dys (nm) Crystallite depth dys (nm)
(a) (b)

Fig. 5.9. Calculated p. for a crystallite coverage fraction 4, = 0.2% according to
Egs. (5.1) and (5.4) as function of the crystallite penetration depth d,.,, (used input
parameters: see Table 5.2). (a) Doping profile Gen3 with doping depletion zone
(Fig. 5.1), (b) the depletion zone (the first 60 nm) of profile Gen3 is cut off.
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5 Contacting of Boron Emitters Using Ag-Al Screen-Printing Pastes

The experimentally measured p.-range for the Ag-Al contacts, as shown in
Fig. 5.3, is also indicated in Fig. 5.8. The calculated p. are in agreement
with the measured ones for crystallite coverage fraction A, determined
to be lower than about 0.3%. Compared with the experimentally extracted
total coverage fractions between 0.4% <A <1.5% from section 5.3.3
(Fig. 5.5), the coverage fractions that need to be considered in the calcula-
tions to explain the measured p. rather seem a bit too low (especially for
the deeper crystallites for which A, must be even lower). However, they
are within the bounds of possibility. It should be kept in mind that
section 5.3.3 deals with the total crystallite coverage fraction A,
the estimate of A, <0.3% from the calculation refers to the area of
crystallites being in direct contact both with the boron-doped silicon and
the Ag-Al contact bulk, which is a subset of the former.

whereas

Impact of the doping depletion zone

The impact of the doping depletion zone on p. can be characterized by
comparison of calculations of p. for profile Gen3 either with or without the
doping depletion zone. For this purpose, the doping depletion zone (i.e. the
first 60 nm) of profile Gen3 is cut off, which simulates a possible layer-like
etching of the emitter by paste ingredients during contact firing. The com-
parison may be carried out based on Fig. 5.8(a) and (b), or based on
Fig. 5.9(a) and (b). Using the latter graphs the course in p is easier to see.
For the scenario with cut off doping depletion zone, no initial strong de-
crease in pg occurs; instead, po continuously increases for increasing .
The calculations yield comparable p. values for profile Gen3 whether with
or without the doping depletion zone for sufficiently deep crystallites (i.e.
ey 2 120 nm). Only for very small crystallites with d, <60 nm, p¢ is
one order of magnitude larger for the profile with depletion zone than for
the one without. In other words, the doping depletion zone has no signifi-
cant negative impact on p. given that the crystallites are somewhat deeper
than the extent of the depletion zone. As discussed in section 5.3.3
(Fig. 5.5), this is the case for the examined Ag-Al contacts. On the other
hand, considering Fig. 5.8(a), even for the scenario in which only very
small crystallites are formed, reasonable low p, can be achieved for doping
profiles with depletion zone in case a sufficient number of crystallites is
present.
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5.4 Analytical model for calculation of specific contact resistances

Variation of input parameters

As already discussed, especially the effective tunneling mass m* and the
Schottky barrier height q¢, are input parameters whose exact values are
not known for the investigated contact system. The influence of a higher
m* on pg is depicted in Fig. 5.8(c), whereas in Fig. 5.8(d) g¢, is increased
further to the value of aluminum. Comparing both graphs with Fig. 5.8(a), it
is clear that both parameters affect the calculated p considerably. On the
other hand, the crystallite coverage fractions A, for which the calculated
pe are in line with the measured ones, are closer to the values as experi-
mentally determined in section 5.3.3. This shows that the macroscopically
measured p. can be described by the proposed model using the assumption
that current transport occurrs exclusively via metal crystallites, which are
in direct contact both with the boron-doped emitter and the Ag-Al contact
bulk.

5.4.3 Impact of the doping profile shape on the specific contact
resistance

The previously discussed analytical model is now used to find an explana-
tion for the observed decreasing p. with increasing junction depth, as shown
for the boron emitters under investigation in Fig. 5.3. For this purpose, pc
is calculated for all three boron doping profiles under variation of the crys-
tallite penetration depth d,, between 0 nm < d_,., < 980 nm.

cryst cryst —

As already discussed, the measured doping profiles are interpolated with
“OriginPro 8.5” to have more data points for the calculations, which are per-
formed with 1000 data points in total. Between 0 nm < d < 60 nm—the sec-
tion corresponding to the doping depletion zone of the profiles—the same
data points are used for all three doping profiles to only investigate the influ-
ence of the different curve progressions for N < N, after the depletion zone.

max

Similar to Fig. 5.9(a), Fig. 5.10(a) depicts exemplarily calculated p. values
for a crystallite coverage fraction A4, = 0.2% as a function of the crystal-
lite penetration depth d,,, but now for all three boron emitters and the two
sets of input parameters. The maximum considered d,; equal the junction
depths for each profile. As already seen, the used input parameters have a
significant influence on the absolute value of the calculated p. which is appar-
ent by a shift of p, by one order of magnitude. For crystallites with
oy < 60 nm, no difference is visible for the calculated pqof the three profiles.
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This is because identical data points are used for the three boron doping
profiles up to the profile depth of 60 nm. Starting at d,, = 60 nm, the p-
curves deviate from each other: p. decreases relative to profile Gen3 for the
deeper profiles Gen3-DrInl and Gen3-DrIn2 in dependence of d. The
lowest p. are obtained for profile Gen3-DrIn2. Fig. 5.11(a) depicts the re-
spective relative differences for the calculated p. in relation to the p. ob-
tained for boron profile Gen3. The relative differences in p., which are inde-
pendent of A, between profile Gen3 and Gen3-DrInl amount up to —20%,
whereas the relative differences in p between profile Gen3 and Gen3—-DrIn2
are found to be up to —40%. These values are in the range of the experimen-
tally determined differences; see Fig. 5.3. The calculated relative differ-
ences are more or less independent of the used input parameters. The most
significant relative reduction in p¢ results for d, . < 500 nm.

Similar results are obtained with respect to the three doping profiles for
which the first 60 nm are cut off. The absolute values of p in dependence
on d,, are depicted in Fig. 5.10(b) for A, = 0.2% and the corresponding
ones relative to Gen3 are shown in Fig. 5.11(b). The same trends are seen as
discussed above, however, larger relative differences in p result from these
calculations: up to —30% for profile Gen3-DrInl, and up to —60% for profile
Gen3-DrIn2. Although the p.-curves slightly differ for the two sets of input
parameters, the clear relative differences for profile Gen3-DrInl and Gen3—
DrIn2 in comparison with profile Gen3 further remain. Hence, the actual
selection of the input parameters has no significant effect on the relative pe-
differences between the three boron doping profiles. On the contrary, the
analytical calculations clearly show the influence of deeper doping profiles
in terms of lower p.

5.4.4 Discussion

The proposed analytical model for calculating p, with direct current con-
duction between metal crystallites and the boron-doped emitter—consider-
ing thermionic emission and thermionic field emission processes—can be
brought into agreement with the p. measured experimentally. Therefore,
physical reasonable input parameters are used. However, it has to be em-
phasized that the exact values of the input parameters are not known, as
e.g. m, q¢y, and A, Hence, a predictive calculation of p based only on
given doping profiles is rather speculation. On the other hand, the exact
knowledge of the input parameters is not necessary when comparing only
relative differences between different doping profiles (assuming that the
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5.4 Analytical model for calculation of specific contact resistances

same values are valid for all profiles). The results from the analytical calcu-
lations indicate that the experimentally observed lower p. for boron emit-
ter profiles Gen3-DrInl and Gen3-DrIn2, compared with those of profile
Gen3, can be explained by their higher dopant concentrations N for profile
depths larger than 60 nm and metal crystallite depths d of several
100 nm. Apart from the maximum boron dopant concentration N, , also
the junction depth affects the specific contact resistance obtained for screen-
printed and fired Ag-Al contacts: the deeper the profile, the lower p. is.

E Boron ﬁrofile MPFTVENNEY C Lt off doping depletion zone (60 nm)
g 102 R —o— Gen3 O Gen3-Drin2 10
s o+ =1.0mg; gp, = 0.58 eV
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Fig. 5.10. Calculated p, for a crystallite coverage fraction 4, = 0.2% as a function
of the crystallite penetration depth d,,, (used input parameters: see Table 5.2; other
values for m* and g¢, are used as indicated). (a) Doping profiles with doping depletion
zones (Fig. 5.1), (b) the depletion zones (the first 60 nm) of the profiles are cut off.
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Fig. 5.11. Calculated relative changes in p independent of A, for the profiles
Gen3-DrInl and Gen3-DrIn2 in relation to pg for profile Gen3 (used input parameters:
see Table 5.2; other values for m* and g¢, are used as indicated). (a) Doping profiles
with doping depletion zone (Fig. 5.1), (b) the depletion zone (the first 60 nm) of the pro-
files is cut off. For profile Gen3, NN is set to 10" cm™ for larger depths than the junc-
tion depth in order to be able to calculate relative differences for d,,,, > 570 nm.
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This is because the decrease in doping density occurs later, when the junc-
tion is deeper. Hence, for a given crystallite penetration depth, a larger
proportion of the crystallite’s flank surface is in contact with higher doping
densities for deeper junctions. Furthermore, the doping depletion zone
turns out to be negligible with respect to p for crystallite penetration
depths somewhat larger than the depth of the depletion zone.

5.5 Doping profiles with decreased maximum dopant
concentration

max

of the boron doping profiles leads to a significant decrease in dark satura-
tion current density j,. However, the question arises if boron-doped silicon
emitters featuring those doping profiles can form a low-ohmic contact to
screen-printed and fired Ag-Al contacts. To answer this question, four

As shown in Chapter 4.4.2, lowering maximum dopant concentration N,

selected boron doping profiles with stepwise decreased NN, are examined
utilizing screen-printing paste Ag-All. Paste Ag-All is selected as it is
supposed to be more sensitive with respect to doping profile changes. The
results discussed below have been obtained based on finished n-type MWT
solar cells, as they will be dealt with in detail in Chapter 7.5.

5.5.1 Sample preparation

The main differences to the fabrication process as used in section 5.3 will
now be discussed, otherwise refer to Fig. 7.15 for the complete fabrication
process of the utilized n-type MWT solar cell samples.

Four Gen3-based BBr, diffusion processes, introduced in Chapter 4, are
employed. They are referred to as Gen3, Gen3—-A, Gen3-B, and Gen3-C
within this chapter. Their original designation from Chapter 4 is given in
Table 5.3. The doping profiles, measured by ECV on alkaline saw-damage
etched surfaces, are illustrated in Fig. 5.12. The associated characteristic
parameters like sheet resistance Ry, maximum dopant concentration N, .,
and junction depth d are summarized in Table 5.3. The BBr, diffusion pro-
cesses are selected such that the resulting doping profiles exhibit pairwise
either the same NN, or the same d. Doping profile Gen3—A has the same d
but lower N, compared with Gen3. The N, of profile Gen3—A is almost
equal to that of Gen3-B, but the latter has a significant deeper junction.
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5.5 Doping profiles with decreased maximum dopant concentration

Profile Gen3—-C shows a further decreased N, while having more or less
the same d as Gen3-B.

A 6 nm-thick ALD Al,O, and a 70 nm-thick PECVD SiN, layer stack passi-
vates the alkaline textured and boron-doped emitter surfaces®. Paste Ag-All
is used for the screen-printed metallization of the boron-doped surfaces,
yielding finger widths of w; ~ 70 pm after contact firing, which is performed
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Fig. 5.12. Boron doping profiles, deter- Fig. 5.13. Specific contact resistances p
mined by ECV measurements on al- for paste Ag-All obtained by TLM mea-
kaline saw-damage etched surfaces for surements on the alkaline textured and
the specified Gen3-based BBr, diffu- boron-doped surfaces after contact firing
sion processes. Exemplary error bars with two different set temperatures 7.,.
are shown. Further data on the boron The boron-doped surfaces are coated with
profiles are summarized in Table 5.3.  an ALD ALO, and PECVD SiN, layer
stack.

Table 5.3. Summary of characteristic parameters for the different Gen3-based BBr, dif-
fusion processes obtained from alkaline saw-damage etched ECV samples (R, N,,.., d).
Profile depth d is estimated at a dopant concentration N = 1.3:10" ¢cm™, which cor-
responds to the bulk doping concentration of the wafers utilized for p. determination.

Designation BBr, diffusion processes Ry, N, d
This chapter ~ Chapter 4 (£2/sq) (10" em™) (jum)
Gen3 Gen3 ~ 65 89+0.9 580 + 58
Gen3-A Gen3-PO2-LT ~ 111 3.6+04 570 + 57
Gen3-B Gen3-DrIn1-PO6 ~ 62 4.1+04 820 + 82
Gen3-C Gen3-POb ~ 108 1.8 +0.2 840 + 84

#R,, for the textured samples: R, = (70 2) Q/sq (Gen3), R, = (131 +7) Q/sq
(Gen3-A), R, = (68 + 2) Q/sq (Gen3-B), and R, = (125 + 4) Q/sq (Gen3-C).
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with two different set peak temperatures T, and T, + 20°C. T, is equal

set set

to that used in the previous section. Again, all samples are cut into
10 mm-wide strips and p, is measured by the TLM method.

5.5.2 Specific contact resistance

Fig. 5.13 summarizes the measured p¢. It is striking that all measured pg
are fairly low with mean p, <5 mQcm? even for profile Gen3—C with N,

max

of only about 2-10" cm™. The slightly higher firing temperature leads to
somewhat lower p., but the trend in p. between the different boron doping
profiles is identical for both contact-firing processes. Hence, only the re-
sults obtained for T, are considered in the following discussion.

set

Comparing the results between Gen3 and Gen3—A shows an increase in pg
from pe = (3.1 £0.2) mQcm? to pe = (4.5 + 0.8) mflem?®. Since the profile
depths d are almost equal for both emitters, the somewhat higher p. for
Gen3—A most likely originates from the lower N, = (3.6 + 0.4) cm . Note

max

that the crystallite coverage fractions A, and/or the crystallite depths
d,.. might vary for the emitters under investigation. So the conclusions

crys

drawn here are based on the assumption that all four emitters have the
same A, and d The benefit of a deeper doping profile in terms of lower

crys

pe is seen for emitter Gen3-B, which almost has the same N, . as emitter

Gen3-A. The p. = (2.8 + 0.6) mQcm?® determined for profile Gen3-B is = 40%
less than that of Gen3—A and thus, even below pc = (3.1 + 0.2) mQcm?,
obtained for profile Gen3. This finding demonstrates that a deeper junction
can compensate the increase in p. due to lower N, .. However, the extent

max*

to which d must be increased to compensate a certain decrease in N,
cannot be quantified. Starting from profile Gen3-B, further lowering N, . to

max

N, = (1.8 £0.2) em™ yields only slightly increased pe = (3.7 + 0.7) mQcm?

max

for profile Gen3-C.

cryst®

Furthermore, it can be concluded that the electrical contacting behavior of
paste Ag-All does not differ significantly for the different passivation layer
stacks applied in this section (6 nm-thick ALD Al,O; + 70 nm-thick PECVD
SiN,) and in section 5.3 (10 nm-thick Al,O; + 65 nm-thick SiN, both ap-
plied by PECVD). In both experiments, the measured p for emitter Gen3
for the same T, are found to be nearly equal with p, = 3.5 m{cm?.

In summary, lowering N, from initially N, = (8.9 £0.9) cm™ to N, =

max max max

(1.8 £0.2) cm ™, while increasing d, leads to the finding that both boron
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emitters Gen3 and Gen3—C can be electrically contacted by screen-printed
and fired Ag-Al contacts with similar low py of about 4 mQcm?. All four
examined doping profiles are found to be suitable for use in the fabrication
of n-type solar cells in terms of their electrical contactability.

5.6 Charge carrier recombination at metal crystallites

As the preceding sections show, metal crystallites penetrating the boron-
doped silicon emitter ensure low specific contact resistance p. between
emitter and applied metal contacts. On the other hand, deep penetrating
metal crystallites are suspected to be the origin of significantly increased
dark saturation current densities of the metallized areas for Ag-Al contacts
on boron-doped emitters, as discussed in section 5.2. The latter issue will
now be dealt with in more detail.

In an ongoing PhD thesis at Fraunhofer ISE, Nico Wihrle developed a nu-
merical three-dimensional (3D) simulation model of charge carrier recombi-
nation at metal crystallites penetrating into highly boron-doped silicon sur-
faces. The simulation is performed with Sentaurus Device [240] and is based
on the QSSPC technique. Therein, the metal layer covering the surface is
defined as optically transparent and the crystallites are considered as in-
verted pyramids. The basic equations for determining the dark saturation
current density j, by means of the QSSPC approach are identical to those
discussed in Chapter 2.2.2. Depending on the boron doping profile, the
dark saturation current densities j; . underneath the metal contacts can
thus be simulated for varying d and A . The 3D QSSPC simulation
has been applied for the four boron doping profiles from the previous sec-
tion. The obtained results are also published in Ref. [241], where also fur-
ther information on the simulation approach can be found. The following
discussion covers the most important findings.

Fig. 5.14 depicts two exemplary two-dimensional (2D) cross-sections of the
3D QSSPC simulation results for boron doping profile Gen3 with reference
to two crystallites of different depths but same coverage fraction. Visible is
the electron current density under illumination at the metal-silicon interface,
triggered by recombination at the metal contact. For the deeper crystallite,
the current density at its tip is strongly increased compared with the shal-
lower crystallite, which leads to a doubling from jj,. ~ 900 fA/cm? to
Jomet ~ 1800 fA /cm? for this exemplified case. It is also apparent that the tip
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Fig. 5.14. 2D cross sections through the crystallite’s tip plane of the 3D QSSPC
symmetry element for two crystallites with different depths d,,, but same coverage
fraction A, = 20%. The images show the electron current density (minority charge
carriers) below the metal contact under illumination during the QSSPC flash. The sur-
face recombination velocity S, for the entire metal-silicon interface is S, = 10" cm/s.
Profile Gen3 is used for this example, the simulated jj,,,, are given by (a) jj. =
900 fA/cm? and (b) jo,. © 1800 fA/cm?. As the bulk region is considered being

boron-doped, the dashed line represents the virtual junction of the doping profile.

(@)

Depth (um)

cryst

of the deeper crystallite even draws charge carriers from the bulk region
over the virtual junction. For both crystallites, the current density is
highest at the tips, wherein the flanks contribute only a minor part.

Fig. 5.15(a) exemplifies the trend in j;,. based on boron doping profile
Gen3 for varied d,; and A, . Consider first the result for d,, = 0 pm. This
scenario, in which no crystallite formation occurs, represents the simple loss
of the whole passivated area below the metal contact during contact firing (no
metal penetrates the boron emitter). The simulated jj e ~ 750 fA/cm?
equals the minimal achievable value for a non-passivated contact. Modeling
of crystallites with depths exceeding the virtual junction is not recom-
mended with the currently available physical models for metal-silicon inter-
faces in Sentaurus Device.”* Thus, the curves stop shortly before the crys-
tallites’ tips reach the virtual junction. From Fig. 5.15(a), it is clear that
when the crystallites penetrate deeper, j; ., increases. This is because more
and more charge carriers recombine at the metal-silicon interface closer to
the virtual junction. The beginning and the characteristics of the increase
in jj e depends obviously on A, : the higher A the sooner and steeper
the increase occurs. At some point, the (electron) recombination at the crys-

cryst)

HThe metal-silicon interface would have to be considered for a very large interval of doping den-
sities along the crystallite’s flank, which is too large for the currently available physical models.
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Fig. 5.15. 3D QSSPC simulation results for dark saturation current densities jj .
underneath the metal contacts in dependence on crystallite depth d,,,,. (a) Variation
in crystallite coverage fraction 4., based on boron doping profile Gen3. (b) Com-
parison between the four specified boron doping profiles at a constant A, = 10%.

tallites” tips increases so rapidly that j,,. rises in an over-exponential
manner. On the other hand, j,,. stays almost constant on a low level up
to a certain crystallite depth, which is roughly 250 nm before reaching the
virtual junction.

In principle, the observed j, .. characteristics in Fig. 5.15(b) for the other
three boron doping profiles Gen3—A, Gen3-B, and Gen3—C are quite similar.
However, the minimal jo e (for diyq = 0 pm) and the point for steep
Jome: increase are different. The illustrated data refer to A, = 10%,
wherein the same trends between the emitters also hold for other A, (not
shown). Table 5.4 summarizes the simulated jj ., For doping profiles
Gen3 and Gen3-B, Jj,mn = 750 fA/cm? is almost equal. Higher jj . mm
are simulated for doping profiles Gen3—A and Gen3-C, which are about
1260 fA/em? and 1090 fA/cm?, respectively. The observed differences in
Jomet.min PEEWeen the four doping profiles without presence of any crystallites
can be explained by the shielding effect of the doping against charge carri-

Table 5.4. Summary of simulated j; . i for the four doping profiles, their maximum

dopant concentrations NV, and profile depths d, and the respective total amount of

boron @,,,. For ease of readability, the uncertainties for N, and d are not specified.

Boron doping profile - Gen3  Gen3-A Gen3-B Gen3-C

SIMm. g et fOT Aoy = 0 1m- (fA /cm?) 750 1260 740 1090
Max. dopant concentr. N, .. (10" cm™) 8.9 3.6 4.1 1.8
Profile depth d (nm) 580 570 820 840
Total boron doping Q. (10" cm™) 1.7+02 09+0.1 1.5+0.1 0.8+0.1
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ers from the bulk region. Therein, the depth-dependent dopant concentra-
tions MN(d), represented by the maximum dopant concentration N, .. as

well as the profile depths d, affect this shielding effect, which is now dis-
cussed in more detail.

The effect of doping density on shielding can be initially evaluated by com-
paring doping profile pairs with either similar doping near the surface or
similar depth. Considering first the profile pairs with same depth, namely
profile pairs Gen3/Gen3-A and Gen3-B/Gen3-C (the respective first-men-
tioned profile is more highly doped), the simulations yield lower j ¢ mm fOr
the profiles with the higher N, .. The total dopant concentration @,,, which
results from the integration of Nd) and is specified in Table 5.4, is thus a
measure for the charge carrier shielding effect. The profile with lower j, . i
has the higher @, for the considered profile pairs. Second, in case of similar
dopant concentrations near the surface (or similar N,,.), which is given for

profile pair Gen3—A/Gen3-B, the higher depth of profile Gen3-B—which
is equivalent to higher @, —results also in lower j . min-

When comparing profiles which differ in both dopant concentration near
the surface and depth, as e.g. profile pair Gen3—A/Gen3-C, caution is ad-
vised. Here, o petmm 1 higher for profile Gen3—A despite its higher Q. In
this case, @, is no appropriate quantity to account for differences in
charge carrier shielding. This means that, in general, it is not so easy to
quantify whether the charge carrier shielding is more determined by the
higher dopant concentration near the surface or by the higher profile depth.
Consequently, as a rule of thumb, @, can be considered as a measure for
charge carrier shielding in case of doping profiles which have either same
dopant concentrations near the surface or same profile depth: the higher
Qo> the lower jy o is. If the doping profiles differ in both parameters,
then @, is no longer sufficient as an indicator for J e -

Taking crystallites into consideration, the results from Fig. 5.15(b) show a
vanishing influence of the dopant concentrations near the surface on jg .-
Despite different j . m, for the profile pairs with same depth (i.e.
Gen3/Gen3-A and Gen3-B/Gen3-C), ji,,. is found to approach each other
towards deeper crystallites up to virtually the same values. Obviously, the
steep Jome: increase for the profiles Gen3-B and Gen3—C occurs for signifi-
cantly deeper crystallites. This means that deeper profiles are more robust
against deeper crystallites up to the point when the crystallite tips reach a
distance of about 250 nm to the virtual junction.
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In literature, jj . values for boron-doped emitters and Ag-Al contacts are
reported to be larger than about 2000 fA/cm? [215,216,242]. The simula-
tion results suggest that these quite high j, ., cannot be explained by sim-
ple loss of the whole passivated area below the metal contact during con-
tact firing. Instead, metal crystallites with depths of at least several
100 nm are mandatory to create agreement between simulation and experi-
mentally determined jj,.. The existence of (such) deep crystallites has
been shown in section 5.3.3; hence deep crystallites are most likely the ori-
gin for the observed high j, ., for Ag-Al contacts on boron-doped emitters.
The possibility of a layer-like metal penetration into the boron-doped sur-
face is not excluded, but reasonable etching depths would not explain the
experimentally measured 7, ... Thus, also for a scenario in which the paste
ingredients etch the boron-doped surface in a layer-like manner during
contact firing, crystallites are still the objects that most probably trigger
the high charge carrier recombination undoubtedly occurring on cell level.

Note that this is the first time that 3D-modeling has been used for this kind of
contact geometry for the application in solar cell structures. Therein, the
simulations touch the limits of contact modeling. Furthermore, only homo-
geneous distributions of crystallites and crystallite depths are considered.
Nevertheless, the simulations give detailed insight into charge carrier recom-
bination at 3D metal crystallites based on state-of-the-art physical models.

Based on the simulation study, valuable recommendations can be given
with respect to achieving lower charge carrier recombination below metal
contacts on boron-doped surfaces. Obviously, the task is to ensure that the
metal crystallites’ tips do not penetrate into a critical zone before the junc-
tion. If they do, an over-exponential increase in charge carrier recombina-
tion is triggered particularly at their tips. To call a quantity for the begin-
ning of this critical zone, 250 nm before the junction could be an appropri-
ate choice. However, this number depends strongly on crystallite coverage
fraction and may vary from profile to profile. Altogether, there are two
starting points, namely, on the one hand, the formation of deep doping
profiles, which show a clear benefit in charge carrier shielding from the
metal-silicon interface, and on the other hand, the optimization of the
metal pastes in combination with the firing process to ensure the forma-
tion of only small crystallites. Of course, also a low-ohmic contact must be
ensured for both scenarios. However, this requirement can be ensured even
for small crystallites if they are present in sufficient numbers, as demon-
strated by the analytical calculations performed in section 5.4.
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5.7 Chapter summary

The state-of-the-art metallization technique to electrically contact the
textured, boron-doped, and passivated emitter surface in n-type silicon
solar cells with low contact resistance p. is the screen printing of a silver
paste containing aluminum (also called Ag-Al paste) and the subsequent
contact firing in a short high temperature step. However, these Ag-Al
contacts are reported to be highly recombination active, lowering particu-
larly the open-circuit voltage. The experiments and simulations discussed
in this chapter target at conveying a deeper understanding on the proper-
ties of the metal-silicon interface between Ag-Al contact bulk and highly
boron-doped silicon.

Microstructural investigations, performed on the formerly metallized areas
after wet-chemical etching, reveal the presence of large and deep crystallite
imprints, which imply former metal crystallite presence at these locations.
The extracted crystallite depths vary between several 100 nm and a few
microns. The crystallite coverage fraction is determined to be in the range
of about 1%. It is found that these metal crystallites play a very decisive
role concerning both electrical contact and charge carrier recombination.

Lower p. are experimentally determined for boron doping profiles with
deeper junctions, which otherwise feature almost identical increasing curve
progressions up to a depth of 60 nm before reaching the maximum dopant
concentration N, ~ 8:10" cm™® (referred to as doping depletion zone). For
instance, pc is found to decrease from p. = (3.7 £ 0.8) mQcm?® for a 570 nm-
deep profile to pr = (2.0 £ 0.4) mQecm? for a 980 nm-deep one. From the
theory of ideal planar contacts, it is known that p. depends on the boron
doping concentration at the surface; however, this is identical for the three
examined profiles. To correlate this finding with deep penetrating metal
crystallites, the application of an analytical model for calculating p. proves
to be a purposeful approach. Therein, direct current conduction between
Ag-Al contact bulk, metal crystallites and boron-doped silicon is assumed.
Considering physically reasonable input parameters, the calculated p. can
be brought into agreement with the experimentally determined values.
The results obtained by the analytical calculations allow the conclusion
that lower p. for deeper junctions can be directly connected to metal crys-
tallites with penetration depths of at least some 100 nm. Hence, apart
from N, also the junction depth of the doping profiles affects p.. Further-

more, the calculations yield comparable p. for doping profiles whether with

112 |



5.7 Chapter summary

or without doping depletion zone close to the surface in case of metal crys-
tallites, which are at least somewhat deeper than the depth of the deple-
tion zone (i.e. deeper than d, ~ 100 nm for the examined profiles). This
means that the doping depletion zone can be considered as being negligible
with respect to p., as the observed crystallites clearly reach through this
zone.

The benefit of deeper doping profiles for low p is also examined on the basis
of further selected profiles. They differ pairwise either in N, or their junc-

max

tion depths. Despite considerably lowering N, .. from N, = (8.9 +0.9) cm™
to Ny = (1.8 £ 0.2) em™® for two of the profiles, almost the same p¢. in the
range of 4 mQlcm? are measured, as the junction depth of the latter is in-
creased by about 300 nm. This shows that low p. can be maintained de-

spite considerably lowering IV, by increasing the junction depth.

max

To investigate charge carrier recombination below the metal contacts in
more detail, synergies with a parallel ongoing PhD thesis prove as being
very beneficial. This allows applying a novel numerical three-dimensional
(3D) simulation approach, which considers charge carrier recombination at
metal crystallites that penetrate the boron-doped silicon surface. The 3D
simulations, which are performed with Sentaurus Device, yield a detailed
insight into charge carrier recombination at the metal-silicon interface.

The simple loss of passivated area underneath the contacts—meaning that
the paste ingredients etch the passivation layer completely during contact
firing but no metal crystallites are formed—is not found to explain the dark
saturation current densities j; . larger than about 2000 fA /cm?, as they are
reported in the literature for Ag-Al contacts on boron-doped surfaces. It is
shown that such high j; ., correlate with the presence of metal crystallites,
which are at least so deep that their tips penetrate into a critical zone be-
fore the junction. The beginning of the critical zone is characterized by an
over-exponential increase of charge carrier recombination particularly at the
crystallites’ tips. To quantify the beginning of this critical zone, 250 nm
before the junction might be an appropriate number. Furthermore, the
junction depth is found to be the crucial parameter with respect to charge
carrier shielding from the metallized regions in case deep penetrating crys-
tallites exist.

Hence, to obtain lower jj,., the task is to ensure that the metal crystal-
lites” tips do not penetrate into this critical zone. On the one hand, deeper
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doping profiles are a promising approach. On the other hand, optimization
of both the utilized metal pastes in combination with contact firing pro-
cesses might ensure the formation of only small crystallites. The presented
analytical calculations show that for both approaches, a low-ohmic contact
formation is still possible even for small crystallites, in case they are pre-
sent in sufficient numbers.
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6 Electrical Properties of the Backside
Contacts of MWT Solar Cells

6.1 Introduction

By relocating the external contacts of the front to the backside in MWT
solar cells, the external rear contacts, connected to the emitter by the
front grid and metallized vias, directly overlap the silicon bulk with oppo-
site polarity for the latest MWT cell architectures. Since no p-n-junction is
present in between, leakage currents under forward bias may occur. Such
leakage currents reduce the energy conversion efficiency of the solar cells.
The current under reverse bias is also of interest, not only with respect to
potential module integration of the solar cells, but also to its impact on
the cell properties in forward operation. In this chapter, several screen-
printing pastes, developed to be used for metallization of the vias and of the
external contacts, are examined with respect to their electrical contacting
behavior utilizing special test structures. The bulk material for these test
structures is chosen to be both n-type and p-type Cz-Si wafers in order to
investigate if the bulk doping type influences the electrical contacting
behavior of the used metal pastes. Furthermore, the test structures feature
different surface topographies and different dielectric insulation layer sys-
tems. The in-depth characterization of the metal-insulation-semiconductor
contacts is carried out both under forward and reverse bias operation. As
discussed in Chapter 3.3, results from these examinations also contribute
significantly to the ongoing development in p-type MWT technology.

6.2 Challenges for the MWT backside contact
structure

Typically, the external backside contacts and the vias in MW'T solar cells
are metallized simultaneously with a non-fire-through silver screen-printing
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paste, called “via paste”. The term “non-fire-through” refers to the property
of the paste to not fully penetrate SiN, layers. In Chapter 3, it is discussed
in detail that the major challenge in the fabrication of MWT solar cells is
the use of a suitable via paste, depending on the cell structure of choice. The
basic requirements of the via pastes and the basics of the contact system
of interest will now be briefly reviewed.

Basic requirements of the via paste

The via paste has to ensure reliable and continuous via metallization with
low series resistance. For the latest p-type MW'T solar cell types, namely
the HIP-MWT+ (Fig. 3.6(a)) and the MWT-BSF+ structure (Fig. 3.6(b)),
solely the non-fire-through property of the via pastes is no longer suffi-
cient. In addition, the via pastes themselves have to prevent electrical con-
tact formation not only when printed on top of an intermediate dielectric
layer, but also when applied directly onto the bare p-type silicon bulk. In
forward bias, i.e. normal operation mode, up to the open-circuit voltage no
significant leakage current should occur to prevent fill factor and open-cir-
cuit voltage losses. The increased demands on the via paste originate from
the fact that in these MWT structures no emitter layer, which formerly
ensured the electrical contact separation, is present on the backside and
within the vias. These higher requirements on the via paste also apply to
the both novel n-type MWT solar cell structures nMWT and nMWT+ in-
troduced in Chapter 3.5 and shown in Fig. 3.9. Therein, the configuration
of the nMWT cell structure with high phosphorus doping also underneath
the external p-type contact pads might represent a major challenge for
suppressing leakage currents under forward operation. However, the for-
mulation of the via pastes used for MWT cells should be such that no
ohmic contact to silicon is formed. The contact system investigated within
this chapter consists of a screen-printed and fired via paste with silver as
conductive component, an intermediate dielectric layer, and the silicon
wafer.

Since partial shading of a photovoltaic module can lead to reverse biasing
the shaded cells [145], it is important that those cells are not harmed by
the applied negative voltage and that the reverse behavior is not detrimen-
tal to the module. Therefore, the contacting behavior of the via pastes in
reverse bias condition is of interest. MW solar cells enabling sufficiently
low reverse breakdown voltages can, however, represent an integrated by-
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pass diode approach allowing a controlled reverse current flow with less
external bypass diodes in the module [163].

Review on screen-printed and fired silver-insulator-semiconductor contacts

Various models and explanations have been proposed within the photovol-
taic community for the actual mechanisms of contact formation and current
transport for screen-printed and fired silver contacts, commonly applied to
electrically contact the front side phosphorus-doped emitter in p-type silicon
solar cells, as e.g. in Refs. [111,221,229,230,243-246]. Tunnelling through a
thin dielectric layer is assumed to be one of the major current transport
mechanisms [243,245,246] leading to ohmic contact properties [247]. On the
other hand, other works emphasize that the dominating current transport
mechanism is more likely given by direct silicon-silver contacts [221,230].

One model to describe the electrical characteristics of the silver-insulator-
semiconductor contact systems considered in this chapter is given by
quantum mechanical tunneling of charge carriers through the intermediate
dielectric layer [163,248]. Previous studies show the observation of nonlin-
ear current-voltage (I-V') characteristics for screen-printed and fired con-
tacts realized with via pastes on lightly doped p-type silicon [161,163,165].
In a joint publication with Thaidigsmann and further authors [163], these
nonlinear I-V characteristics of such a via paste on lightly doped p-type
Cz-Si with and without intermediate dielectric layers have been investigat-
ed in more detail. It is found that the dominating current transport mech-
anism is quantum mechanical tunneling of charge carriers through the di-
electric layer between silver contact and silicon. Despite the fact that via
pastes are designed not to penetrate SiN, layers, samples with dielectric
layer (SiN, layer thickness of at least 50 nm, thus no significant tunneling
current is expected) show areas of reduced dielectric layer thickness. These
areas are supposed to enable significant charge carrier tunneling. Further-
more, the examinations indicate that the glass frit components of the via
paste form a tunneling barrier (glass layer) during contact firing. It is also
shown that both forward and reverse bias behavior of the via paste contacts
can be modified by different intermediate dielectric layers [161,163,165] or
the use of different via pastes [165].

Initial investigations on the electrical contact properties of via pastes for
n-type Cz-Si within the thesis at hand reveal rather high leakage currents
[165]. These examinations form the basis of the in-depth characterization of
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state-of-the-art via pastes dealt with in this chapter. The performed experi-
ments and obtained results are also published in Ref. [167]. Five via pastes
from three paste manufacturers® and one standard fire-through reference
silver paste—commonly used for the front metallization of p-type solar
cells—are investigated on n-type and p-type Cz-Si test structures with
various dielectric layers and two different surface topographies. In doing
s0, determining the influence of reverse bias load on occurring forward
leakage currents is an important part of the examinations.

6.3 Methodology for characterization of the
electrical contact behavior

6.3.1 Approach and test structure fabrication

In order to comprehensively investigate the electrical contact properties of
the five via pastes V1-V5 and the fire-through reference paste R6, special
test structures are fabricated from (100)-oriented p-type and n-type Cz-Si
wafers as shown in Fig. 6.1 and Fig. 6.2, respectively. The front sides of
the samples feature the metal contacts, the surface topographies, and the
dielectric layer systems to be investigated, while the rear sides are fabri-
cated such that they ensure an ohmic contact to the silicon bulk. The
front surfaces are either alkaline saw-damage etched or alkaline textured.
Table 6.1 summarizes the investigated different dielectric layer systems. It
shows which sample type is investigated in combination with which dielec-
tric layer system. The sample naming in the following is a combination of
sample type and layer number, as e.g. n3c, which stands for n-type sample
nd with a 75 nm-thick PECVD SiN, layer on the front side (layer number c).

The front sides of the p-type samples p! and p3 in Fig. 6.1 correspond to
the area of interest on the rear side of the p-type MWT cell structures in
Fig. 3.6(b) and (a), respectively. On the other hand, the front sides of the
n-type samples n4 and n8 in Fig. 6.2 correspond to the area of interest on
the rear side of the n-type MWT cell structures in Fig. 3.9(b) and (a), re-
spectively.

®The via pastes were provided by DuPont Microcircuit Materials, Heraeus Precious
Metals, and Murata. Due to non-disclosure agreements, no information on the pastes’
compositions can be specified.
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Fig. 6.1. Schematic cross sections of the p-type Cz-Si test structures for the investi-
gation of electrical contact properties of screen-printed silver pastes without (p1, p2)
and with (p3, p4) front dielectric layer as well as both alkaline saw-damage etched
(p1, p3) and alkaline textured (p2, p4) front surfaces. The total silver contact area is
2 x 1.5 mm x 123 mm =~ 3.7 cm?. The rear features a full-area screen-printed aluminum
metallization. The electric polarities for both forward and reverse bias measurements
are indicated on the right hand side.
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Screen- prmted Ag ,90 Q/sq P-doping Dielectric Iayer 90 Q/sq P-doping
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Fig. 6.2. Schematic cross sections of the n-type Cz-Si test structures. The front side of
samples ni-n4 corresponds to the equivalent p-type samples in Fig. 6.1. For samples
n5-n8, the front side features an additional phosphorus doping (drive-in temperature
820°C) with a sheet resistance Ry, of = 90 2/sq and a phosphorus surface concentration
of Ny~ 1.4-10" cm™ (measured by secondary ion mass spectroscopy). The rear sides of
all samples feature a full-area phosphorus doping with Ry ~90 Q/sq and a selective
one (Ry, ~ 20 Q/sq) underneath a contacting screen-printed silver metallization grid.

Table 6.1. Overview of the investigated four dielectric layer systems (abbreviated
with layer number: “Layer no.”) and their nominal thicknesses (SiriON: silicon-rich
oxynitride). The sample type refers to the samples shown in Fig. 6.1 and Fig. 6.2.

Sample type Layer no. Layer type
pl, p2, nl, n2, ny, n6 - No dielectric
p3, 4, n3, ng, n7, n8 a 10 nm thermally grown SiO,

+ 40 nm PECVD SiO, + 50 nm PECVD SiN,
p3, p4, n3, n4, n7, n8 b 10 nm PECVD Al,O, + 65 nm PECVD SiN,
nd, n4, n7, n8 c 75 nm PECVD SiN,
nd, n4, n7, n8 d 10 nm PECVD SiriON + 65 nm PECVD SiN,
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The test structures allow for investigating the electrical contact properties
of the silver (via) pastes without being influenced by the p-n-junction of
the solar cell. Three to five devices with a wafer edge length of 125 mm
and an initial wafer thickness W = 200 nm (p-type Cz-Si) and W = 225 pm
(n-type Cz-Si) are fabricated for each combination of bulk doping type,
front surface topography, and front surface dielectric. As the results for
the fabricated samples per variation are very similar, only representative
measurements will be shown.

For each of the six silver pastes, two continuous busbar contacts with a
width of 1.5 mm and a length of 123 mm are progressively screen printed
next to each other onto the front side of the same sample, followed directly
by a drying step; see Fig. 6.3. The p-type samples feature a screen-printed
and alloyed full-area aluminum contact on the rear side serving as ohmic
contact to the silicon bulk. A screen-printed H-pattern grid using a
standard silver paste commonly used to contact highly phosphorus-doped
surfaces forms the rear contact for the n-type samples. The selective laser
doping below the contacts supports the ohmic contact formation.

Following screen printing, the contact firing process is performed in an in-
dustrial conveyor belt furnace. To ensure wafer temperatures of approxi-
mately 750°C (peak temperature time < 1 s) for all different samples, ther-
mocouple measurements have been previously conducted.

Front

Fig. 6.3. Exemplary photographs of front (left) and rear sides (right) of the test
structures with 125 mm edge length. The front side features six pairs of busbar
contacts (pastes V1-V5 and R6) with a contact area of 3.7 cm? for each contact
pair. The rear side features either a full-area aluminum metallization (p-type sam-
ples) or a silver grid (n-type samples). For the latter, the busbar configuration is
adapted for practical reasons for the current-voltage measurements.
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Fig. 6.4. Overview of the measurement sequence for determining the dark current—
voltage characteristics. The duration for each measurement is 15 ms.

6.3.2 Procedure for current-voltage measurements

The dark forward and reverse I-V characteristics of the test structures are
measured with an industrial cell tester according to the measurement steps
in Fig. 6.4. The electric polarities during the measurements—referred to as
forward bias and reverse bias—are indicated on the right hand side in
Fig. 6.1 and Fig. 6.2. The first measurement (A) is performed only under
forward bias for all fabricated samples. Thus, the initial electrical behavior
between the screen-printed and fired silver contacts and the silicon with-
out prior reverse bias load can be evaluated. Note that the current mea-
sured under forward bias condition is referred to as leakage current® from
now on. For the following measurements B-E, two samples of each varia-
tion are randomly selected. A second measurement in forward bias (C)
follows a single measurement in reverse bias (B) to investigate the influence
of a single reverse bias load on the leakage current in forward bias. To fur-
ther test stability, 100 consecutive reverse bias measurements (D) are per-
formed each with a break of one second in between. The resulting leakage
currents in forward bias are subsequently measured again (E).

6.3.3 Leakage currents and their impact on forward current-
voltage characteristics

Leakage currents have a negative impact on the conversion efficiency of solar
cells. This impact can be calculated by subtracting the measured test struc-
ture leakage currents I, (V) from a reference I-V curve of an illuminated
solar cell j.,(V); see Fig. 6.5. The resulting I-V characteristic is given by

SThe term leakage current is sometimes also used for current flow in the reverse direction.
However, in this work, the term leakage current is used only for the forward direction.

| 121



6 Electrical Properties of the Backside Contacts of MWT Solar Cells

~ 10F ]

S

)

< Of

E .

= — Jeell

=-10+t . .

*? =7 Jieak

c .

g 20 e Jeell Jeak ]

g -30t 8

5

Y _40E : : \ E
0.0 0.2 0.4 0.6

Voltage V (V)

Fig. 6.5. Current-voltage characteristics for a p-type HIP-MWT solar cell under
illumination, without (j,) and with additional leakage current (j. cu)-

jcell,leak(v) = jccll(v) + Geent (61)

The reference solar cell used for the evaluation of Eq. (6.1) is a p-type
HIP-MWT cell with a cell area of 239 cm? and a conversion efficiency of
20.2% [12]. The area fraction of the external rear n-type contact pads on
the reference cell is a,y = 1.3%. The metallized area on the test structures
for each investigated paste is A, = 3.7 cm?; see Fig. 6.3.

The absolute losses both in fill factor AFF*" and open-circuit voltage AVqe
are determined by substracting the FF and V. of the resulting I-V curve
from the ones of the reference I-V curve. In the following sections, only the
absolute fill factor loss AFF is considered because it predominates clearly
the loss in open-circuit voltage AV

6.3.4 Thermal power dissipation under reverse bias load

The thermal power dissipation P, and its spatial distribution across a solar
cell under reverse bias load (which can occur if a cell is at least partially
shaded in a photovoltaic module [145]) is of major importance for module
reliability and safety. A solar module typically consists of a series connec-
tion of individual cell strings with connecting bypass diodes in parallel. Each
cell string in turn consists of individual solar cells connected in series. The

Z'The leakage currents ji, lead to a loss in pseudo fill factor ApFF (see section 2.2.3), which
directly translates into a fill factor loss AFF.
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6.4 Results of the test structures for various MWT cell concepts

number of cells per string limits the maximum reverse bias for a shaded
cell.

For the test structures, the P, under reverse bias load can be extracted
from the measured -V characteristics. For the evaluation of the reverse
characteristics, a string current of 10 A is used, which approximately cor-
responds to the short-circuit current of a MW'T solar cell with 239 cm? cell
area. Furthermore, the area fraction of the external contact pads at the via
contacts is considered with 1.3%. The assumed module bypass diode sets in
if the current does not reach 10 A at a reverse bias of =15 V.

For H—pattern solar cells with a cell area of 239 cm? it has been reported
that a homogeneous power dissipation of 80 W is not harmful to the en-
capsulation material if an appropriate thermal coupling is provided to the
module surface [249]. Since the external rear contacts of MWT cells are
limited to a small portion of the cell rear surface, this value of 80 W has to
be understood as an absolute upper limit. The assessment of the I-V be-
havior in reverse direction with respect to module integration is anything
but trivial, and more detailed investigations are required to determine the
maximum allowable thermal power and its spatial density dissipation.
Thus, the 80 W-limit has to be understood only as a rough estimate.

6.4 Results of the test structures for various MWT
cell concepts

The calculated absolute fill factor losses AFF' for the dark I-V characteris-
tics measured on all different test structures mentioned in section 6.3.1 are
summarized in Table 6.2. The calculated P,, as product of voltage and cur-
rent, are also given in column D. In this section, the dark I-V characteris-
tics are discussed only for the test structures featuring the rear contact
structure of various p-type and n-type silicon MW'T solar cell concepts.

p-type MWT-BSF+ cell concept

The dark I-V characteristics both in forward and reverse bias of sample p1
with alkaline saw-damage etched (SDE) front surface and without dielec-
tric layer—representing the test structure for the p-type MWT-BSF+
solar cell, Fig. 3.6(b}—are shown in Fig. 6.6. Without prior reverse bias
load (measurement A), all via pastes V1-V5 show no leakage current at all
and the calculated absolute fill factor losses are AFF, = 0%, whereas for
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Fig. 6.6. Measured dark forward (right) and reverse (left) -V characteristics of p-type
sample p! for via pastes V1-V5 and reference paste R6. The measurement proce-
dure corresponds to Fig. 6.4. The calculated absolute fill factor losses AFF are also
specified. Paste R6 is not considered for measurements D and E.

reference paste R6 clearly higher current flow is measured (AFF, = -1.4%).
The characteristics observed for the via pastes indicate that no electrical
conductive contact is formed to the lightly doped p-type silicon. The glass
components of the via pastes most likely formed a tunneling barrier (glass
layer) during the contact firing process resulting in an electrically non-con-
ducting contact system. For the first reverse bias measurement (B), via
pastes V2 and V4 show almost no current flow up to a voltage of —18 V|,
pastes V1 and V3 show somewhat higher currents, whereas a rather abrupt
current increase is seen for pastes V5 and R6 from a voltage of —4 V. The
subsequently performed second forward measurements (C) show an in-
creased leakage current for via paste V5 (AFF, = —0.2%), while the other
via pastes are almost not affected (AFF, = 0%). After 100 further reverse
bias loads (D), the currents in reverse bias increase for all via pastes, par-
ticularly for V3. The thermal power dissipation for V3 with P, = 115 W
exceeds the aforementioned upper limit of 80 W, meaning that this paste
might be critical in terms of reverse operation. For paste V5, the consid-
ered bypass diode limits the power dissipation to P, = 45 W. The final for-
ward measurements (E) yield nonlinear I-V characteristics for all via
pastes. The leakage current of via paste V5 increased further (AFF, = —1.2%)
and also via pastes V1, V3, and V4 show slightly increased currents
(AFFy, = —0.1%). Only via paste V2 is hardly affected (AFF; = 0%) and is
therefore a very promising candidate for the fabrication of p-type MWT-
BSF+ solar cells (the current in reverse bias is also almost the lowest).
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6.4 Results of the test structures for various MWT cell concepts

In a joint publication with Spribille and further authors [250], via paste V2
is also examined on the cell level. To test stability against reverse bias
load, the I-V characteristics of a p-type MWT-BSF+ cell metallized with
via paste V2 are measured for 1.000 times including initial reverse bias
load for each single measurement. The observed absolute FF loss is lower
than 0.2% in total. The currents under reverse bias I .y, which are mea-
sured at a voltage of —12 V| steadily increase during the 1.000 measure-
ments reaching I ,,;, # =10 A. However, the increasing I_;,; do almost not
affect the cell performance in forward bias, which is a promising result for
an integrated bypass-diode approach. These results are in agreement with
the results obtained for p-type test structure p1.

p-type HIP-MWT+ cell concept

For the p-type HIP-MWT+ cell concept, Fig. 3.6(a), test structures p3a
and p3b with alkaline saw-damage etched front surfaces and intermediate
dielectric layers are of interest (layer a: SiO,/SiO,/SiN,, layer b: Al,O,/SiN,).
For both sample types, according to Table 6.2, all five via pastes show no
electrical contact to p-type silicon after 101 reverse bias loads in forward
operation (AFF,; = 0%). In addition, no significant current flow in reverse
direction occurs for all via pastes on sample p3a (P, = 0 W). On sample
p3b, P, is calculated to be in the range of 80 W for via pastes V1 and V2,
indicating that these via pastes might not be an appropriate choice in case
high reverse bias stability is aimed at on cell level for the applied dielectric
layer b. On the other hand, P, for via pastes V3-V5 is found to be consid-
erably lower with P, <8 W. Due to the additionally present intermediate
dielectric layer (in comparison with the p-type MWT-BSF+ cell) the
p-type HIP-MWT+ structure is clearly less sensitive with respect to the
via paste applied. These findings are in agreement with examination re-
sults on cell level [166,167].

n-type MWT cell structure nMWT+

For the n-type MWT cell structure nMWT+, Fig. 3.9(b), the I-V results
for sample n4c with alkaline textured front surface and SiN, layer are
shown in Fig. 6.7. An absolute stable electrical contact separation might
be a challenge for all via pastes when using solely a SiN, layer as interme-
diate dielectric, which is commonly used as rear passivation layer for
n-type solar cells. Without prior reverse bias load (A), all via pastes show
no leakage currents and thus, no fill factor losses (AFF, = 0%). The initial
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Fig. 6.7. Measured dark forward (right) and reverse (left) -V characteristics of n-type
sample n4c including the calculated absolute fill factor losses AFF. Pastes V3, V5,
and R6 are not considered for measurements D and E, as the absolute fill factor
losses AFF, after measurement C already exceed —2.3%.

reverse bias load (B) reveals a non-stable reverse behavior for all via pastes.
The following forward measurements (C) show drastically increased cur-
rents for via pastes V3 and V5 leading to fill factor losses AFF, = —4.1%
and AFF. = —5.8%, respectively. The other three via pastes V1, V2, and
V4 are much less affected; the AFF, values are between —0.2% and —0.3%.
After 100 further reverse bias loads (D), the reverse -V characteristics al-
ready show an increase in current starting from reverse bias V=0V
(pastes V3 and V5 are not further considered). The leakage currents mea-
sured thereafter (E) increased again and fill factor losses AFF, between
—-0.5% and —0.7% result.

The other examined dielectrics on sample type n4 provide an improved
electrical contact separation for certain via pastes and fill factor losses
|AFFy| <0.1% are found. However, these dielectric layers might either not
be suitable as passivation layer for the rear phosphorus doping in n-type
silicon solar cells or their potential integration into the fabrication process
would trigger further challenges, drawbacks, or process effort. As SiN, layers
are known to effectively passivate phosphorus-doped surfaces, they will be
used for the examined n-type MWT cells in Chapter 7. However, the ob-
tained results show that it might not be a trivial task to ensure absolute
stable electrical contact insulation for the nMWT+ cell structure.
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6.4 Results of the test structures for various MWT cell concepts

n-type MWT cell structure nMWT

A stable electrical contact separation for the nMWT cell structure, Fig. 3.9(a),
with additional phosphorus doping below the intermediate dielectric layer
and the external p-type contacts seems to be a challenging task. Besides
the fact that some via pastes show no fill factor loss AFF, without prior
reverse bias load for the corresponding sample type né8, all are more or less
affected by reverse bias load. For sample n8c with SiN, layer, the fill fac-
tor loss AFFy after 101 reverse bias loads is at least —1.9%. Only sample
n8a with thermally grown SiO, layer and two PECVD capping layers shows
moderate fill factor losses AFFy = —0.5% for via paste V2. A stable electri-
cal contact separation for the nMWT cell structure thus seems most likely
to be not possible or at least anything but trivial.

Discussion

The results indicate that it is mandatory to examine the influence of re-
peated reverse bias load on the leakage current in forward bias for MWT
solar cells.

For the p-type HIP-MWT+ structure it is found that the cell performance
is almost not impacted by reverse biasing. On the other hand, the p-type
MWT-BSF+ and the n-type MWT cells are found to be impacted. After
101 reverse bias loads of p-type sample p! and n-type sample njc—which
are representative for the p-type MWT-BSF+ and the n-type nMWT+
cell structures, respectively—the latter shows clearly increased fill factor
losses with an absolute difference in AFF, = —0.5% or more. This indicates
that the n-type sample is more susceptible to reverse bias load than the
p-type one, which almost shows no leakage current for certain via pastes.
Transferred to cell level this means that the electrical contact separation
at the external contacts is most likely much more challenging for n-type
MWT solar cells as for their p-type counterparts.

It is also found that the selection of a suitable via paste is important de-
pending on the targeted application. The method to utilize test structures
to examine the electrical contacting behavior of several via pastes on the
same sample proves to be an efficient option for paste evaluation.
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6.5 Study of impact factors on leakage current after
reverse biasing

As shown in the previous section, reverse biasing the test structures leads
to partially increased leakage currents in forward bias operation. Therein,
reverse bias load appears to unequally influence the leakage currents for
the p-type and n-type samples. In this section will be examined whether or
not the different types of bulk dopings are responsible for the unequal in-
fluence of reverse biasing on the forward leakage current. Furthermore, the
impact of surface topography, dielectric layer, and additional phosphorus
doping in case of the n-type samples is investigated in more detail with re-
spect to susceptibility against reverse stress.

Impact of the type of bulk doping and the surface topography

To find out if the p-type and n-type Cz-Si samples are in general differently
susceptible to reverse bias load, samples p! and nf (alkaline saw-damage
etched front surface) as well as samples p2 and n2 (alkaline textured) are
compared with each other. For all samples, the front side features no inter-
mediate dielectric layer. To allow an evaluation, the sum of the absolute fill
factor losses for all five via pastes of those samples is shown in Table 6.3.
Note that the bulk doping concentration of the n-type samples is less than
that of the p-type ones. For measurement A in forward bias, no significant
difference in the cumulated fill factor losses can be identified. This means
that the electrical contact properties without prior reverse bias load do not

Table 6.3. Sum of the absolute fill factor losses for the five via pastes for each sam-
ple without dielectric and alkaline saw-damage etched (SDE) or alkaline textured (txt)
front surface (*sum of only three via pastes, since for the other two, no fill factor
losses are calculated due to very strong leakage currents and therefore not suffi-
ciently recorded I-V characteristics). Detailed values for each paste and sample are
found in Table 6.2 (RBL: reverse bias load).

Sample pl nl p2 n2
Type of bulk doping P n P n
Bulk doping concentration N, (10 cm™®) 5.8 4.6 88 5.0
Front surface topography SDE SDE txt txt

1 Absolute fill factor losses after measurement
A (no prior RBL): AFF, (%) 0 -02 -01 -02
C (after one RBL): AFF,, (%) 02 -163* 0.6 -10.3

130 |



6.5 Study of impact factors on leakage current after reverse biasing

significantly depend on the type of bulk doping or the front surface
topography. All investigated via pastes show almost no electrical contact
to p-type and n-type silicon. For measurement C after single reverse bias-
ing, the cumulated fill factor losses of the n-type samples n! and n2 exceed
the values of the p-type samples pI and p2 by more than a factor of 15, ir-
respective of the front surface topography. Hence, the different types of
bulk dopings have a significant impact on the correlation between reverse
bias load and forward leakage current. A clear trend regarding the front
surface topography cannot be extracted. Keep in mind that the via pastes
are differently affected by reverse bias load, as specified in Table 6.2.

The finding that particularly the n-type samples are affected by reverse bi-
asing can be further confirmed by the results obtained for samples p3, p4,
n3, and n4 with dielectric layer a (Si0,/Si0,/SiN,) or layer b (Al,0,/SiN,).
The respective fill factor losses for the p-type and n-type samples for all
five via pastes are accordingly added in Table 6.4. Without prior reverse
bias load (A), no fill factor losses at all are observed for all samples and
thus for all via pastes. After reverse bias load (C), the p-type samples are
hardly affected with a maximum cumulated fill factor loss of only —0.1%
per sample. Again, the n-type samples are significantly more affected,
whereas not every single via paste shows increased fill factor losses; see
Table 6.2. Upon a closer inspection of the fill factor losses AFF of all
n-type samples after a single reverse bias load, also no clear trend between
alkaline saw-damage etched and alkaline textured front surfaces concerning
the calculated fill factor losses can be identified for comparable samples.

Impact of the dielectric layer

Apart from the type of bulk doping, also the different dielectric layers affect
the fill factor losses. For instance for samples n3a and n3b in Table 6.4,

Table 6.4. Sum of the absolute fill factor losses of the five via pastes for each sam-
ple with dielectric layer a (SiO,/SiO,/SiN,) or layer b (AL,O,/SiN,).

Sample p3a  p3b pia p4b nSa n3b nga nfdb
Type of bulk doping P P P P n n n n
Front surface topography SDE SDE txt txt SDE SDE txt txt
1 Absolute fill factor losses after measurement

A (no prior RBL): AFF, (%) 0 0 0 0 0 0 0 0
C (after one RBL): AFF, (%) 0 0 -01 -01 -04 -72 -36 -2.8
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which differ only in the dielectric layer, the first shows a cumulated fill fac-
tor loss which is lower by 6.8% absolute. This shows that not only the com-
ponents of the via pastes but also the combination of via paste and dielectric
layer play a decisive role to achieve the lowest possible fill factor losses.

Impact of an additional phosphorus doping

To examine the influence of an additional 90 €)/sq front surface phosphorus
doping on the electrical contact properties for the n-type samples, only sam-
ples with alkaline textured front surface (n2, n4, n6, and n8}—which corre-
spond to the n-type MWT structures in Fig. 3.9—are considered in Table 6.5
(via paste V3 is not included). After measurement A in forward bias, no or
only moderate cumulated fill factor losses AFF, are observed for all samples,
except for sample n6 without dielectric layer and with front surface doping
which shows already a value of —13.8% for the sum of the four via pastes. In
this case, an electrical conductive contact between the via pastes and the
additionally phosphorus-doped front surface is already formed. The negative
impact of reverse bias load is obvious for all samples after measurement C,
but the samples with 90 2/sq front surface doping mostly show significant
higher fill factor losses. A stable electrical contact insulation between the
via pastes and n-type silicon with the additionally phosphorus-doped sur-
face—as present in the nMWT cell structure in Fig. 3.9(a}—seems thus not
feasible. Also without additional phosphorus doping, the absolute stable
electrical contact insulation seems to be anything but trivial.

Interim conclusion

Without prior reverse bias load, almost no electrical conductive contact
between the via pastes and p-type as well as n-type Cz-Si is formed. The
glass layer or the stack consisting of glass layer and additional dielectric

Table 6.5. Sum of the absolute fill factor losses for via pastes V1, V2, V4, and V5
for each n-type sample with alkaline textured front surface as well as no dielectric lay-
er or layer a—d. For the sample marked with (/) no fill factor losses are calculated
due to very strong currents and therefore not sufficiently recorded I-V curves.
Sample n2 mn4a n4b n4c n4jd nb6 nda n8b n8c ndd

Front surface doping (2/sq) - - - — — 90 90 90 90 90

1 Absolute fill factor losses after measurement
A (no prior RBL): AFF, (%) 02 0 0 0 0 -138-0.1 -0.4 0.4 0.2
C (after one RBL): AFF, (%) —9.2 -2.2 0.6 6.5 0.9 (/) 4.4 6.4 6.5 6.6
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6.6 Detailed investigation of leakage current after reverse biasing

layer probably provides the electrical insulation to the silicon. However,
the insulating properties of the intermediate dielectrics seem to degrade
more or less during reverse bias load dependent on the type of bulk doping
or an additional phosphorus surface doping as examined for the n-type
samples. This degradation is found to be not constant in general but de-
pends rather on the combination of via paste and dielectric layer type. Sig-
nificantly higher leakage currents are observed for the n-type samples even
after only a single measurement in reverse bias compared with the corre-
sponding p-type ones, irrespective of the front surface topography.

6.6 Detailed investigation of leakage current after
reverse biasing

As shown in the previous sections, reverse bias load may lead to increased
leakage currents in forward bias. Especially the n-type samples are more
affected than the p-type ones. More comprehensive measurements are
performed with selected test structures and via pastes (see Fig. 6.8) to
investigate the causes of the observed behavior. These samples have been
only measured once in forward bias so far—that means no reverse bias
load has been applied before. Between consecutive measurements of the
current under forward bias always up to a voltage of 0.7 V, the current in
reverse bias is measured up to gradually increased negative voltages
starting with —1 V (nominal step size —1 V).

Test structures with different type of bulk doping

Two almost identical samples (p1, nl) both with alkaline saw-damage etched
front surface, no dielectric layer, and with similar bulk doping concentra-
tion N,y ~ 5-10" cm™ are investigated for via pastes V2-V4. The only dif-

Measurement time —. 15m
'O ms

v
No prior reverse bias 5 i ‘Forvvard SISV SR CHOWAA—> - - -
B Reverse bias up to -1V (or =20°A) | 'Forward bias upto 0.7V ---
s Reverse bias up to -2 V (or —20 A) Forward bias up to 0.7 V ---

B Reverse bias up to —18 V (or —20 A) § Forward bias up to 0.7V

Fig. 6.8. Overview of the measurements of the dark I-V characteristics. The reverse
bias is gradually increased with a step size of —1 V after each forward measure-
ment. The maximum measured current in reverse bias is limited to —20 A. The du-
ration for each measurement is 15 ms, with an interval of several seconds in between.
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6 Electrical Properties of the Backside Contacts of MWT Solar Cells

ference is the bulk dopant type. Despite the basically same sample structure,
p-type sample p! shows a completely different behavior than n-type sample
nl; see Fig. 6.9. Obviously, the measured currents under forward and re-
verse bias are significantly different.

For sample pI, no current flow occurs for via pastes V2 and V4 and thus,
no electrical contact to the underlying bare p-type silicon can be assumed.
For via paste V3, the current under reverse bias slightly increases with in-
creasing negative voltages, whereas the leakage current remains on a negli-
gible level. In contrast, the currents under reverse bias abruptly rise for
the n-type sample n! in the range of only a few volts. This comes along
with an abrupt rise of the leakage currents under forward bias for all three
via pastes. This illustrates that leakage currents only occur as soon as cur-
rent flow sets in under reverse bias. In contrast, current flow under reverse
bias does not necessarily lead to leakage currents in forward bias (as e.g.
for via paste V3 on sample pI).

Possible reasons for the different behavior of p-type and n-type samples

As can be concluded from Fig. 6.9, the electrical contact separation de-
grades especially for the n-type sample ni. One possible reason could be
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Fig. 6.9. Measured currents in forward and reverse bias for via pastes V2-V4 on
samples p! (top) and n! (bottom) with alkaline saw-damage etched front surface.
The current in forward bias is measured at a voltage of 0.7 V after each gradual
increase of the reverse bias by nominal -1 V.
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6.6 Detailed investigation of leakage current after reverse biasing

the direction of the applied reverse bias. The current directions under re-
verse bias are different for the two bulk doping types: for n-type silicon,
electrons flow from the metal to the silicon, whereas for p-type silicon, the
electron flow is vice versa (i.e. from the silicon to the metal). Hot electrons
or hot holes can enable the formation of defects within the intermediate
dielectric layer system® [251-253]. This defect formation or the electrical
breakdown of dielectric layers are described in the literature based on bi-
ased percolation models [254,255]. Watanabe et al. [252] reported a depend-
ence of defect formation within an SiO, layer on n-type silicon on the polarity
of the applied stressing bias. Only if the n-type sample is stressed with a pos-
itive bias (corresponding to reverse bias in the present work), defects are
created within the SiO, layer, whereas no formation of defects is observed
for negative sample bias (corresponding to forward bias in the present
work). However, further studies have to be performed to find the responsible
mechanisms, which can explain the observed behavior.

Test structures with different intermediate dielectrics

Further measurements with n-type samples are carried out in order to ex-
amine if the suspected defect formation within the insulation layer and
thus, the current flow under reverse bias is constant for different applied
dielectric layers. Fig. 6.10 shows the results for the n-type samples n3c and
ndd with alkaline saw-damage etched front surface and PECVD SiN, and
PECVD SiriON/SiN, layers, respectively. Again, as long as no current
flow occurs under reverse bias, no forward leakage currents are measured.
For via paste V1, the currents for reverse and forward bias do almost not
differ for both dielectrics. A clear difference occurs for via paste V2. For
sample n3c (SiN,) the leakage current increases significantly once current in
reverse bias sets in. The leakage current for sample n3d (SiriON/SiN,) is al-
most not affected although the current flow under reverse bias is significant.
Such a behavior is very interesting with respect to an integrated bypass-diode
approach on module level. For via paste V4, the currents under reverse bias
for both dielectrics are clearly lower compared with the other two via pastes.
Almost no leakage currents occur. This shows again the possibility to keep
the occurring leakage currents as small as possible by using adapted via
paste ingredients in combination with suitable dielectric insulation layers.

BThe samples last discussed in Fig. 6.9 do not feature an extra-applied dielectric layer. Here,
also the glass layer formed below the via pastes during contact firing is addressed when refer-
ring to the intermediate dielectric layer system.
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Fig. 6.10. Measured currents in forward and reverse bias for via pastes V1, V2, and
V4 on samples n3c (top) and n3d (bottom) with alkaline saw-damage etched front
surface and with different dielectric layers.

6.7 Chapter summary

The key component of MWT silicon solar cells, irrespective of the bulk
doping type, is the metal-insulator-silicon contact in the area of the exter-
nal rear contacts that are connected to the emitter by the front grid and
metallized vias. In this chapter, the examinations focused on the electrical
contact properties of screen-printed and fired silver contacts on p-type and
n-type Cz-Si utilizing special test structures. Five via pastes and one refer-
ence paste each with silver as conductive component thereby formed the
metal contacts. In contrast to the reference paste, the via pastes must not
form an electrically conductive contact to the silicon surface on which they
are applied. The impact of (i) different intermediate dielectric layers and
(ii) different surface topographies (alkaline saw-damage etched and alkaline
textured) on the electrical contact properties are analyzed.

Dark current-voltage (I-V') measurements reveal that initially, i.e. without
prior reverse bias load, no electrical conductive contact between all exam-
ined via pastes and p-type as well as n-type Cz-Si is formed. A single mea-
surement in reverse bias can lead to significant forward leakage currents
for the n-type samples, whereas the corresponding p-type samples are al-
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6.7 Chapter summary

ways much less affected—irrespective of the surface topography. The -V
measurements also reveal significant impact of the via paste on the -V
characteristics. Leakage currents in forward bias only occur as soon as cur-
rent flow appears under reverse bias condition. In contrast, current flow
under reverse bias does not necessarily lead to leakage currents in forward
direction.

The examinations revealed a promising via paste for the metallization of
p-type MWT-BSF+ solar cells without rear emitter showing no significant
leakage currents even after repeated reverse biasing. Despite the fact that
the current under reverse condition increases up to —10 A at a voltage of
—12 V during repeated [-V measurements, no significant effect on cell per-
formance is observed. This indicates that the current flow in reverse bias
condition solely is not a suitable criterion for determining the quality of
MWT solar cells as the high currents in reverse mode might be utilized for
an integrated bypass-diode approach at the module level.

The investigations indicate—especially for the n-type test structures—that
the electrical insulation between the via pastes and the silicon surfaces de-
grades during reverse biasing. Hence, the electrical contact separation be-
tween via paste and silicon bulk is found to be much more challenging for
n-type MWT cells compared with p-type ones. For the former, high cur-
rents in reverse bias condition most likely cause increased forward leakage
currents leading to degradation of the cell performance. The investigations
further reveal that the continuous phosphorus BSF configuration of the
nMWT cell structure might represent a major challenge for maintaining
high (pseudo) fill factors and shunt resistances after reverse biasing due to
high risk of leakage currents in forward operation in the area of the exter-
nal p-type contacts. Also for the nMWT+ structure, an absolute stable
behavior against reverse stress, i.e. no increased leakage current at all,
seems to be a challenging task. However, the leakage currents can be con-
siderably reduced by the use of a suitable combination of via paste and di-
electric insulation layer.

Via paste V2 is found to be the most promising and versatile paste for fab-
rication of n-type MW solar cells with alkaline textured rear surface and
will be used for cell fabrication in the next chapter.
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7 Solar Cell Results and Loss
Mechanisms

71 Introduction

This chapter gives an overview on the development of large-area n-type
Cz-Si MWT solar cells with 156 mm edge length during the course of this
thesis. As reference, also n-type Cz-Si H-pattern cells are fabricated to
identify MWT-specific challenges. The improvements in terms of current-
voltage characteristics and energy conversion efficiencies achieved within
various development cycles are discussed. A selection of detailed investiga-
tions aims at identifying the major loss mechanisms. As a continuation of
the studies from Chapter 6, the current flow under reverse bias load and
its impact on the forward characteristics of the H—pattern and the MWT
solar cells is examined. These investigations of the reverse bias behavior
are also important for potential module integration of the fabricated solar
cells. Several process optimizations, including the findings from the Chap-
ters 4 and 5, as well as process simplifications are implemented into the
fabrication of n-type MWT solar cells. Finally, an estimate for the energy
conversion efficiency potential of n-type MWT solar cells is performed,
which might be achieved by integration of further technological progresses.

7.2 Development of the energy conversion efficiency

The optimization of solar cells can be investigated using various test
samples. Such test samples have been used within this work for, e.g. the
optimization of BBr; diffusion processes (Chapter 4) or the characteriza-
tion of the electrical properties of the external rear contact structure for
MWT solar cells (Chapter 6). Up to a certain point, test samples provide
opportunities to characterize and to optimize individual issues, processes,
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7 Solar Cell Results and Loss Mechanisms

or process clusters without the need to fabricate complete and complex
solar cells. But in the end, there is interest in, of course, the performance
of both fully functional solar cells and the developed processes which have
been implemented into their fabrication.

During the period of this thesis, numerous n-type Cz-Si H—pattern solar
cells and n-type Cz-Si MW'T solar cells have been fabricated in various
runs. The respective schematic cross sections of the cell structures can be
found in Fig. 3.2(b) and Fig. 3.9. Exemplary images of some of the com-
pleted solar cells illustrate Fig. 3.7(b) and Fig. 3.11. Throughout the per-
formed experiments, the H—pattern solar cells—representing a “standard”
cell structure—serve as reference on the more novel n-type MWT cell con-
cept. The utilized fabrication sequences are based on the process sequence
introduced in Fig. 3.10. The progression of achieved solar cell parameters
is shown in Fig. 7.1 for a selection of experiments A—E and gives an im-
pression of the steady improvement and stabilization due to various opti-
mizations of the fabrication process. Such a dynamic progress points out
the large potential of the rather new n-type MWT solar cell technology.
The data given refer to measurements performed without applying reverse
bias load. The difference between the two MWT cell structures is that the
nMWT cell has a full-area phosphorus-doped back surface field (BSF) on
the rear side (see Fig. 3.9(a)) whereas the rear side of the nMWT+ cell is
not highly doped in the area of the external p-type contacts (see Fig. 3.9(b)).
For more information about the nMWT and the nMWT-+ cell structures,
refer to Chapter 3.5.

As the n-type solar cells feature a grid structure on the rear side, light
may be also incident from the rear. Thus, the surface underneath the cells
during the current-voltage (I-V') measurements affects the -V data. Refer
to Appendix B.1 for further information concerning the procedure of I-V
measurements of these bifacial solar cells within this thesis. The box plot
data in Fig. 7.1, initially measured with an industrial cell tester, is correct-
ed with respect to measurements performed at Fraunhofer ISE CalLab PV
Cells on black-foil-coated measurement chucks. The -V data of some most
efficient solar cells are also given for CalLab measurements performed ei-
ther on gold-plated or white-foil-covered surfaces (depicted as open sym-
bols) to account for a reflective surface underneath the cells. Note that the
results given in Fig. 7.1 are to be used to extract a general trend on the im-
provement achieved over time. The data is not suitable to conclude on
small differences between the different cell technologies (this will be done
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7.2 Development of the energy conversion efficiency

in the Chapters 7.4 to 7.6), as the boxes for each experiment and the dif-
ferent cell types do not always include solar cells, which have been fabri-
cated using comparable process steps.

A continuous improvement is seen for all four characteristic parameters:
energy conversion efficiency 7, fill factor FF, open-circuit voltage Vi, and
short-circuit current density jq.. Consider first the box plot data represent-
ing the I-V results for the MWT cells obtained on black foil. Starting from
mean conversion efficiencies in the range of 17%, they could be increased
to over 19.5% in experiment E. The most efficient MWT cells achieve n =
20.0% (nMWT) and i = 19.9% (RMWT+). Likewise the increase in Vi by
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Fig. 7.1. Development of the solar cell parameters energy conversion efficiency 7,
fill factor FF, short-circuit current density jy., and open-circuit voltage V. from
selected experiments A-E during the thesis period (after laser edge isolation (LEI)
without previous reverse bias load). The box plot data, initially measured with an
industrial cell tester, is corrected with respect to measurements performed on
black-foil-coated chucks at Fraunhofer ISE CalLab PV Cells (description of box plot
see Fig. 5.3, the number above the boxes indicates the group size). Each open symbol
represents a CalLab measurement on the stated reflective chuck surface for the most
efficient solar cells per cell type. The half-filled symbols in experiment E refer to
measurements before LEI. All solar cells are made of n-type Cz-Si wafers with
156 mm edge length (except experiment A with 125 mm edge length).
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nearly 30 mV up to mean values of 653 mV shows the successful improve-
ment in the formation and passivation of the highly doped surface layers
as well as their metallization. This steady improvement is also apparent
for the FF, which could be increased by 10% relative to values just below
77%, and the jy with mean values of up to 39.3 mA /cm?.

The results shown in Fig. 7.1 allow the following conclusions: First, the
MWT cell concepts show clearly higher ji. due to less metal coverage on
the front surface compared with the H—pattern reference cells. Second, the
Voo of the MWT cells is at least equal to that of the H-pattern cells, indi-
cating that the MW'T concept does not contain any serious additional re-
combination channels. Third, the rise of the FF for the MWT cells to a
level comparable to that of the H—pattern cells is a remaining challenge.
However, the lower FF for the MWT structure is not surprising as addi-
tional series resistance contributions arise from the transfer of the external
front contacts to the rear side. These additional series resistance contribu-
tions might originate from the thinner (pseudo-) busbars on the cell’s front
and rear side, the via contacts, the lateral current flow within the base in the
area of the external p-type contacts, and the lower number of external con-
tacts per contact row (for the latter see Appendix B.1). These issues will
be discussed in detail in Chapter 7.4.4. Fourth and last, the achievable
conversion efficiencies and the other parameters for the nMWT and the
nMWT+ cell structures prior to applying reverse bias load are found to be
almost equal.

Some most efficient solar cells have also been measured at the CalLab on
chucks with either gold-plated or white-foil-covered surface (open symbols).
Due to their significant higher surface reflectivity (see Fig. B.1 in Ap-
pendix B.1), jq. is increased between 1% and 1.5% relative compared with
the measurements performed on black foil. This gain in jg transfers almost
completely on 7, since FF and V. remain nearly unchanged. The thus
measured cells achieve maximum conversion efficiencies of 7 = 20.2%
(nMWT) and 1 = 20.1% (nRMWT+). By default, laser edge isolation on the
front side is performed at the end of the fabrication process to electrically
separate front and rear sides, so that the solar cells do not shunt at the
wafer edges. This leads mostly to a significant increase in shunt resistance
Ry, accompanied by an increase in pseudo fill factor pFF and FF' in case
R; limits both quantities to a large extent. On the other hand, laser edge
isolation reduces the effective current collecting cell area, which leads to
reduction in jo. of up to 0.2 mA/cm? To determine the potential of the
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solar cells also prior to laser edge isolation, some of the solar cells have
been also measured prior to this process step. In experiment E, the I-V
measurements on white foil prior to laser edge isolation revealed the high-
est 1 being measured at all within this thesis, specifically 7 = 20.4%%
(nMWT) and n = 20.2% (nMWT++). As discussed in Chapter 3.2.2, ECN
and Yingli Green Energy also work on the development of n-type Cz-Si
MWT solar cells. From 1 = 19.7% in 2011 [16], they have recently been able
to increase the cell efficiency to 7 = 21.0%" (measured on reflective under-
ground) [256]. Comparing the -V data given in the footnotes 29 and 30, it is
clear that jy. and V. are virtually identical. However, the most efficient
n-type MWT solar cell from ECN and Yingli Green Energy shows a signifi-
cant higher FF, which originates to a large extent from the applied metalliza-
tion layout that is based on 6/7 external p-type/n-type contact rows [256].
In comparison, the most efficient nMWT and nMWT+ solar cells from this
work feature a metallization layout with four external contact rows per po-
larity; see Fig. 3.11(b). It is noted that especially the nMWT structure is
very susceptible to reverse bias load, as this is tested in detail on cells from
experiment C in the following section. Excerpts from the experiments D
and E will be discussed in more detail in the sections 7.4 to 7.6. The issue
concerning the influence of reverse bias load is taken up again in section
7.6 for the latest cells from experiment E.

7.3 Impact of reverse bias load on cell characteristics

The studies in this section focus on the reverse bias behavior of the n-type
Cz-Si H-pattern and n-type Cz-Si MWT solar cells (nMWT, nMWT+)
from experiment C in Fig. 7.1. The performed investigations and the ob-
tained results are also published in Ref. [257]. The current under reverse
bias as well as its impact on 1*" are examined utilizing two boron-doped
emitters with different doping profiles. In addition, shunting caused by the
front side metallization—relevant to both the H-—pattern as well as the
MWT solar cells—is addressed by comparison of respective cells featuring
these emitters. In addition to global measurements of forward and reverse
I-V characteristics, dark lock-in thermography (DLIT) [258] measurements
are performed which depict the current flow spatially resolved.

PFurther I-V data: Jso = 40.2 mA /em?, Voo = 656 mV, FF = 77.2%, Rp = 6.5 kQcm?.
OFurther I-V data: jso = 40.3 mA /em?, Voo = 656 mV, FF = 79.4%.

31The conclusions drawn within this chapter refer always to an illumination intensity of 1
sun. For lower illumination levels, however, the conclusions may change.
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For both n-type MWT cell concepts, a silver-based via paste is applied for
metallization of the vias and the external contact pads. To avoid shunting
at the external p-type contacts, the via paste must not form an electrically
conductive contact to the adjacent n-type-doped region during the firing
process. In the previous Chapter 6, special test structures are used to ex-
amine the influence of reverse biasing on the electrical contact insulation
between n-type-doped bulk silicon and external p-type contacts. A strong
degradation of the electrical contact insulation is observed on the rear con-
tact setup corresponding to cell type nMWT. Here, the shunting behavior
of the two different backside structures for the n-type MWT cells is inves-
tigated on cell level.

7.3.1 Cell fabrication and measurement methods

The H-pattern and MWT solar cells are fabricated according to the proce-
dure depicted in Fig. 7.2 using pseudo-square n-type Cz-Si wafers with an
edge length of 156 mm, a diameter of 200 mm, an initial thickness of W =
200 pum, and a specific bulk resistance of p,, = 5 (2cm. The final solar cells
of either type feature three external busbar contacts on both front and
back; see Fig. 3.7(b) and Fig. 3.11(a).

Following alkaline texturing, the boron-doped front side and the phospho-
rus-doped rear side are formed by BBr; and POCI, tube furnace diffusion,
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respectively. For BBr, diffusion, process Genl from Chapter 4.3 and a vari-
ation of this with higher peak temperature Genl-Deep are applied. The
emitter doping profiles, depicted in Fig. 7.3, are determined by electro-
chemical capacitance-voltage (ECV) measurements on alkaline saw-damage
etched surfaces; see Appendix B.2. The temperature difference results in
doping profiles with different maximum dopant concentrations N, and
different junction depths® d = (500 = 50) nm (Genl), and d = (680 + 68) nm
(Genl-Deep). The resulting emitter sheet resistances on the both-sides tex-
tured wafers are Ry, = (72 + 4) Q/sq for Genl, and R, = (41 + 2) 2/sq for
Genl-Deep. The applied POCI, diffusion process is referred to as Phosl
and yields Ry, = (73 +4) Q/sq with N, = (3.4 £ 0.3)10° cm™, and d =
(440 = 44) nm. The surfaces that should not to be doped during the respec-
tive diffusion processes are masked with a diffusion barrier layer stack con-
sisting of 50 nm-thick SiO, and 30 nm-thick SiN,, both applied by PECVD.
As shown in Chapter 4.5, the boron doping profiles do not significantly
change during POCI,; diffusion Phosl. For the nMWT+ solar cells, the
rear diffusion barrier layer is structured prior to POCI, diffusion using
inkjet-printed masking resist and buffered hydrofluoric acid (HF); see
Appendix C.1. In this experiment, the front diffusion barrier layer for
POCI, diffusion is already applied prior to structuring the rear diffusion
barrier layer. Hence, a full-area inkjet-printed masking resist is applied on
the front side as protection against the HF.

Following each diffusion, the borosilicate glass (BSG) or phosphosilicate
glass (PSG) layers are removed in HF solution along with the diffusion
barrier layers. The front passivation and anti-reflective coating consists of
Al, O, and SiN, layers, both applied by PECVD. PECVD SiN, passivates
the rear side. Subsequently, laser-drilling of the vias of the MWT cells is
performed.

For screen printing, commercial metal pastes are used. The H—pattern cells
are metallized with a three-busbar grid on both sides by applying a fire-
through Ag-Al paste on the front (paste Ag-All from Chapter 5) and a
fire-through silver paste (paste Agl) on the back (both are of electrically
contacting nature). The rear side of the MWT cells is metallized by a two-
step screen printing process. First, the finger structures are printed with
silver paste Agl, followed by the simultaneous printing of the external

31 this section, the junction depth d is estimated at a dopant concentration N = 9.2-:10** cm™,
which corresponds to the bulk doping concentration of the wafers used for cell fabrication.
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p-type and n-type contacts as well as the vias with a non-fire-through sil-
ver via paste (via paste V2 from Chapter 6). The front MWT grid with
three thin pseudo-busbars is applied with paste Ag-All. Therein, the front
grids for the different cell types have the same finger number. The finger
number is also identical for the respective rear grids. For solar cells with
boron-doped emitters Genl or Genl-Deep, the same grid structures, i.e.
the same finger numbers, are applied. Finally, contact formation with the
same process conditions for all solar cells takes place in a fast firing fur-
nace, followed by laser edge isolation on the front side.

Current-voltage measurements

First, measurements of the global forward and reverse I-V characteristics
are performed. The n-type Cz-Si H-pattern and MWT cells are tested
with an industrial cell tester with non-reflective underground, following
the measurement steps outlined in Fig. 7.4. Initially, the cells are tested
without applying prior reverse bias. In order to characterize the influence
of reverse bias load on the forward I-V characteristics, the measurement
direction alternates between reverse and forward measurement (20 times in
total).

Dark lock-in thermography measurements

For typical silicon solar cells, DLIT images recorded at a phase of —-90° are
proportional to the locally dissipated power [258], generated by local cur-
rent flow. Hence, current flow is depicted spatially, which can help to better
understand the globally measured I-V data and to find critical areas. As
different measurement procedures are used, the procedures are explained
when the respective DLIT measurements are discussed.

# Reverse bias Measurement time —.
r 90 ms

- No prior reverse bias 20 ms | Forward /-V characteristics [

E m | Forward /-V characteristics |
_ | Forward /-V characteristics |

_ [ Forward /-V characteristics |

Fig. 7.4. Overview of the performed I-V measurements. The measurements in re-
verse bias are performed in the dark (duration 20 ms), whereas the forward mea-
surements are performed under illumination (duration 90 ms). The interval in be-
tween each of the measurements is 4 s.
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7.3 Impact of reverse bias load on cell characteristics

7.3.2 Current-voltage characteristics

As just mentioned, the I-V measurements are performed following the pro-
cedure depicted in Fig. 7.4. The measured conversion efficiencies 7 are
found to be between 18% and 19% for the investigated H-pattern and
MWT cells; see also the I-V data for experiment C in Fig. 7.1.

In order to extract the impact of reverse bias load on the forward behavior
of the examined solar cells, certain I-V characteristics after the first and the
20th reverse measurement are compared with the initial values (cells are
not stressed in reverse yet). Therefore, the absolute losses in 7, fill factor
FF, and pseudo fill factor pFF are summarized in Table 7.1. The shunt re-
sistances Rp are given in absolute numbers. Refer to Chapter 2.2.3 for
further information on the single -V parameters. The losses in open-
circuit voltage Vi are very small (|aVyq| < 0.4%,,) and are therefore not
shown. That means that no significant increase of the dark saturation
current density j,, of the first diode in the two-diode model is observed due
to reverse biasing. The short-circuit current densities jq, are constant
throughout and thus, are also not shown.

Table 7.1. Mean absolute losses in conversion efficiency 7, fill factor FF, and pseu-
do fill factor pFF in relation to the initial measurements performed without prior
reverse bias. The shunt resistance R, is given in absolute numbers. The numbers
in parenthesis indicate the number of cells per variation.

Cell type BBr, #Reverse An AFF ApFF R,
diffusion bias (%abs) (%abs) (%dbS) (kQsz)

H-pattern Genl (3) - Initial values 9.1
1 -0.1 -0.2 —0.2 4.6

20 -0.1 -0.3 —0.2 4.2

Genl-Deep (3) - Initial values 46.8

1 0.0 -0.1 0.0 27.9

20 0.0 —0.2 0.1 26.5

nMWT+ Genl (1) - Initial values 8.6
1 -0.1 -0.2 —0.2 4.4

20 -0.1 -0.3 0.3 3.5

Genl-Deep (3) - Initial values 41.8

1 0.0 -0.1 —0.1 24.2

20 0.0 -0.2 -0.2 20.8

nMWT Genl-Deep (3) - Initial values 33.1
1 -0.1 -0.3 -0.4 3.3

20 -0.3 -1.0 -1.3 1.3
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All cells with boron emitter Genl show initial shunt resistance values of
Ry = 9 kQcm? for the first measurement without prior reverse load. In con-
trast, the cells with emitter Genl-Deep exhibit clearly higher shunt resis-
tances with R, > 30 kQcm?. The significant difference in R, shows that
the cells with emitter Genl-Deep are less sensitive to shunting than cells
featuring emitter Genl. Among the different cell structures, no significant
difference in R, is observed for the respective emitters. It is noteworthy
that the Rp of the nMWT cells is at a comparable level with both the H—pat-
tern and nMWT+ cells for the very first measurement (i.e. the measure-
ment without prior reverse bias).

For the forward measurement after the first reverse bias load, R, decreases
to slightly more than half of its initial value for the H-pattern and
nMWT+ cells, irrespective of the emitter. For the nMWT cells with emitter
Genl-Deep, R, decreases to approximately a tenth of its original value.
The rather moderate losses in pFF are |[ApFF| < 0.4%,,,. Losses in FF are
almost equivalent. The nMWT cells with emitter Genl-Deep show the
most pronounced pFF loss, whereas the H-pattern and nMWT+ cells each
with emitter Genl-Deep show the least.

In principle, the observed losses in pFF can be caused by increased leakage
currents and/or increased non-ideal recombination, which both leads to an
increase of the dark saturation current density j,, of the second diode in
the two-diode model; see Chapter 2.2. The decrease of R,* shows that the
ohmic (linear) leakage currents have definitely increased. However, applica-
tion of the two-diode model suggests that the losses in pFF' for the H—pat-
tern and nMWT++ cells with emitter Genl-Deep are mainly caused by
slightly increased jj, contributions, since the Ry are still sufficiently high
(i.e. the ohmic leakage currents are still sufficiently low). This potential in-
crease in j, can originate from increased non-ideal recombination, as
stated above, or from nonlinear leakage currents. For emitter Genl, both
increased ohmic leakage currents and slightly higher j,, are needed to
justify the losses in pFF corresponding to the two-diode model.

Comparing R, of the first measurement after initial reverse bias with the
20th measurement for the H—pattern and nMWT+ cells and both emit-
ters, it is seen that R, hardly varies. This indicates that the ohmic leakage
currents are particularly changed by the very first reverse load for those

#As described in Chapter 2.2.3, Ry is determined at the voltage zero point of the dark -V
curve and it is a measure for ohmic (linear) leakage currents.
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7.3 Impact of reverse bias load on cell characteristics

two cell structures. The maximum observed FF' loss between initial mea-
surement without reverse bias and last measurement with reverse bias is
given by AFF = —0.3%,,,, for the H-pattern and nMWT+ cells with emit-
ter Genl; the maximum FF loss for the respective cells with emitter Genl—
Deep is somewhat lower with AFF = —0.2%,,.. Thus, the conversion effi-
ciencies 1) are almost not affected by reverse bias stress for the H-pattern
and nMWT+ cells and both emitters (Jan| < 0.1%,,,).

In contrast to these two cell types, cell structure nMWT shows a higher
sensitivity towards reverse biasing. As already mentioned, R, decreases
from initially larger than 30 kQcm? to approximately a tenth after single
reverse load (Rp =~ 3 kfdem?). Further reverse biasing leads to further in-
creased ohmic leakage currents at the external p-type contacts, as will be
shown later. Consequently, an additional drop in R}, down to R, = 1 kQcm?
occurs. As a result, pFF and FF drop by about 1%,,. compared with the
initial measurement, and 7 is decreased by 0.3%,,..

A possible explanation for the higher R} (i.e. lower ohmic leakage currents)
for cells with emitter Genl-Deep could be less shunting of the p-n-junction
by metal crystallites below the Ag-Al contacts on the front side. The pres-
ence of metal crystallites, which form during the contact firing process, with
penetration depths up to several microns have been already discussed in
Chapter 5.3.3. Hence, some of the crystallites are deep enough to penetrate
through the emitter region into the silicon bulk. It seems that emitter
Genl-Deep is less affected by this fact compared with emitter Genl likely
due to its deeper junction. As higher R, values for selectively doped and
thus, deeper boron-doped emitters have been also reported by e.g. Schiele
et al. [259], it seems reasonable to conclude that a deeper boron-doped emit-
ter gives rise to higher Rp prior to and following reverse bias load. However,
the two investigated boron doping profiles Genl and Genl-Deep differ not
only in junction depth, but also in V.. This means that the cause for the
difference in R}, cannot be doubtlessly only attributed to the junction depth
as a single parameter.

7.3.3 Dark reverse current-voltage characteristics and dark lock-
in thermography measurements |

Fig. 7.5 shows the dark I-V characteristics under reverse bias of the first
and the 20th measurement for the examined solar cells from Table 7.1. A
significant current increase occurs at voltages below V~ —4 V for the H-pat-
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tern and nMWT+ cells with shallower boron-doped emitter Genl, whereas
the cells with the deeper emitter Genl-Deep show significantly lower cur-
rents; see Fig. 7.5(a)—(d). No significant differences between first and 20th
reverse bias measurements are observed for those cells. Thus, emitter
Genl—Deep results in lower current flow under reverse bias condition. No
clear differences are obvious between the H—pattern and the nMWT+ solar
cells in terms of current flow under reverse bias stress. This means that the
challenges for the nMWT+ cells concerning reverse bias behavior are found
to be comparable with those of common n-type Cz-Si H—pattern cells.

Several works show that in n-type Cz-Si solar cells in general, currents
occurring under reverse bias are, on the one hand, strongly dependent on
the fabrication process, but on the other hand, can be significantly higher
than those observed for p-type Cz-Si solar cells [137,260-262]. The two
classic breakdown mechanisms of reverse-biased p-n-junctions are the tun-
neling (Zener) effect and avalanche multiplication (impact ionization)
[108, pp. 96-108]. Considering also the observed metal crystallites pene-
trating through the p-n-junction, as discussed in Chapter 5.3.3, an assess-
ment of the actual causes of the occurring breakdowns is not possible with-
out further detailed investigations, which could be interesting for future
work.
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Fig. 7.5. Dark I-V characteristics under reverse bias for the first (top) and the 20th
(bottom) measurement of the n-type Cz-Si H-pattern and MWT cells from Table 7.1.
Each curve represents one cell. For reasons of comparison, one curve from a nMWT+
cell of image (c) with emitter Genl-Deep is also shown in (e).
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7.3 Impact of reverse bias load on cell characteristics

By comparing the dark reverse [-V characteristics for emitter Genl-Deep
of the nMWT+ cells (Fig. 7.5(c)) and the nMWT cells (Fig. 7.5(e)), the
curves for the first reverse bias measurement are similar up to a voltage of
Vi~ -4V (at least for two of the nMWT cells). For more negative voltages,
a strong current increase is observed for the nMWT cells. This strong cur-
rent increase can mainly be attributed to the external p-type contact pads
metallized with the silver via paste, as illustrated by the DLIT image in
Fig. 7.6(e). The 20th reverse bias measurement in Fig. 7.5(f) reveals an
even earlier current increase for the nMWT cells compared with the first
reverse bias measurement in Fig. 7.5(e). This is in contrast to the findings
for the H-pattern and nMWT+ cells in Fig. 7.5(a)—(d).

The DLIT images in Fig. 7.6 depict the current flow under reverse bias
spatially resolved. The H—pattern and nMWT+ cells with emitter Genl,
Fig. 7.6(a) and (c), show an area with current flow close to the wafer cen-
ter. The causes for the occurrence of such rather “well-defined” local cur-
rent-carrying areas have not been clearly identified so far. One hypothesis
for their origin is that the emitter profile depths in these areas are lower in

H-pattern nMWT+ nMWT

Gen1

.

V=-6V,[=-63A W%

DLIT signal (a.u.) L(:_]’:
0

Gen1-Deep
e & 0O s a e

V=26V;1=-06A | v=-6Vii=-06A. | %="6Ve/=-64A

Fig. 7.6. DLIT images recorded at a phase of —90° obtained at voltages of -5 V or
—6 V for the different cell structures and emitters. The overall current I is also
specified. In (e), the three rows with the external p-type contact pads for the
nMWT cell are clearly visible. The white dotted lines in (e) define the cutout of
the DLIT images depicted in Fig. 7.7.

| 151



7 Solar Cell Results and Loss Mechanisms

comparison with those on the remaining front surface. This might lead to
higher current flow under reverse bias condition. In experiment D, which
will be discussed in more detail in section 7.4, also emitter Genl is uti-
lized, but such rather “well-defined” local structures are not observed.
However, the global reverse I-V behavior measured for the cells in experi-
ment D is consistent with the discussed cells with emitter Genl in this sec-
tion. For emitter Genl-Deep, the signal strengths of the H—pattern and the
nMWT++ cells are comparable with each other in Fig. 7.6(b) and (d). The
vertically aligned signals for the H—pattern cell are not within range of a
busbar contact. For the nMWT++ cells, weak signals can be partly corre-
lated with the external p-type contact pads. For the nMWT cell in
Fig. 7.6(e), high signals are evident at the p-type contacts.

7.3.4 Dark lock-in thermography measurements Il

In order to distinguish between the previously discussed contributions of
Ry and j, to the observed pFF losses after reverse biasing, detailed DLIT
measurements are performed. The decrease in pFF' is either caused by in-
creased jy, contributions, whose signals should be prominent in DLIT im-
ages taken at a voltage of +0.5 V but not for —0.5 V, or by more pro-
nounced shunts which are linear in voltage (ohmic shunts) that should ex-
hibit the same current flow at voltages of +/-0.5 V. The performed DLIT
measurement sequences start with images taken at voltages of +/-0.5V
using initially not reverse-loaded cells. Subsequently, DLIT images with
stepwise increased negative voltages up to at least —6 V are recorded, fol-
lowed by the repeated measurements at voltages of +/-0.5 V.

nMWT+ and nMWT solar cells

The performed DLIT measurement sequences for initially non reverse-loaded
nMWT+ and nMWT cells with emitter Genl-Deep are depicted in Fig. 7.7.
No clear signals at voltages of +/-0.5 V are observed for cell nMWT in
the lower row in Fig. 7.7(a) and (b). For cell ntMWT+, very weak signals
at the external p-type contact pads are observed for a voltage of +0.5 V|,
but not for —0.5 V. This indicates that slightly higher charge carrier re-
combination occurs in these areas (less charge carrier shielding of the met-
allized pads by the non-existing phosphorus doping in comparison with cell
nMWT). Up to this point, both MWT cells show no significant ohmic
shunts.
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Fig. 7.7. DLIT images rccordcd at a phaso of -90° obtamul for a nMWT+ and a
nMWT cell with emitter Genl-Deep, which have not been exposed to reverse load
previously. Only the upper half of the middle contact row with the external p-type
contact pads is shown—as indicated in Fig. 7.6(e}—for each applied voltage. The
measurement sequences start with (a) and end with (g). For the nMWT+ cell, -8 V
and —10 V are applied as well (not shown). The images in (c)—(e) have a different
scaling compared with the other images (the signal strength is ten times higher).

At a voltage of —4 V, weak signals at the external p-type contact pads begin
to appear for the nMWT cell; distinct signals and thus high current flow
arise for the measurement at —6 V. For the nMWT+ cell, weak signals only
occur at —6 V, which are partly not correlated to the external p-type contact
pads. This also applies to the measurements at —8 V and —10 V for the
nMWT+ cell, which are not shown.

The subsequently repeated measurements at voltages of +/-0.5V are
shown in Fig. 7.7(f) and (g). For the nMWT cell, significantly higher cur-
rent flow occurs in the area of the external p-type contact pads compared
with the initial measurements in (a) and (b). The same signal strength is de-
tected for +0.5 V and for —0.5 V. That is the same power dissipation and
thus, magnitude of the current flow, regardless of the sign of the applied
voltage. This ohmic shunting behavior originates from the stress of the re-
verse biasing that was experienced by the nMWT structure. For the
nMWT+ cell, the DLIT images at +/-0.5 V after reverse bias stress al-
most do not differ from the corresponding images before reverse loading.

This examination clearly demonstrates that reverse biasing leads to the
degradation of the electrical contact insulation between phosphorus-doped
BSF and external p-type contact pads for the nMWT cells. This is in
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agreement with the results obtained on the respective test structures in
Chapter 6. The found increased leakage currents in forward operation at
the external p-type contact pads contribute significantly to the losses in
pEF of more than 1%, for the nMWT cells; see Table 7.1.

abs
H-pattern solar cell

The described DLIT measurement sequence is also applied to an H—pat-
tern cell with the shallower emitter Genl, which had not been reverse bi-
ased before. This is done in order to exemplarily investigate the influence
of reverse bias load on shunting at the cell’'s front side in more detail.
Again, DLIT images are recorded at voltages of +/-0.5 V before and after
reverse bias load of up to =7 V is applied in steps. For this investigation,
an H-pattern cell from experiment D in Fig. 7.1 is utilized. The only dif-
ference in the fabrication process of this cell to the cells in this section is
the POCI, diffusion process (Phos2 instead of Phosl). However, also during
POCI, diffusion Phos2, the boron doping profile is not significantly changed
as discussed in Chapter 4.5.

By comparing the respective DLIT images captured at +0.5 V (Fig. 7.8(a)
and (d)), and —0.5 V (Fig. 7.8(b) and (e)), new ohmic shunts are clearly vis-

No prior reverse bias load No prior reverse bias load

(a)V=+0.5V (b)V=-05V

After reverse load up to -7 V ) :
After reverse lead up to High

NI

N
() V=405V (e)V=-05V

Fig. 7.8. DLIT images recorded at a phase of —-90° obtained for an H—pattern cell
with emitter Genl, which has not been exposed to reverse load previously. The im-
ages show a representative cutout over the entire cell width. The examined cell
comes from an almost equally processed cell batch (experiment D, Fig. 7.1). Emerg-
ing ohmic shunts, while/after reverse bias load, are marked with arrows in (c)—(e).
The image in (c) has a different scaling compared with the other images (the signal
strength is ten times higher).
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7.3 Impact of reverse bias load on cell characteristics

ible (marked with arrows) after reverse bias load has been applied. These
ohmic shunts are also visible in the image taken at —7 V in Fig. 7.8(c).

When studying the difference image resulting from Fig. 7.8(a) and (d) (not
shown), it is seen that only clear signals remain at the spots, where the
newly-created ohmic shunts are marked by the arrows. This also applies to
the difference image of Fig. 7.8(b) and (e), which is also not shown. By
calculating the difference image of the shunt-corrected DLIT images of
Fig. 7.8(a) and (d), no clear signals, besides noise, remain. Thus, j,, does
not significantly increase locally after reverse bias stress. Based on these
findings, the loss in pFF' = —0.2% (Table 7.1) found for the H-pattern cells
with emitter Genl after reverse biasing might be explained by increased
ohmic leakage currents at the front sides of the cells. This may also apply
to the nMWT+ solar cells with emitter Genl as well as to the other cells
featuring the deeper emitter Genl-Deep.

7.3.5 Section summary

This section deals with studying the current flow under reverse bias mode
and its impact on the conversion efficiency for n-type Cz-Si H—pattern and
n-type Cz-Si MW'T solar cells. Shunting is studied, on the one hand, in de-
pendence on the emitter doping profile by using two different boron diffu-
sion processes and, on the other hand, by comparing two different phos-
phorus-doped BSF' configurations in case of the MWT solar cells.

Less ohmic shunting is observed for the solar cells with boron-doped emit-
ters Genl-Deep (junction depth d ~ 680 nm, maximum dopant concentra-
tion N, ~ 1.3:10° cm™®) compared with the cells with emitters Genl
(d ~ 500 nm, N, ~ 1.0-10* cm®). The cells with the deeper boron doping
profiles have initial shunt resistances of Rp > 30 kQcm? (without prior
reverse load), while the cells with shallower emitters exhibit initial values
of Rp =9 kQcm?, irrespective of the cell type. However, the two boron
emitters differ also in V,,,. This means that the cause for the different R,

max*

values cannot be undoubtedly attributed to the junction depth only.

Reverse stress causes different effects on the investigated solar cell struc-
tures. A drop of R, to approximately half of its initial value after single
reverse biasing is observed for the H—pattern cells and the nMWT+H cells
with structured BSF, independent of the emitter doping profile. Further
reverse stressing leads to no further substantial degradation in Rp. The de-
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termined losses in pseudo fill factor pFF and energy conversion efficiency n
due to reverse stressing are quite small with |ApFF| < 0.3%,, and |an| <
0.1%,,. For the nMWT solar cells with full-area BSF and the deeper emit-
ter, Rp drops to Rp =~ 3 k{dem? after single reverse biasing and thus, to a
tenth of its initial value. Further reverse stressing leads to a further reduc-
tion down to R, ~ 1 kQ2em?. As a result, pF'F and n are significantly de-
creased and the losses are given by |ApFF| = 1.3%,,, and |an| = 0.3%,.
The majority of the observed pFF losses for the nMWT cell occur due to
significantly increased ohmic leakage currents in the forward direction in
the area of the external p-type contact pads. This result is in agreement
with the findings for the respective test structures from Chapter 6. On the
other hand, also reverse-bias-induced shunting on the front side might con-
tribute to this pFF loss, as this has been demonstrated for an exemplarily
H-pattern cell. This shunting at the front side might also contribute to the
observed pFF losses for the nMWT+ cells.

Regarding the behavior under reverse bias, the results indicate that the
deeper boron doping profile with the higher NN, results in significantly
lower current flow. The high currents observed for the nMWT solar cells
might be potentially used for an integrated bypass-diode approach, in case
the forward leakage current can be sufficiently reduced. As also revealed,
high currents in reverse operation do not inevitably lead to reduced con-
version efficiencies. No significant differences are found in terms of the
amount and the spatial distribution of current flow in reverse mode
between the H-pattern and the nMWT+ solar cells. This means that the
challenges in terms of the reverse behavior and its suitability for module
integration are similar for both cell structures.

7.4 Decrease of metallization-losses and discussion
of MWT-specific issues

This section deals with an excerpt from experiment D in Fig. 7.1 examin-
ing n-type H—pattern solar cells (Fig. 3.2(b)) and nMWT++ solar cells with
structured phosphorus-doped BSF (Fig. 3.9(b)). The performed investiga-
tions and the obtained results are partly published in Ref. [263]. The focus
of this experiment is set on two subject matters: first, the implementation
of electrically non-contacting silver-based busbar contacts on the front side
for the H—pattern cells, also known as floating busbars and second, the
comparison of laser-drilling the vias at different points in time within the
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fabrication process for nMWT+ solar cells. Both approaches aim at identi-
fying options to reduce metallization-related voltage losses. Furthermore,
the single series resistance contributions for both cell concepts are calculated
based on experimental data. With this and further studies, MWT-specific
issues are discussed.

7.4.1 Cell fabrication and basic process characterization

The H—pattern and nMWT+ solar cells are fabricated using pseudo-square
n-type Cz-Si wafers with an edge length of 156 mm, a diameter of 200 mm,
an initial thickness of W = 205 nm, and a specific bulk resistance of py, ~
1.5 Qcm. The final H—pattern cells feature three external busbar contacts
on either side; see Fig. 3.7(b). A four-busbar layout is used for the nMWT+
cells; see Fig. 3.11(b). For the H-—pattern cells, electrically contacting exter-
nal front busbars are compared against electrically non-contacting (floating)
busbars. In case of the nMWT+ cells, via-drilling is performed either be-
fore application of the passivation layers (including wet-chemical cleaning
after laser processing) or after.

The solar cells are fabricated according to the procedure depicted in Fig. 7.9,
which is very similar to that in the preceding section. Here, for BBr, diffu-
sion, only process Genl is considered, while for POCI, diffusion an optimized
process is applied (Phos2). As shown in Chapter 4.5, the boron doping profile

Hopattem T T
n-type Cz-Si wafers (156 mm edge length) g 10 NN Boron (R, =66 {sq) 1
Alkaline texture | E 0
( PECVD rear diffusion barrier (DB) ] S 10" ? Phosphorus
( BBr3 diffusion (Gen1) and BSG etch = (55 Q/sq)
( PECVD front DB J(___PECVD frontandrear DB | =
[Inkjet-based structuring rear DB | ] 10" E
( POCI5 diffusion (Phos2) and PSG etch | S y
{_Viadriling | >, 17| Diffusion
" Cleaning 2 107 > BBr;: Genl s 3
( Front and rear passivation J § O POCl;: Phos2
Via drilling g 10" L ‘ ‘ ‘
(__Single SP rear grid (Ag1) __J(_Single SP rear via contacts (V\P) | 35 0.0 0.2 0.4 0.6
{Double SP front:{Double SP front: (_Single SP rear fingers+BB (Agl) | {5 Depth d (um)

i grid with BB i grid without BB:(__Double SP front grid (Ag-A)
i_(Ag-Al, cont.) /i (Ag-Al, cont.) ;
{Single SPBB !

Fig. 7.10. Doping profiles, deter-
{(Ag2, non-cont.) mined by ECV measurements on
¢ Fast firing and laser edge isolation on front . alkaline saw-damage etched sur-
Fig. 7.9. Process sequence for fabrication of faces. Exemplary error bars are
n-type Cz-Si H-—pattern and nMWT+ solar shown. The sheet resistances R,
cells (DB: diffusion barrier, SP: screen print- are stated.
ing, VP: via paste, BB: busbar).
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does not alter significantly during POCI; diffusion Phos2. The resulting front-
and rear-side sheet resistances on the both-sides textured wafers after BBr,
and POCI, diffusions are Ry = (70 + 4) Q/sq and Ry, = (60 + 4) 2/sq, re-
spectively. The respective doping profiles, determined by ECV measure-
ments on alkaline saw-damage etched surfaces, are depicted in Fig. 7.10.
The boron-doped emitter Genl has a maximum dopant concentration N, =
(1.0 £ 0.1)'10” cm™® and a profile depth® d = (480 + 48) nm. For the phos-
phorus-doped BSF Phos2, the values are given by N, = (1.9 + 0.2)-10° ¢cm*®
and d = (750 + 75) nm.

Laser-drilling the vias of the nMWT+ cells is performed either (i) before
passivation followed by wet-chemical SC1-SC2 cleaning, or (ii) after passi-
vation without any post treatment. The front passivation and anti-reflec-
tive coating consists of ALD Al,O, and PECVD SiN, layers. The rear side
is passivated by PECVD SiN,.

The rear side grid for the H—pattern cells with finger and busbar contacts
is applied by screen printing a fire-through and electrically contacting sil-
ver paste (paste Agl). The front grid is applied with a variation in busbar
metallization. For the first group, both the finger and the busbar contacts
are double-printed with a fire-through and electrically contacting Ag-Al
paste (paste Ag-All from Chapter 5). For the second group, only the finger
contacts are double-printed with the Ag-Al paste, followed by single-print-
ing the busbar contacts with a non-fire-through and electrically non-con-
tacting silver paste (paste Ag2). The rear side metallization of the nMWT+
cells is formed by applying a two-step screen printing process. First, the
vias and the external p-type contact pads are metallized with a non-fire-
through and electrically non-contacting silver via paste (via paste V2 from
Chapter 6). Second, the finger and the external n-type contacts are screen
printed with the contacting silver paste Agl. The front grid with fingers
and thin pseudo-busbars is double-printed with the contacting Ag-Al
paste.

Finally, contact formation takes place in a fast firing furnace with the same
process conditions for all solar cells, followed by laser edge isolation on the
front side. The number of fingers and the finger widths w; are equal for
both cell types on the respective side. The finger widths are measured after
firing with a light microscope on 15 solar cells at six different positions per

*1n this section, the profile depth d is estimated at a dopant concentration N = 3.3-10% cm?,
which corresponds to the bulk doping concentration of the wafers used for cell fabrication.
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Table 7.2. Percentage of metallized area for the different structures. The values are
calculated based on measured structure sizes after firing. The given errors are esti-
mated with respect to the standard deviation of the finger widths. For the H—pat-
tern cells, either the front metal structures A or B are applied.

Cell type Side Metal structures Paste type Met. area F\; (%)

H-pattern Front-A Fingers and busbars Ag-Al 58 £0.7
Front-B Fingers only Ag-Al 34+04
Front-B  Busbars only Ag2 24+0.1
Rear Fingers and busbars Agl 72+0.6

nMWT+ Front  Fingers and pseudo-busbars  Ag-Al 3.5+04
Rear Fingers and busbars Agl 6.1+ 0.6
Rear p-type contact pads Via paste 0.49 £ 0.02

cell and side. The average finger widths on the front and rear sides are
w; = (58 + 7) pm and w; = (76 + 11) pm, respectively. Table 7.2 summarizes
the percentages of metallized areas, which are calculated based on measured
structure sizes. These metallization fractions for the front and rear sides of
the H-pattern and the nMWT+ solar cells will be useful for the discussion
in the following sections.

Symmetric j, samples fabricated in parallel to the solar cells—using the
same corresponding processes—allow for the determination of dark saturation
current densities j, of the highly doped and alkaline textured surfaces after
firing by quasi-steady state photoconductance (QSSPC) measurements; see
also the Chapters 2.2.2 and 4.3.4. In case of the boron emitter, Fig. 4.3(c)
shows the schematic cross section of the symmetric j,, sample. The sym-
metric jyper sample for the phosphorus BSF features both-sided phosphorus
doping, whereby a PECVD SiN, layer ensures surface passivation on either
side. The j, for the boron emitter and the phosphorus BSF are found to be
Joo = (77 £ 5) fA/em? and jypep = (116 + 12) fA /cm?, respectively.

Two samples per group are measured by QSSPC prior to metallization to
determine the V,,.. potential of the passivated (non-metallized) cell precursors,
whose schematic cross sections are shown in Fig. 7.11. Prior to the QSSPC
measurements, the surface passivation has been activated in a firing process.
As introduced in Chapter 2.2.3, the extracted implied open-circuit voltages
iV represent an upper limit for the cells’ Vi, after application of metal
contacts. Hence, the difference between iV, and V. of the final cells allows
for determining the voltage losses, which are caused by the metallization.
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Silicon nitride; Aluminum oxide Silicon nitride: Aluminum oxide
ANV AAAA

n-type Boron emitter n-type Boron emitter
silicon Phosphorus BSF silicon Phosphorus BSF
Silicon nitride Silicon nitride Via

(a) H-pattern cell precursor (b) nMWT+ cell precursor

Fig. 7.11. Schematic cross sections of an (a) H-pattern and (b) nMWT+ cell pre-
cursor prior to metallization (not to scale), also designated as iV, samples in the
following. Note that the via in (b) is indicated in simplified manner.

Table 7.3. Dimensions of the external p-type contact structure for nMWT+ solar
cells with four busbars per polarity on pseudo-square silicon wafers with 156 mm edge
length and a thickness of W = 190 ym. The values are given for a metallization ge-
ometry with 24 round p-type contacts with a BSF gap diameter of 3.3 mm, a pad
diameter of 2.5 mm, and two via contacts per contact pad. The via diameters are
70 pm and 140 pm on front and rear side, respectively.

Total wafer Area BSF gaps Area p-type Area inside Ay A A
surface  p-type contacts contact pads the vias 1 1 1
Awafcr Agaps Apads Avias wafer wafer wafer
(mm?) (mm?) (mm?) (mm?) %) (%) (%)
23895 205.3 117.8 3.1 0.9 0.5 0.01

Note that the schematic cross section of the nMWT+ iV, sample in
Fig. 7.11(b) is not drawn to scale. To give an impression on the real pro-
portions, the areas of the structures of interest are given in Table 7.3, both
with their absolute values and relative to the total wafer surface. The gap
area in the rear phosphorus BSF is actually only 0.9% from the total wafer
area. Furthermore, the proportion of the surface within the vias relative to
the total wafer surface is very small with only 0.01%.

7.4.2 Current-voltage characteristics

The determined -V characteristics of the fabricated solar cells are summa-
rized in Table 7.4. Apart from mean values, also the data for the most effi-
cient cells of each variation are stated. The given values correspond to
measurements performed on black-foil-coated (non-reflective) measurement
chucks. The conversion efficiencies 1 for the most efficient H-pattern and
nMWT+ cells are 19.4% and 19.5%, respectively. These two cells are also
measured with reflective measurement chucks at the CalLab, resulting in a
gain in short-circuit current density jq. of about 1%, for both cell types. Con-
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sequently, 77 increases by 0.2%,,, to 19.6% for the H—pattern and to 19.7%
for the nMWT++ cell. In the following discussion, only the I-V data from
Table 7.4 is considered, which correspond to results obtained on black foil.

H-pattern solar cells

When comparing the two groups of H—pattern solar cells, it is seen that
the reduced Ag-Al metallization fraction on the front side by application
of electrically non-contacting (floating) busbars is advantageous. The cells
with floating Ag2 busbars (about 3.4% of the front area is metallized with
contacting Ag-Al paste; Table 7.2) reach a mean conversion efficiency n =
(19.2 £ 0.2)% in comparison with 7 = (19.0 £ 0.1)% for the cells with con-
tacting Ag-Al busbars (about 5.8% metallized front area). For the most ef-
ficient cells, this difference is even larger with n = 19.4% (floating busbars)
and 1 = 19.1% (contacting busbars). These 7 differences between the tw
groups are mainly due to differences in the open-circuit voltage V[,.. For in-
stance, the most efficient cell with floating Ag2 busbars has a 1, = 646 mV,
which is 7 mV higher than that of the best cell with contacting Ag-Al bus-

Table 7.4. I-V data for n-type Cz-Si H-pattern and nMWT+ solar cells (cell area:
239 cm?). All cells are tested after laser edge isolation with an industrial cell tester
without reverse bias load. The two cells marked with # are also measured at Fraun-
hofer ISE CalLab PV cells on black-foil-coated measurement chucks. The data for the
other cells is corrected with respect to the CalLab measurements, i.e. all data corre-
spond to measurements on black foil. Indicated are mean values, standard devia-
tion, group size in brackets, and data of the best cell per group.

Cell Front Via 1 Vo Jsc FF pFF R, Ry
type busbars drilling (%) (mV) (mA/cm?) (%) (%) (kQem?) (Qem?)
Con- - Mean 19.0 638 388 76.6 80.2 34 0.72
- tacting (5) +£01 +£2 +01 +£02+05 +£14 +0.07
g (AsAl Bestcell 19.1 639 389 769 S0.6 95 071
=
;‘l Float- - Mean 19.2 644 38.8 76.5 81.0 5.8 0.84
ing (5) +02 +2 +01 +05+04 =33 =0.04
(Ag2) Best cell 19.4% 646 390 771 81.4 9.8 0.81

- Before Mean 19.4 648 39.4 754 80.2 3.0 0.92
pass. (1) +01 +£1 +01 +£03+05 +£14 =+0.04

Best cell 19.5% 650 396 757 80.4 3.8 0.89

nMWT+

- After Mean 19.3 646 39.3 75.5 80.3 3.2 0.92
pass. (7) +01 +1 +01 +03=03 £09 =+0.04

Bestcell 19.4 648 594 757 80.3 29  0.88
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bars. The short-circuit current densities jq. are almost identical, as the
shaded area amounts to F\; = 5.8% for both cell groups. The fill factors FF
are also nearly identical with values close to 77%, as the differences in series
resistance Rg and pseudo fill factor pFF compensate for each other. The
slightly higher Rg for the cells with floating busbars originate particularly
from both higher line resistance and lower height of the busbar contacts.
Furthermore, the FF values are also limited by pFF values below 81.5%,
whereby the H—pattern cells with floating busbars show a higher pFF by
about 0.8%,,,. This difference in pFF' cannot be explained solely by the dif-
ferent shunt resistances Ry for these two groups. Considering the best cell of
each group for an estimate on the basis of the two-diode model, the increase
of Ry towards infinity starting from R, = 3.5 kQQem? or R, = 9.8 kQQem?
only leads to a gain in pFF < 0.4%,,, in both cases. This means that Ry is
not the dominating loss term for pFF. Hence, other non-ideal recombina-
tion channels—summarized in the dark saturation current density j,, of
the second diode in the two-diode model—limit the pFF particularly for
the H—pattern cells with contacting busbars. A hasty conclusion might be
to fully ascribe the causes for the pFF difference to the higher metalliza-
tion fraction with Ag-Al contacts of the H—pattern cells with contacting
busbars. As also the pFF for the nMWT+ solar cells—which have similar
Ag-Al metallization fraction as the H—pattern cells with floating busbars
(Fy; = 3.5%)—show comparable low pFF in the range of 80.5%, the real
causes for the observed pFF' difference between H—pattern cells with float-
ing and contacting busbars could not be identified. As will be shown in
section 7.5, this difference in pFF between H-pattern cells with floating
busbars and nMWT+ cells is no longer observed.

nMWT+ solar cells

For the nMWT+ solar cells, laser-drilling the vias has been performed ei-
ther before or after passivation. For the cells with via drilling before passi-
vation, a wet-chemical SC1-SC2 cleaning followed the laser process. By com-
paring the I-V data of the two cell groups, only a minor difference is ob-
served for both mean and best values, resulting in almost the same maxi-
mum 7 of 19.4% and 19.5%. The small differences in ji. and Vo—which
are actually not significant comparing the mean values of both groups—
might originate from marginally changed doping profiles due to the wet-
chemical cleaning for the MWT cells with via drilling before passivation.
Furthermore, the values for FF, pFF, Ry, and Rg are also nearly identical.
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Hence, the process sequence with via drilling directly before metallization
is found to show no serious drawbacks and thus, it is a very promising ap-
proach to fabricate nMWT+ solar cells with respect to both process sim-
plicity and industrial implementation.

The nMWT+ cells benefit from a clearly higher joo (up to +0.6 mA/cm?
on average) due to less front side shading compared with the H—pattern
cells. Furthermore, the V. for the nMWT+ cells is also slightly higher than
that for the H—pattern cells with floating busbars. Since the front side metal-
lization fraction for the contacting Ag-Al paste is similar for the nMWT+
and the H—pattern cells with floating busbars, the slightly higher V. for the
nMWT+ cells might originate from their lower metallization fraction on the
rear side (contacting paste Agl: F, = 6.1% for nMWT+ cells, Fy, = 7.2% for
H-pattern cells). But also statistical variations in iV of the cell precursors
prior to metallization might explain, at least partly, the present V. differ-
ence; see section 7.4.3. It is particularly noteworthy that no significant
negative effect of the via metallization is observed on V. for the nMWT+
cells. The lower FF of about 1%,,. in comparison with the H-pattern cells
originates mainly from the thinner (pseudo-) busbar contacts on the front
and rear side in conjuction with the lower number of contact points during
I-V testing; more details on this, see section 7.4.4. As already mentioned,
the values for pFF and R, are similar to those of the H—pattern cells with
contacting Ag-Al busbars. Hence, the increase in pFF and R, is a general
challenge for both the nMWT+ and the H-pattern solar cells.

743 Implied open-circuit voltages and metallization-related
voltage losses

For two samples per group, implied open-circuit voltages iV are deter-
mined by QSSPC prior to metallization at the five marked points in Fig. 4.8
per wafer. Fig. 7.12 shows the iV of these samples and the Vi, of the fin-
ished solar cells. By calculating the difference, the loss in open-circuit volt-
age AVye = Voo — iV, caused by the front and rear side metallization, can
be quantified. These losses are also specified in Fig. 7.12. The upper limit
for the implied open-circuit voltage Vi = (666 £2) mV is calculated
according to Eq. (2.20) and the procedure described in Chapter 2.2.1.%

PUsed parameters: j,, and jossp from section 7.4.1, wafer thickness W= 190 nm, bulk lifetime
Toux = 1.5 ms, injection density Ap = 2.1:10" cm™ (corresponding approximately to the injec-
tion level of the iV samples at 1 sun), j,;, = 39 mA/cm?, and T' = 25°C.

| 163



7 Solar Cell Results and Loss Mechanisms

7 DN =

670 RIS Voc Voc it = 666 MV |
OC, limit =

660

650

(Implied) open-circuit voltage
Voo Ve (MV)

640

[ nMWT+ |
(a) Ag-Al  (b) Ag2 (c) Before

Fig. 7.12. Mean (implied) open-circuit voltage iV, Vi of two cells per group, and
respective losses in open-circuit voltage AV = Vi — iV caused by front and rear
side metallization. Pastes for busbar metallization of the H-pattern cells: (a) con-
tacting Ag-Al, (b) non-contacting (floating) Ag2. For the nMWT+ solar cells,
laser-drilling the vias is performed either (¢) before or (d) after passivation. The
Ve 1S calculated based on the measured j,, and jjper and the parameters given
in the text. The error bars for iV represent the standard deviation, whereas for
Voe they indicate the measurement uncertainty (assumed to be 0.5% relative).

The measured iV, range from iV, = (660 £ 6) mV to (663 = 3) mV and
are thus close to the value for iV, = (666 + 2) mV. In section 7.4.2, it
has been discussed that the slightly higher Vi, of the nMWT+ solar cells
might partly originate from statistical variations in iV .. In consideration
of the iV given in Fig. 7.12, this seems to be quite possible.

The H—pattern cells with contacting Ag-Al busbars show the highest voltage
loss with AV, = —(24 £ 5) mV. In case of the H-pattern cells with floating
Ag2 busbars, the voltage loss is only AV, = —(16 £ 6) mV, and therefore
8 mV less. The losses of the nMWT+ cells with AV, = —(16 + 4) mV and
AVoe = —(17 £ 4) mV are as high as those of the H-—pattern cells with
floating Ag2 busbars. These results show that the reduction of the Ag-Al
metallized area fraction on the cell’s front side leads to a significant de-
crease in AV

Microstructure analysis of formerly metallized areas

Fig. 7.13 shows scanning electron microscope (SEM) images taken on the
fabricated solar cells after wet-chemically etching® of the different metal con-

B The etching procedure is the one which has been used in Chapter 5.3.3.
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< P :_':f- — % l‘ —
(a) No paste, (b) Paste Ag-Al, (c) Paste Ag2, (d) Paste Agl,
front side front side front side rear side

Fig. 7.13. SEM images of alkaline textured silicon surfaces after removal of metal
contacts, passivation, and glass layer. (a) No metal paste was present in this area.
(b) Two crystallite imprints (a very large and a smaller one) are apparent for the
Ag-Al contact. (c¢) No crystallite imprints are observed for the electrically non-con-
tacting Ag2 paste. (d) Small imprints are visible for the contacting paste Agl.

tacts (Ag-Al, Agl, and Ag2), the passivation layers, and the glass layers.
The image in Fig. 7.13(a), taken in an area not metallized before, shows
the random pyramids of the alkaline textured surface and serves as refer-
ence. As expected from the studies in Chapter 5.3.3, large crystallite im-
prints are found for the Ag-Al contact in Fig. 7.13(b). In contrast, no crys-
tallite imprints are found for the electrically non-contacting busbar paste
Ag2 in Fig. 7.13(c), whereby the image is very similar to the image with-
out prior metallization. For the electrically-contacting paste Agl on the
phosphorus-doped rear side, many small crystallite imprints are visible in
Fig. 7.13(d), which are significantly smaller than the imprints observed for
the Ag-Al contact on the boron emitter.

The observation for the Ag-Al contact is in line with the results from
Chapter 5.3.3, where also large and deeply penetrating metal crystallites
are detected underneath the Ag-Al contacts on boron-doped surfaces. These
deep metal crystallites are most likely the cause for dark saturation cur-
rent densities j; . in the range of several 1000 fA/cm? for Ag-Al contacts,
as shown by the simulations of charge carrier recombination at the metal-
silicon interface in Chapter 5.6. This j,,-range is in agreement with ex-
perimental data published by other authors [215,216,242]. In contrast, jj ..
values reported for phosphorus-doped surfaces and silver metallization are
only about 1000 fA/cm? [264]. The observation of only small imprints for
paste Agl also suggests that j, .. is significantly lower for these contacts
than that of the front Ag-Al contacts. The SEM images further confirm
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the electrically non-contacting property of paste Ag2 on microscopic level
with respect to both current transport by and recombination at metal crys-
tallites. Considering also the higher V. obtained for the H-—pattern cells
with non-contacting busbars, j,,.. below the Ag2 contacts on the boron
emitter side is significantly lower than that for the Ag-Al contacts.

744 Series resistance contributions and MWT-specific losses

As shown in Table 7.4, the nMWT+ solar cells feature a higher total series
resistance Rq compared with the n-type H-pattern reference cells (Ry is higher
by about 0.2 Q2cm?). Using the analytical simulation tool Gridmaster [265], the
total Ry and individual Rg contributions are calculated for both the H-pattern
cells with contacting front busbars and the nMWT+ cells. The employed
input parameters, which base on experimentally determined values, are
summarized in Table D.1 in Appendix D. Table 7.5(a) and (b) show the
calculated Rg contributions; columns (c) and (d) give the respective differ-

Table 7.5. Calculated series resistance Ry contributions for (a) n-type H-pattern
cells with contacting front busbars and (b) RnMWT+ cells. The values are calculat-
ed with the analytical simulation tool Gridmaster using the input parameters sum-
marized in Table D.1 in Appendix D. Column (c) shows the differences ARy for
each Rs contribution with respect to the nMWT++ cell, whereas column (d) states
the respective impact on fill factor AFF ~ —5.5%(ARg/Qcm?). Positive AR corre-
spond to higher Rq (lower FF) for the nMWT+ device and vice versa.

Cell type, Rgy contributions Differences
(a) H-pattern (b) nMWT+ (c) ARy = (d) AFF
Ry it pattem R nwre R onwrs = Bsppattem
(Qom’)  (Shemr) (Qem?) (%)
< Emitter 0.200 0.195 —0.005 +0.03
% Fingers 0.088 0.051 ~0.037 +0.20
é (Pseudo-) Busbars 0.011 0.151 +0.140 -0.77
Contact 0.150 0.150 0 0
Vias - 0.020 +0.020 -0.11
L BSF 0.138 0.136 —-0.002 +0.01
; Fingers 0.073 0.042 ~0.031 +0.17
Eé Busbars 0.012 0.129 +0.117 —0.64
Contact 0.072 0.072 0 0
i; Vertical 0.029 0.029 0 0
A Lateral - 0.004 +0.004 —-0.02
~» Total 0.773 0.979 +0.206 -1.13
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ences in Rg (ARg) and fill factor FF (AFF) between the nMWT+ and the
H-pattern cells. The calculated total Rg~ 0.77 Qcm? (H-pattern) and Rg ~
0.98 Qcm? (nMWT+) are in accordance with the values given in Table 7.4,
indicating a quite accurate description of the Rg contributions for both cell
structures. The increased total Rg for the nMWT+ cell with ARg ~ 0.2 cm?
causes a FF loss of AFF ~ -1.1%,,, in comparison with the H-pattern cell.

The benefit from the higher busbar number of the nMWT+ cell is particu-
larly given by lower Rg contributions from the finger contacts on both
sides: ARg = —0.068 Qcm? (AFF = 4+0.37%,,,). However, these gains are over-
compensated by increased Rg contributions especially from the front and
rear side (pseudo-) busbar contacts because of their smaller widths and a
smaller number of external contact points per polarity: ARy = +0.257 Qcm?
(AFF = -1.41%,,)- The front pseudo-busbars are linearly tapered starting
from the via contacts with a width between 0.2 mm and 0.1 mm, whereas
the rear busbar contacts have been applied with a continuous width of
0.5 mm (equivalent to one third of the H-pattern busbar width). The number
of contact points per busbar and polarity is 11 for the H—pattern cell, whereas
the nMWT+ cell features only 6/5 contact points for each p-type/n-type
contact row. The Rg contribution of 0.004 2cm? from the lateral flow of major-
ity charge carriers in the bulk in the area of the rear external p-type contacts
for the nMWT+ cells is found to be negligible. An also rather small contribu-
tion to the total Rq of 0.02 2cm? results for the via contacts, which corresponds
to AFF =~ —0.1%,,.. The via resistances are measured on complete nMWT+
solar cells [266], and the mean resistance of a single via contact is found to
be about 4 m{2 for both the vias whether drilled before or after passivation.

For both cell types, the contact resistances between the metal contacts
and the highly doped surface layers contribute in sum 0.222 Qcm? to the
total Rg. The measured specific contact resistances are po = (4.5 + 0.7) m{cm?
for the Ag-Al contact on the boron emitter, and p, = (3.0 + 1.0) mQcm?
for the silver contact on the phosphorus BSF. For screen-printed and fired
metallization, both p. are already on a quite low level.

In summary, the Rg related lower FF of about 1%, for the nMWT+ cells
in comparison with the H—pattern reference cells originates mainly from
the metallization layout on the rear side with a rather low number of ex-
ternal contact pads per contact row. One option to reduce this FF' differ-
ence is the increase of the number of external contact pads, as will be
shown in section 7.7.
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Influence of the vias on the (implied) open-circuit voltage for nMWT+ cells

Considering the obtained results so far from the iV, samples as well as
from the fabricated solar cells, there is no evidence for significant via re-
combination for the nMWT+ cell precursors and final solar cells. However,
this section aims at clarifying whether or not the vias have a fundamental
contribution to recombination.

To determine the impact of the vias on recombination within the silicon
bulk—and hence on V. as well as on iV,—the effective minority charge
carrier lifetime 7,4 is considered, which includes recombination within the
silicon bulk and recombination due to the vias themselves. These recombi-
nation channels can be expressed by their inverse lifetimes

1 1 1
— +— (7.1)
Tett Toulk  Tvia

where 7, describes the minority charge carrier lifetime in the silicon bulk
including the surfaces without vias, and 7, the minority charge carrier
lifetime limited due to via recombination.

Assuming maximum recombination of the vias, i.e. maximum effective sur-
face recombination velocity S,;, at the vias (S, — =), 7, for regularly ar-
ranged vias can be approximated by [267]

ia

p—— Y S S R (7.2)
2D, n

via

Using minority charge carrier diffusion coefficient D, = 11.8 cm?/s (n-type
silicon with specific bulk resistance of 1.5 Qcm), via density n.;, = 0.2 cm?,
and via radius r,;, = 70 um, Eq. (7.2) yields 7,;, = 308 ms.

Since the via arrangement is not uniform over the cell area for the investi-
gated nMWT+ cells, this calculation has to be considered as a rough esti-
mation. Nevertheless, as 7,;, is more than an order of magnitude larger than
Touie (usually in the range of a few milliseconds), the recombination at the
via surfaces can be neglected even for S, — c. Hence, via recombination
is not significant for the fabricated nMWT+ solar cells and thus, has no
impact on the achievable V, or iV.
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Influence of regions without phosphorus BSF on (implied) open-circuit volt-
age for nMWT+ cells

The characteristic feature of the nMWT+ solar cells is the gap within the
rear phosphorus BSF in the area of the external p-type contact pads, see
Fig. 7.14(a). In the region without BSF, the PECVD SiN, layer directly
passivates the exposed silicon bulk surface. The surface recombination ve-
locity S,,, of this gap region is extracted from symmetrical n-type Cz-Si
lifetime 'samples with alkaline textured surfaces and PECVD SiN, as passi-
vation layer. The effective lifetime 7,4 after firing measured by QSSPC on
six samples with four measurements each is given by 7.4 = (300 + 98) s*’. By
using Eqgs. (2.15) and (2.17)%, 74 can be converted into S,,, yielding S,,, =
(26 + 10) cm/s, which implies high quality surface passivation considering
respective literature values for textured surfaces [119]. The measured jopgp
for the highly phosphorus-doped area can be also expressed in terms of a
surface recombination velocity Sper by using Eq. (2.13), what results in
Sper = (51 £ 5) cm/s. Hence, the passivated gap region features lower re-
combination as the passivated BSF region. However, since all gap regions
together only have an area fraction of a,,, = 0.9% of the total rear side
surface (prior to metallization), their lower recombination has no signifi-

cant impact on the effective rear side recombination.

In order to estimate an upper limit for the voltage loss caused by the
external p-type contact pads applied within the BSF gaps, the effective
dark saturation current density ji, . of the base is used. For calculation of
Joverr» the pad coverage fraction a,,, and the surface recombination velocity
underneath the pads S,,, (linked to the dark saturation current density jo.q
by means of Eq. (2.13)) are varied. Thereby, the difference between BSF
gap radius and pad radius is kept constant with 0.4 mm. For the passivat-
ed BSF area, no metallization is considered. The area weighted summation
of the three contributions to jy, . is performed as follows:

jOb,eff = jOb,pad a’pads + jObgap (agaps - a‘pads) + jOb,BSF (1 - a’gaps)' (73)

Therein, the single j,-parameters are calculated from the respective sur-
face recombination velocities S according to Egs. (2.5) and (2.6). S,,, is var-

ied up to 600 cm/s, which corresponds to jj,.q = 1370 fA/cm?. This value
is in the range of a contacting silver paste as discussed in section 7.4.3.

3Tr . is extracted at the same injection density Ap = 2.1-10® cm™ as considered for Vo jimit-

BUsed parameters: Ty = 1.5 ms, W= 190 ym, D,,;, = 14 cm?/s.
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Fig. 7.14. (a) Schematic illustration of the nMWT+ rear contact layout consisting of
the p-type contact pad, the BSF gap (not highly doped with phosphorus), and the
highly phosphorus-doped BSF. (b) Estimation of the effective dark saturation current
density jy, . of the base for the nMWT+ solar cells according to Eq. (7.3). Varied is
the area fraction of the pads a,,,, and their recombination properties S, or jg..- The
difference between BSF gap radius and pad radius is kept constant with 0.4 mm.
The Vg is calculated according to Eq. (2.20) utilizing j,;, = 39 mA/cm?.

The results are shown in Fig. 7.14(b). In case no pads and no BSF gaps are
present (a4, = Gy, = 0)—Tepresenting a full-area phosphorus-doped and
passivated BSF—j, .« is equal to jy, gsr = 136 fA/cm?®. In case the pad met-
allization induces no additional recombination at all (S,,, =S, = 26 cm/s),
Joves Slightly decreases with increasing a4, as the BSF area with higher
Sper = b1 cm/s decreases. However, this scenario is rather unlikely. More
realistic scenarios represent the results obtained for higher S, which
result in an increase in jy, 4. The area fraction of the external p-type con-
tact pads for the fabricated nMWTH cells is a4 = 0.5%. Even for the
highest S, considered, the voltage loss caused by the pad contacts with
respect to the open-circuit voltage limit V¢ . is found to be below 1 mV
and is thus not significant. With increasing a,,, the voltage loss increases
slightly, but even for a,,, = 2.5% and S, = 600 cm/s, the calculated loss
is lower than 3 mV.

In summary this means that neither the BSF gaps nor the pad metalliza-
tion present in fabricated nMWT+ solar cells do significantly increase the
total recombination at the rear side of the cells and are thus no limiting
factors for V.
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7.4 Decrease of metallization-losses and discussion of MWT-specific issues

7.4.5 Section summary

This section addresses three subject matters: (i) the reduction of metalliza-
tion-induced recombination losses on the cell’s front side by decreasing the
electrically contacted area, (ii) the comparison of laser-drilling the vias at
different points in time within the fabrication process for nMWT+ solar
cells, and (iii) the determination of MWT-specific loss mechanisms in terms
of series resistance and properties of the rear side contact configuration.

Concerning point one, it is shown that the decrease in area fraction con-
tacted with Ag-Al paste on the boron emitter leads to a significant gain in
Voo of up to 8 mV. The loss in 1, caused by front and rear side metal-
lization, is found to be —16 mV for the nMWT+ cells as well as for the
n-type H-—pattern cells with electrically non-contacting (floating) silver bus-
bars. The use of electrically contacting Ag-Al busbars for the H-pattern
cells leads to a significantly higher total 1 loss of —24 mV. Based upon
microstructural investigations it is concluded that the Ag-Al contact on
the front side exhibits significantly higher j, .. as the silver contact on the
rear side. This is most likely triggered by deep crystallite formation below
the Ag-Al contact bulk during contact firing. This conclusion is supported
by the simulation results from Chapter 5.6.

Peak energy conversion efficiencies of n = 19.5% and n = 19.7% are mea-
sured for the most efficient nMWT+ solar cell on chucks covered by black
and white foil, respectively. For the measurement on black foil, short-cir-
cuit current density jge, open-circuit voltage Vo, and fill factor FF are
39.6 mA /cm?, 650 mV, and 75.7%, respectively. The most efficient H-pat-
tern reference cell achieves 1 = 19.4%, jsc = 39.0 mA /cm?, Vo = 646 mV,
and FF = 77.1% on black foil. Due to less front side shading compared
with the H—pattern cells, jg. for the nMWT+ cells is up to 0.6 mA/cm?
higher. For the nMWT+ cells it is further found that the via metallization
has a negligible impact on V., regardless of whether the vias are drilled
prior to or after passivation. Hence, laser-drilling the vias directly before
metallization and hence, without any post treatment, can be used without
serious drawbacks.

The lower FF of somewhat more than 1%,,,, measured for the nMWT+
cells in comparison with the H—pattern cells, originates mainly from the
applied metallization layout with a rather low number of external contact
pads per contact row. MWT-specific series resistance contributions from
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7 Solar Cell Results and Loss Mechanisms

both lateral current flow in the bulk and the via contacts result in a cumu-
lated FF loss of about 0.1%,,, and hence, can be almost neglected for the
fabricated nMWT++ solar cells. Furthermore, the studies concerning re-
combination properties at the rear external p-type contact pads of the
nMWT+ cells reveal that neither the passivated gap areas—where no
phosphorus BSF is present—nor the metallized contact pads have a signifi-
cant impact on total recombination. Hence, the optimization of the metal-
lization layout with respect to a higher number of external contact pads is
surely a very promising option to reduce the series resistance of nMWT+
solar cells.

7.5 Solar cells utilizing the latest BBr; diffusion
processes

This section presents some of the variations carried out in experiment E
from Fig. 7.1. Again, the studies are performed utilizing n-type H—pattern
and nMWT+ solar cells. The main focus is set on the implementation of
the latest BBr, diffusion processes from Chapter 4 to form the boron emit-
ter and to study their performance on the cell level. These BBr, diffusion
processes base on process generation Gen3 and allow for significantly lower
Jo. at the passivated emitter surfaces. Based on the results concerning elec-
trical contactability and charge carrier recombination at the metal con-
tacts from Chapter 5, these emitters have the potential to boost the con-
version efficiency of therewith fabricated solar cells.

As shown in the previous section, a fundamental optimization of the grid
layout would be necessary for the nMWT+ solar cells in order to decrease
the series resistance contributions originating mainly from the rather low
number of external contact points. As the arrangement of the external
contacts has to be matched with the measurement chuck used for I-V test-
ing, changes in their number and location require the manufacturing of
such a suitable new chuck. At the time of the investigations, however,
such an optimized measurement chuck was not available. Hence, the four-
busbar layout from the previous section is again utilized for the nMWT+
cells, with partial changes in the finger number and the rear side busbar
width. For the H-pattern reference solar cells, a novel five-busbar layout
on front and rear side is applied—instead of the three-busbar layout used
previously.
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7.5 Solar cells utilizing the latest BBr3 diffusion processes

7.5.1 Cell fabrication and process characterization

The H-pattern and nMWT+ solar cells are fabricated according to the
procedure in Fig. 7.15 using pseudo-square n-type Cz-Si wafers with an
edge length of 156 mm, a diameter of 200 mm, an initial thickness of W =
200 pum, and a specific bulk resistance of p, . ~ 3.5 2cm. For the nMWT+
cells, the four BBr; diffusion processes Gen3, Gen3—A, Gen3-B, and Gen3-C
are applied. Their naming is changed compared with Chapter 4 for reasons
of simplicity, but their assignment is as shown in Table 7.6. These terms
have also been used for the four processes in the Chapters 5.5 and 5.6. For
the H—pattern cells, only processes Gen3 and Gen3—A are used.
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n-type Cz-Si H-pattern and nMWT+ solar side, see Table 7.6. Phosphorus pro-
cells (DB: diffusion barrier, SP: screen print- file Phos3 on the rear side: N, =
ing, VP: via paste, BB: busbar). (1.5 £ 0.2)-10% cm™®, R, ~ 62 Q/sq.

Table 7.6. Summary of characteristic parameters for the different Gen3-based BBr,
diffusion processes obtained from alkaline saw-damage etched ECV samples (R,
N, ), and from alkaline textured j,, samples after passivation and firing. The pro-

file depth d is estimated at a dopant concentration N = 1.3-10" cm™, which corre-
sponds to the bulk doping concentration of the wafers used for cell fabrication.

Designation BBr, diffusion processes R, . d e
This chapter ~ Chapter 4 (Q/sq) (10" cm™) (m)  (fA/cm’)
Gen3 Gen3 ~ 65 89+09 580+58 60+6
Gen3-A Gen3-PO2-LT ~ 111 36+04 570+57 38+3
Gen3-B Gen3-DrIn1-PO6 ~ 62 41+04 820+82 5H4+2
Gen3-C Gen3-PO5 ~ 108 1.8+0.2 840+8 30+3
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7 Solar Cell Results and Loss Mechanisms

The doping profiles, measured by the ECV technique on alkaline saw-dam-
age etched surfaces, are illustrated in Fig. 7.16. The associated characteris-
tic parameters like sheet resistance R, maximum dopant concentration
N, and junction depth d are summarized in Table 7.6. The BBr, diffu-
sion processes are selected such that the resulting doping profiles exhibit
pairwise either the same N, ,. or the same d. Doping profile Gen3—A has
the same d but lower N, compared with Gen3. The N, of profile Gen3—A
is almost equal to that of Gen3-B, but the latter has a significant deeper
junction. Profile Gen3-C shows a further decreased N, while having
more or less the same d as Gen3-B. The resulting R, for the both-sides
textured wafers are somewhat higher than those measured on the ECV
samples, namely Ry, = (70 + 2) Q/sq (Gen3), Ry, = (131 £ 7) Q/sq (Gen3-A),
R, = (68 +2) Q/sq (Gen3-B), and R, = (125 + 4) Q/sq (Gen3-C). The dark
saturation current densities j, of the textured and boron-doped surfaces,
extracted from parallel processed symmetric j, samples after passivation
and firing, are also stated in Table 7.6.

In this experiment, the front diffusion barrier layer for the nMWT+ cells
is applied subsequent to the inkjet-based structuring of the rear diffusion
barrier layer. For the formation of the phosphorus-doped BSF, the further
optimized POCI; diffusion Phos3 is applied. As shown in Chapter 4.5, the
boron doping profile does notget altered significantly during POCI; diffusion
Phos3. The resulting phosphorus doping profile is also shown in Fig. 7.16.
The corresponding R, measured on the textured wafers is (70 + 3) /sq,
while jopgr is extracted to be (81 £ 9)fA/cm?. All wafers undergo HNF
cleaning prior to the deposition of the ALD Al,O, passivation layer onto
the boron emitters. An annealing step follows directly afterwards in a tube
furnace process with a peak zone at 550°C for 10 min in nitrogen ambient,
which is reported to suppress potential blistering of the ALO; layer during
contact firing [203]. Laser-drilling the vias for the nMWT+ cells is directly
performed prior to metallization without any post-treatment. In this
experiment, all wafers are additionally fired and measured by QSSPC prior
to metallization to obtain the iV, of the so far passivated but not yet
metallized cell precursors; see also the samples’ cross sections in Fig. 7.11.

The contact grid of the H—pattern cells has five busbar contacts with a
width of 0.6 mm each on either side; the contact grid for the nMWT+
cells is still based on the one with four busbars. Due to the higher Ry of
boron emitters Gen3—A and Gen3-C, Table 7.6, a higher finger number is
applied onto the front sides of the respective cells (100 fingers instead of 84
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7.5 Solar cells utilizing the latest BBrs diffusion processes

Table 7.7. Percentage of metallized area for the different structures. The values are
calculated based on measured structure sizes after firing. The given errors are esti-
mated with respect to the standard deviation of the finger widths. For the front
finger contacts, two different finger numbers are applied depending on the R of
the boron emitter: 84 fingers (Gen3/Gen3-B) || 100 fingers (Gen3—A/Gen3-C).

Cell type Side  Metal structures Paste type  Met. area F,; (%)
H-pattern Front Fingers only Ag-Al  3.7+£05]44+0.6
Front Busbars only Ag2 1.9+0.1
Rear Fingers and busbars Ag3 8.6 £ 0.6
nMWT+  Front Fingers and pseudo-busbars Ag-Al  4.1+0.5] 4.8+ 0.6
Rear Fingers and busbars Ag3 8.7+0.7
Rear p-type contact pads Via paste 0.49 £ 0.02

fingers). For all cells of either cell type, also the finger number on the rear
side is increased compared with the cells in the previous section (this time
130 fingers instead of 93 fingers). The utilized silver paste to contact the
phosphorus BSF is the successor of paste Agl, referred to as Ag3, the oth-
er pastes are the same. Last but not least, the width of the n-type busbar
contacts on the rear side of the nMWT+ cells is increased by 30% to
0.65 mm. This is particularly done to ensure the same degree of metalliza-
tion with paste Ag3 on the rear sides for both cell structures.

The finger widths are measured after firing with a light microscope on
three wafers at six different positions per wafer and side. The average fin-
ger widths including standard deviation on the front and rear sides are
wy = (69 = 9) pm and w; = (83 + 8) pm, respectively, and are thus slightly
wider than in the previous experiment. The metallized areas are calculated
based on measured structure sizes. The resulting percentages of metallized
surface area for the front and rear sides of the H—pattern and the nMWT+
solar cells, summarized in Table 7.7, will be useful for the discussion in the
following sections.

7.5.2 Current-voltage characteristics

The determined I-V characteristics of the fabricated solar cells are illus-
trated in Fig. 7.17. Shown are the data for measurements on black foil as
well as on reflective surface (golden/white foil). The data on the most effi-
cient solar cells for the measurements on reflective surface are also summa-
rized in Table 7.8. Both cell structures exhibit a maximum conversion effi-
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Table 7.8. I-V data for the most efficient n-type Cz-Si H-pattern and nMWT+
solar cells (cell area: 239 cm?) with the different boron emitters on reflective surfaces
(H-pattern: gold-plated, nMWT+: white foil). The two cells marked with # are
measured at Fraunhofer ISE CalLab PV cells. For the H-pattern cells, the FF is
taken from the cell tester measurements. For further details on the I-V measure-
ments, see the description text in Fig. 7.17 or Appendix B.1 (BB: busbar).

Cell type Boron n Voe Jse FF  pFF R, Ry
emitter (%) (mV) (mA/em?) (%) (%) (kQem?) (Qem?)
H-pattern Gen3# 20.0 648 39.3 78.7 814 21.7 0.55
(5 BB) Gen3-A  20.1 650 39.3 785 81.2 7.7 0.55
nMWT+ Gen3 20.0 653 39.9 76.6 814 31.2 0.83
(4 BB) Gen3-A  19.7 651  40.0 757 80.7 149  0.86
Gen3-B 20.0 654 39.8 7.0 813 17.9 0.76
Gen3-C* 20.1 656 40.0 76.6 814 31.0 0.84

ciency 7 = 20.1%. For the measurements on black foil, the respective max-
imum 7 are given by 19.9%. Compared to the experiments in the previous
section 7.4, this means that 1 could be increased by about 0.5%

abs*

Comparing the [-V results in Fig. 7.17 for the different surfaces under-
neath the cells for each cell structure, it is seen that the reflective surfaces
particularly lead to higher js.. The benefit from a reflective surface under-
neath the cell in the long wavelength regime is apparent by comparing the
internal quantum efficiency (IQE) [155,268] measured for a nMWT+ solar
cell both on black and white foil; see Fig. 7.18(a). The other -V parameters
change, if at all, only a little. Hence, in the following discussion, only the
I-V data belonging to the measurements on reflective surfaces, i.e. golden/
white foil, are considered from Fig. 7.17.

It is striking that the mean pseudo fill factor pFF of 80.2% for the nMWT+
cells with emitter Gen3-A is lower by about 1%,,, compared with the other
mean pFF of just below 81.5%, which are basically on the same level for
both cell structures and the other emitters. As the H—pattern cells with
emitter Gen3—A do not show this strong pFF drop, the lower pFF for the
nMWT+ cells can only be partially ascribed to emitter Gen3—A. The
lower pFF originate most probably from process instabilities. The shunt
resistances Ry for these nMWT+ cells are in a value range (1 kQcm? < Rp <
15 kQcm?), where ohmic leakage currents have an impact on pFF, particu-
larly for Rp <5 kQcm?. The higher mean Rp ~ 25 kQem? for the nMWTH+
cells with emitters Gen3—-B and Gen3—C indicate that the ohmic leakage
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Fig. 7.17. I-V data for the n-type Cz-Si H-pattern and nMWT+ solar cells (cell
area: 239 cm?®) with the different boron emitters on different surfaces (black foil/
gold-plated /white foil). All cells are initially tested after laser edge isolation with
an industrial cell tester without reverse bias load; see also Appendix B.1. Some of
the most efficient cells are then measured at Fraunhofer ISE CalLab PV cells. The
data for the other cells is corrected with respect to the corresponding CalLab mea-
surements. For the H—pattern cells, no black measuring chuck with five busbar
contacts was available at the CalLab. Hence, their data with respect to black foil
are corrected by considering respective correction values from previous investiga-
tions. For all H-pattern data, the FF values are taken from the cell tester meas-
urements.
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currents are significantly lower as those for the nMWT+ cells with emitter
Gen3—A. This also holds when comparing with the nMWT+ cells with
emitter Gen3 (Rp ~ 15 kQcm?). Hence, the deeper junctions of the emitters
Gen3-B and Gen3—-C might lead to lower ohmic shunting, but show no sig-
nificant benefit with respect to pFF. The challenges for an increase in pFF
are basically the same for both the H-pattern and the nMWT++ solar cells.
In other words, the results do not suggest that the nMWT+ cell structure
suffer more from either non-ideal recombination or nonlinear leakage cur-
rents than the H-pattern structure to the current state of development.

The lower pFF for the nMWT++ cells with emitter Gen3—A directly trans-
lates into a correspondingly lower FF' with a mean value of 75.4%. For the
other nMWT+ cells, the mean values are on the same level with FF ~
76.5%, what equates to an increase in FF of more than 1%, in comparison
with the nMWT+ cells from the previous section. This increase is mainly
due to the higher pF'F, but also the series resistance R could be decreased by
about 0.05 Qcm?® to Rg~ 0.85 Qcm?. Remember that the finger number on
the front side is higher for the cells with emitters Gen3—A and Gen3-C to
counteract their higher R, ; see Table 7.7. The specific contact resistances pg
for the Ag-Al contacts on the applied boron emitters are in the range between
3 mQem? < pe < 5 mQem? (Fig. 5.13). For paste Ag3 on the phosphorus-doped
BSF Phos3, p is found to be approximately 5 m{cm?. Despite considerably
changing the doping profiles on either cell side, p. could be maintained on a
quite low level utilizing the identical contact firing process as before. The
FF for the H-pattern cells amounts to between 78% and 79% (0.5 Qcm? <
Rq < 0.6 Qcm?). Consequently, the difference in FF between the H—pattern
and the nMWT+ solar cells increased to about 2%,,.. However, this is not
surprising as the H—pattern cells are fabricated with a five-busbar layout
in this study. Nevertheless, Rg still remains the parameter in which the
nMWT+ solar cells need to be further improved, as already discussed.

On the other hand, the nMWT+ cells are clearly superior to the H—pat-
tern cells with respect to short-circuit current density js.. The nMWT+
cells reach mean ji. between 39.8 mA/cm? and 39.9 mA /cm?, whereas jg.
for the H—pattern cells is between 39.1 mA/cm? and 39.3 mA/cm?. Note
that the gold-plated chuck has a somewhat different reflectivity; see Ap-
pendix B.1. Nevertheless, js- is higher for the nMWT+ cells by about
0.6 mA /cm?. Looking at the jq-results for the nMWT+ cells more closely,
it is seen that jq. for emitter Gen3-B is about 0.1 mA /cm? lower in compar-
ison to the other emitters, for which jo = 39.9 mA /em? is identical. Despite
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7.5 Solar cells utilizing the latest BBrs diffusion processes

the higher front side shading (higher finger number) of the cells with emit-
ters Gen3—A and Gen3-C, their jy. is equal to that of the cells with emitter
Gen3. The causes of both findings can be explained by the IQE data for the
nMWT+ cells with the different emitters, which are shown in Fig. 7.18(b).
The IQE differ clearly in the short wavelength regime. As incident light
with short wavelengths is absorbed within the emitter volume, the IQE ob-
tained at short wavelengths is a characteristic emitter property. It is found
that the IQE for emitter Gen3-B up to a wavelength of A\ = 600 nm is lower
than that of emitter Gen3, which explains the lower jq for these cells. On
the other hand, the emitters Gen3—A and Gen3—-C show a higher IQE as
emitter Gen3. Hence, despite higher front side shading by the contact fin-
ger metallization, js. is not decreased for the nMWT+ cells with these
emitters. The reason for lower jy. for the H—pattern cells with emitter
Gen3 (mean jy. = 39.1 mA/cm?) compared with that of the cells with
emitter Gen3—A (jsc = 39.3 mA/cm?) can be attributed to the screen
printing process. During printing the front side grid onto the H—pattern
precursors with emitter Gen3, it came to a partial transfer of significantly
wider fingers contacts, what results in an unintended higher metallization
fraction for these cells.
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Fig. 7.18. Internal quantum efficiency IQE and reflection R determined on nMWT+
solar cells as a function of the wavelength . (a) Data for measurements on white
and black foil for a nMWT++ cell with emitter Gen3—C. (b) Data for measure-
ments on white foil for nMWT+ cells with the four different boron-doped emit-
ters. The higher reflection for the cells with emitters Gen3—A and Gen3-C for
long wavelengths is due to lower parasitic absorption in the emitter regions.

| 179



7 Solar Cell Results and Loss Mechanisms

The mean open-circuit voltages Vi for the nMWT+ cells are between
651 mV (emitter Gen3—A) and 656 mV (Gen3—C), which corresponds to an
absolute increase of up to 10 mV compared with the nMWT+ cells from
the previous experiment. The visible trend in Vi for the nMWT+ cells
and the different emitters will be discussed in more detail in section 7.5.3.
The V¢ of the H-pattern cells with emitter Gen3—A are on the same level
as those for the nMWT+ cells with emitter Gen3—A. In contrast, Vi for
the H—pattern cells with emitter Gen3 is lower compared with the respec-
tive nMWT+ cells, what is initially contradictory. For the same reason as
stated above concerning the transfer of wider finger contacts during screen
printing, the lower V., for the H—pattern cells with emitter Gen3 can be
explained.

In summary, the implementation of the optimized BBr; and POCI; diffu-
sion processes in conjunction with further adaptions of the fabrication pro-
cess resulted in the fabrication of a nMWT+ solar cell achieving = 20.1%,
Voo = 656 mV, jgo = 40.0 mA /em?, and FF = 76.6%. It is shown that par-
ticularly Rg needs to be decreased, and that the challenges for further in-
creasing the pFF is not MWT-specific to the current state of development.

7.5.3 Metallization-related voltage losses

On all cell precursors, iV, values are determined after firing by QSSPC
measurements prior to metallization at the five marked points in Fig. 4.8
per wafer. Fig. 7.19 shows the iV, and V. of the H-pattern and nMWT+
solar cells grouped by the applied boron emitters. The losses in open-cir-
cuit voltage AV, = Vo — iV, caused by front and rear side metallization,
are also stated. The iV, are calculated according to Eq. (2.20) and the
procedure described in Chapter 2.2.1.%

In comparison to Ve = (666 + 2) mV from the previous experiment in
section 7.4, the implementation of the optimized BBr; and POCI, diffusion
processes result in a gain in iVyq,; between 7 mV and 12 mV; see
Fig. 7.19. The highest iV, = (678 £ 2) mV arises for the cell precursors
with boron emitter Gen3—C. The measured iV on all cell precursors are
close to the values for iV, and hence, the progress with respect to lower
Joe for the Gen3-based boron emitters, Table 7.6, and the lower jqp reflects

FUsed parameters: j,, from Table 7.6, jopsr from Chapter 7.5.1, wafer thickness W = 175 pm,
bulk lifetime 7, = 1.5 ms, injection density Ap = 3.4:10" cm™ (corresponding approximately
to the injection level of the iV samples at 1 sun), j,;, = 39 mA/cm?, and T' = 25°C.
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Fig. 7.19. Mean (implied) open-circuit voltage iV, Voo of all cells per group, as
well as respective losses in open-circuit voltage AV = Vo — iV caused by front
and rear side metallization. Applied boron emitters on the front side (a) Gen3, (b)
Gen3-A, (c) Gen3-B, and (d) Gen3-C. The iV, are calculated based on the
measured j,, and jper and the parameters given in the text. The error bars for iV
represent the standard deviation, whereas for V. they indicate the measurement
uncertainty (assumed to be 0.5% relative).

directly in higher iV,,,. Comparable values yield the H—pattern and the
nMWT++ cell precursors for the respective emitters. The highest iV, =
(677 = 1) mV show the nMWT+ cell precursors with boron emitter Gen3-C,
which is 14 mV higher as the highest iV, measured in the previous experi-
ment; see Fig. 7.12. However, the absolute voltage losses AV, with values
between —(18 + 4) mV and —(24 + 4) mV are somewhat higher as those ob-
served previously (AV, = =17 mV). This is not surprising, as the metalliza-
tion fractions on both cell sides are higher for the cells discussed in this
section.

To assess the recombination at the metal contacts for the four different
boron emitters on the nMWT++ cells in more detail, the two different met-
allization fractions on the cells’ front sides must be taken into account. For
this purpose, AV is normalized to the front side metallization fractions
given in Table 7.7. The resulting normalized voltage losses AV, are
summarized in Table 7.9, which include the recombination at the rear side
contacts (the same for all four groups) and the different recombination
contributions from the emitter contacts. It is seen that the cells with emit-
ters Gen3 and Gen3—A are impacted most by metallization-related recom-
bination with AV, ~—4.7mV and AVy0 om & —4.8 mV, respectively. The

DC,norm
impact of their different maximum dopant concentrations N, (see Fig. 7.16)

max
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Table 7.9. Normalized voltage losses AVjyq 0, for the nMWTH solar cells with the
four different boron emitters caused by recombination at the front and rear side
metal contacts. The AV, considers the different metallization fractions Fy;,,, of
the boron emitters, as specified in Table 7.7 (the cells’ rear sides are identical).

Boron emitter —»  Gen3 Gen3-A Gen3-B Gen3-C
AVoenom = AVoo/Fygon (mV)  —47+£02 —48+02 —44+02 -43=02

on AVye o cannot be assessed. For a higher junction depth d ~ 840 nm, as
this is apparent for the cells with boron emitters Gen3-B and Gen3—C, the
recombination at the metal contacts can be lowered by up to 10%. Thus,
the junction depth of the boron doping profile is the parameter, which
mainly determines the magnitude of charge carrier recombination. This
experimental finding is in agreement with the simulations of charge carrier
recombination underneath the metal contacts in Chapter 5.6, which con-
sidered deep penetrating metal crystallites at the interface between the
Ag-Al contact and the boron-doped surface.

A more intuitive quantity to account for metallization-related recombina-
tion is the dark saturation current density j . in the metallized areas. By
knowing jj .« either for the front or the rear side contacts, jj .. for the re-
spective other side can be approximately calculated. For this purpose, the
total jy, (Eq. (2.3)) is derived by area-weighted addition of the contribu-
tions from passivated and metallized areas for front (Eq. (2.8)) and rear
side (Eq. (2.9)), respectively. For the rear side, also the external p-type
contact pads and the respective passivated BSF gap areas are considered
according to Eq. (7.3). Using Eq. (2.20), the determined total j,, allows the
calculation of V.. In order to estimate j, . for the unknown contact, its
value is adjusted so that the calculated V. matches with the measured
Voo of the fabricated cells. The aim now is to estimate the dark saturation
current density in the metallized areas for the different boron emitters
Joemer O the basis of the fabricated nMWT+ cells. Since the rear side is
identical for all nMWT+ cells, the dark saturation current density jypse et
in the metallized areas of the phosphorus BSF is used as input variable as its
exact value is unknown. According to results for screen-printed and fired silver
contacts on phosphorus-doped surfaces published by other authors [215,264],
Jonsrme 18 assumed to be between 500 fA /cm? and 1500 fA /cm?. For the exter-
nal p-type contact pads, the via paste used is of electrically non-contacting
nature and hence, j;,,, is considered to be lower as for the silver paste used
to contact the BSF, i.e. jy. = 500 fA/cm? is used. For the passivated BSF
gap areas, jy,,, = 58 fA/cm’ is applied, as it is determined in section 7.4.4.
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Fig. 7.20. Calculated dark saturation current densities j, .. of the metallized boron
emitters as function of assumed dark saturation current densities jjpgp e Of the met-
allized phopshorus BSF. The calculations are performed on basis of nMWT+ cells
with Gen3-based boron emitters and the procedure described in the text. The rela-
tive differences to emitter Gen3 are exemplified for jypgp e = 1000 fA /cm?.

The results for the calculations of j. ... in dependence on jyper me are shown
in Fig. 7.20. The j. e values are found to be roughly between 2000 fA/cm?
and 4500 fA/cm? for the utilized Ag-Al paste. It is immediately evident
that boron-doped emitter Gen3—A has the highest jy, . irrespective of what
Jopskmet 18 assumed. For jopgp e = 1000 fA /cm?; ji, 0 for emitter Gen3—A is
~ 9% higher as jy,,, for emitter Gen3. On the other hand, emitters Gen3-B
and Gen3-C show superior performance with respect to jj, e in compari-
son with emitter Gen3: jy, e is lower by ~ 23% and ~ 29% for joper mee =
1000 fA/cm?, respectively. Hence, lowering of N, and increasing the junc-
tion depth is found to be a promising approach to achieve lower metalliza-
tion-related recombination at Ag-Al contacts on boron-doped surfaces.

754 Section summary

Main focus in this section is set on testing the latest Gen3-based BBr; dif-
fusion processes from Chapter 4 on the cell level utilizing n-type Cz-Si H-pat-
tern and nMWT+ solar cells. On the one hand, the objective is to improve
the energy conversion efficiency 7 in comparison to the previous experi-
ments in section 7.4. On the other hand, examinations of the interplay be-
tween the boron doping profiles and metallization-related voltage losses
alm at generating experimental data to validate the simulations of charge
carrier recombination underneath the metal contacts from Chapter 5.6.
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The maximum 7, measured on reflective surface, could be increased to
20.1% for both the H-pattern and the nMWT+ solar cells. Note that the
H-pattern cells feature a five-busbar layout, whereas the nMWT+ cells
are still fabricated with the four-busbar-based layout as used before. The
measurements on non-reflective surface yield respective maximum 7 =
19.9%. Compared with the previous experiment, 1 could be increased by
about 0.5%,,.. For the most efficient nMWT++ cell with n = 20.1%, short-
circuit current demnsity jg, open-circuit voltage Vi and fill factor FF are
40.0 mA /cm?, 656 mV, and 76.6%, respectively. Compared with the H-pat-
tern cells, the nMWT++ cells benefit particularly from higher ji. by
about 0.5 mA /cm?. Concerning Vi, the nMWT+ cells show slightly higher
values, but which are more or less on the same level with those of the H-pat-
tern cells. Lowering of series resistance contributions remains the major
task for further improving the FF in order to minimize the FF gap to the
H-pattern cells of currently about 2%,,.. It is also found that the challenges
for an increase in pseudo fill factor pFF—currently pFF = 81.5%—are ba-
sically the same for both the H-pattern and the nMWT+ cells. Based on
the current state of development, the nMWT+ cell structure is found to not
trigger significant higher jj, contributions in comparison with the H—pat-
tern structure, which are characterized by either non-ideal recombination
or nonlinear leakage currents.

A substantial contribution to the achieved increase in 7 is the successful
implementation of the optimized Gen3-based BBr, diffusions from Chap-
ter 4 into the cell fabrication process in conjunction with a further opti-
mized POCI, diffusion process. For non-metallized passivated nMWT+
cell precursors, the implied open-circuit voltages iV, could be increased by
up to 14 mV compared with the previous experiment, resulting in peak
Voo = (677 £ 1) mV. However, the absolute loss in V. due to front and rear
side metallization increased slightly by a few millivolts to about —20 mV, as
both metallization fractions are somewhat higher in this study. Neverthe-
less, Vi could be boosted by up to 10 mV on the finished solar cells com-
pared with the previous ones.

The data obtained for metallization-related charge carrier recombination
with respect to the doping profiles of the boron emitters matches with the
results from the simulations in Chapter 5.6. The examinations are performed
by means of pairwise varying the boron doping profiles to feature either same
maximum dopant concentration N,,. or same junction depth d. The refer-

ence doping profile features N,,. = (8.9 = 0.9)-10" cm™, d = (580 + 58) nm,
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and a dark saturation current density below the Ag-Al contacts jj,.. ~
3500 fA /cm?. It is shown that lowering N, to N, .. = (3.6 = 0.4)-10" cm™,
while keeping d constant, leads to an increase in j,,,, by about 10%. For
two deeper boron doping profiles with d ~ 840 nm, j; ... is found to be lower
by up to 30% (or about 1000 fA/cm?) in comparison with the reference
profile. These results validate the simulation results from Chapter 5.6 that
the junction depths of the boron emitters are the parameters which mainly
determine the magnitude of charge carrier recombination below the metal
contacts in case deep penetrating metal crystallites are present. Further-
more, the nMWT+ cells with the deep boron emitter which has the lowest
N = (1.8 £ 0.2)-10" cm™ show no drawbacks with respect to jso as this
emitter features a very high internal quantum efficiency. Hence, lowering
of N,,. and increasing the junction depth is found to be a promising ap-
proach for improving the cells’ front sides. These findings are of high rele-
vance not only for nMWT+ solar cells, but also for any kind of solar cell
with boron-doped surfaces contacted by screen-printed and fired Ag-Al

metallization.

7.6 Simplified fabrication process for n-type MWT
solar cells

As shown in section 7.3, the rear side configuration of the nMWT+ solar
cells without phosphorus doping underneath the external p-type contacts
is necessary to ensure that no significant increase in leakage current occurs
in these areas after reverse bias stress. Up to this point, the structuring of
the phosphorus BSF is realized by masking the respective areas during
POCI, diffusion. Therefor, prior to POCI, diffusion, the rear side diffusion
barrier layers are structured by means of inkjet-printing a masking resist
onto the areas of the p-type contact where no diffusion is desired; see
Fig. C.1 in Appendix C.1. Wet-chemical etching removes the diffusion bar-
rier layer where no masking resist is present. However, the applied struc-
turing approach is quite elaborate, which makes it rather not relevant
when it comes to industrial mass production.

The study in this section aims at testing laser processes for structuring the
rear side to reduce the number of process steps needed for fabrication of
nMWT+ solar cells. More specifically, the novel approach is based on the
structuring of the phosphorus-doped surfaces by laser irradiation subse-
quent to POCI, diffusion and PSG etching. Two different laser-based ap-
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proaches are examined on solar cells, enabling the investigation of the per-
formance of thus fabricated nMWT+ solar cells in both forward and re-
verse operation. These approaches are referred to as “laser drive-in” and
“laser ablation”. The used laser types and some of their characteristic pa-
rameters are summarized in Table C.1 in Appendix C.2.

7.6.1 Cell fabrication and process characterization

The laser-structured nMWT+ solar cells have been fabricated also in ex-
periment E parallel with the nMWT+ cells with inkjet-based structuring
discussed in the previous section 7.5. Fig. 7.21 shows the part of the fabri-
cation sequence which is varied; otherwise the cells are fabricated accord-
ing to the sequence depicted in Fig. 7.15. Schematic cross sections at the
different process steps for the laser structuring are shown in Fig. C.2. In
addition, nMWT solar cells with full-area phosphorus BSF (without struc-
turing) are fabricated as reference.

The general idea for both approaches is to significantly reduce the maxi-
mum phosphorus doping concentration, which results in lower electrical con-
ductivity between the silicon and the applied external p-type contacts; see
Fig. A.2. For the laser drive-in process, the dopants are redistributed deeper
into the silicon wafer by thermally excited diffusion processes [194], while
the initially alkaline textured surface is locally leveled; see Fig. 7.22(a). As
the ECV measurement in Fig. 7.23(a) shows, the maximum phosphorus
dopant concentration N, .. could be lowered by two orders of magnitude

from initially N, ~ 1.5:10° ecm™ to N, ~ 2.9-10" cm™, while the profile
depth is increased to more than 4 pm. For laser ablation, the highly phos-
phorus-doped surface layer is locally ablated [194]. Due to the rough surface
caused by the laser ablation (Fig. 7.22(b)), reliable measurements of the re-
sulting doping profile after laser ablation are not possible by means of ECV.
To check anyway if the phosphorus BSF is completely removed, the surface
is smoothed with the laser drive-in process—which leads to a comparable
surface topography as shown in Fig. 7.22(a}—and an ECV measurement is
performed thereafter. The resulting doping profile is shown in Fig. 7.23(b).
Obviously, the measured dopant concentration N < 10" cm™ remain
higher as the bulk doping concentration N, ~ 1.3-10" cm™, which means
that the laser ablation process has not ablated the entire highly phospho-
rus-doped layer. As it is seen, the depths of both resulting profiles are al-
most similar which originates from the laser drive-in process leading to a
strong redistribution of phosphorus atoms. For the combined process, N is
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Fig. 7.21. Extract from the process flow for fabrication of n-type MWT solar cells
with varying process steps for structuring of the rear phosphorus-doped surfaces
(DB: diffusion barrier). Previous und subsequent processes see Fig. 7.15.
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Fig. 7.22. Light microscope images of laser-processed areas via the processes (a)
laser drive-in and (b) laser ablation. For both approaches, the laser pulses overlap
each other, which is clearly visible especially in image (a).
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Fig. 7.23. Doping profiles, determined by ECV measurements on initially alkaline
textured and phosphorus-doped surfaces for (a) laser drive-in and (b) laser abla-
tion. As no reliable ECV measurements can be made on the rough surface in
Fig. 7.22(b), a laser drive-in step is additionally performed in (b) to obtain a suit-
able surface. Exemplary error bars are shown.
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significantly lower as for the single laser drive-in process, what indicates
that a significant amount of the silicon surface has been ablated. However,
it is not possible to extract to which depth or likewise to which NV, the
silicon surface has been solely removed by laser ablation. Nevertheless, both
approaches can significantly decrease N, .. Recall that Fig. 7.23(b) does

not represent the doping profile of the nMWT+ cells with laser ablation.

7.6.2 Current-voltage characteristics

The trend with respect to the I-V parameters for the different structuring
methods is similar for the fabricated MWT cells with boron emitters Gen3
and Gen3-B. Thus, only the I-V data for the MWT cells with emitter
Gen3-B will first be discussed with respect to their performance in forward
operation. An overview on the measurement data obtained on white foil
can be found in Fig. C.3 in Appendix C.2. For the investigation of the
current flow in reverse mode, also the cells with emitter Gen3 will be con-
sidered.

The following discussion of the I-V characteristics in forward operation for
the differently structured MWT cells is based on the most efficient cells,
whose I-V data with boron emitter Gen3-B are summarized in Table 7.10
(the respective mean values show the same trend). The three differently
structured nMWT++ cells and the nMWT cell with full-area phosphorus
BSF show almost the same characteristic parameters with n = 20.0% and
17 = 20.1% for the initial measurements without prior reverse bias load.
The differences in shunt resistance Rp have no significant impact on the I-V/
data as the values are sufficiently high to not affect the pFF considerably.
Also, the variations in series resistance Rg are rather small and originate

Table 7.10. I-V data on white foil for the most efficient n-type Cz-Si nMWT+ and
nMWT solar cells (cell area: 239 cm?) with boron emitter Gen3-B and different
rear-side structuring. All cells are initially tested after laser edge isolation with an
industrial cell tester without reverse bias load. The given data is corrected with re-
spect to measurements performed at Fraunhofer ISE CalLab PV cells.

Cell type BSF n Voe Jsc FF  pFF R, Ry
structuring (%) (mV) (mA/cm?) (%) (%) (kQem?) (Qcm?)

nMWT+ Inkjet-based  20.0 654 39.8 77.0 81.3 17.9 0.76
Laser drive-in ~ 20.0 657 39.7 76.7 81.5 60.2 0.84
Laser ablation 20.0 654 39.8 76.7 81.2 32.2 0.78

nMWT - 20.1 654 39.8 7.1 815 744 0.76
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most likely from process fluctuations during screen printing. The use of
both laser processes shows no impact on the achievable cell performance in
forward operation.

In order to examine the impact of reverse bias load on the I-V characteris-
tics, one MWT cell per group is biased in reverse 20 times in total with re-
spective forward measurements in between (i.e. the same measurement pro-
cedure as used in section 7.3, Fig. 7.4). The differences to the initial mea-
surements without prior reverse bias load are summarized for the MWT
cells with emitter Gen3—B in Table 7.11 with respect to ), FF, pFF, and Rp.
For reference, also an H—pattern cell with emitter Gen3 from the previous
section 7.5 is considered. The losses in V. are very small (|JAVye| < 0.3%,,)
and are therefore not shown, as well as the jy, values which are constant
throughout. The Ry values are given in absolute numbers, while for the
other parameters the absolute differences are specified.

Irrespective of the structuring method applied, the nMWT+ cells show a
loss in 7 of —0.1%,,, after the 20th reverse bias load. The same loss in 7 is
observed for the H-pattern cell. As expected from the results in sec-
tion 7.3, the nMWT cell is much more impacted by reverse stress and 7

Table 7.11. Mean absolute losses in conversion efficiency 7, fill factor FF, and pseudo
fill factor pFF in relation to the initial measurements performed without prior reverse
bias for one cell per group. The shunt resistance Ry, is given in absolute numbers.

Cell type BSF #Reverse AN AFF ApFF R,
(Boron emitter) structuring bias (Do) (%o,10) (Yous)  (kQem?)

nMWT+ Inkjet- - Initial values 25.1

(Gen3-B) based 1 -0.1 -0.2 -0.2 16.5

20 -0.1 -0.4 -0.4 16.0

Laser - Initial values 22.6

drive-in 1 -0.1 -0.3 -0.4 12.8

20 -0.1 -0.4 -0.5 11.5

Laser - Initial values 45.0

ablation 1 -0.1 -0.1 -0.2 29.3

20 -0.1 -0.3 -0.4 24.0

nMWT - - Initial values 16.7

(Gen3-B) 1 -0.2 -0.7 -0.7 9.1

20 -0.3 -1.1 -1.1 6.9

H-pattern - — Initial values 11.7

(Gen3) 1 01 02 02 10.1

20 -0.1 -0.4 -0.4 9.8
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decreases by in total —0.3%,,,. The observed losses originate from decreased
pFF values, which translates into lower FF. The decrease of R, by reverse
stressing is evident. However, the R, = 6.9 kQcm? for the nMWT cell here
is significantly higher than R, = 1.3 kQ2cm? measured in section 7.3. This
might originate from the fact that the area fraction of the external p-type
contact pads is 0.5% of the total cell area in this experiment and thus
lower compared with 1.3% for the former nMWT cells. Application of the
two-diode model reveals that the dominating loss mechanism in pF'F for the
nMWT cell examined in this study is an increase in j, (ohmic leakage
currents contribute only about 0.1%,,, to the loss in pFF). The higher j,, is
most likely caused by increased nonlinear leakage currents. In summary,
these results show that the nMWT+ solar cells—independent of the struc-
turing method—are significantly less affected by reverse bias stress as the
nMWT cells, whereby they show the same losses as observed for the H—pat-
tern reference cell. Hence, the potential for a significant simplification of
the fabrication process of nMWT+ solar cells by integration of laser pro-
cesses for structuring the phosphorus BSF is demonstrated.

The I-V characteristics for the 20th measurement in reverse bias are shown
in Fig. 7.24. The curve progressions for the different cells are very similar for
both boron emitters Gen3 and Gen3-B. It seems that the higher junction
depth of emitter Gen3-B (about 300 nm deeper than that of emitter Gen3)
is somehow compensated by its significantly lower N, with respect to cur-
rent flow under reverse operation. On the other hand, all investigated cells
show strongly increased current starting from a voltage of approximately
—4 V. The earliest increase in current is seen for the nMWT cells. For the
differently structured nMWT+ cells, the current increase sets in a bit later
and the resulting curves are more or less similar. The determined I-V curve

< —0F” T ‘ + — Inkjet-based struct.
\f -3r 2SN - Laser drive-in

EJ 6L [ c --- Laser ablation

5 ; - - AMWT

R L : C g .. . H-pattern

12 9 6 3 0-12 9 -6 -3 0
Reverse bias V (V)
(a) Emitter Gen3 (b) Emitter Gen3-B

Fig. 7.24. Dark I-V characteristics under reverse bias for the 20th measurement of the
indicated n-type Cz-Si solar cells with emitter (a) Gen3 and (b) Gen3-B. No H—pat-
tern cell with emitter Gen3-B has been fabricated.
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for the H—pattern cell with emitter Gen3 in Fig. 7.24(a) shows the lowest cur-
rents for increasing negative voltages. However, the general curve progres-
sion is quite similar to the other curves (especially to those of the nMWT+
cells). This result is in accordance with the results from section 7.3, where
it has been also found that the challenges considering the reverse behavior
are similar for both the H-pattern and the nMWT+ solar cell structures.

The local current flow in reverse bias at —7 V, determined by DLIT mea-
surements, shows Fig. 7.25 for the MWT cells with emitter Gen3—B and the
H-pattern cell with emitter Gen3. For all MWT cells, signals are visible in
the area of the external p-type contact pads, while the signals are most pro-
nounced for the nMWT cell in Fig. 7.25(d). But also signals in the rest of
the cell area are seen (as also for the H-pattern cell). Also these results are in
agreement with the results from section 7.3. Comparing the signal strengths
of the nMWT+ cells in (a)—(c) with those of the nMWT cell in (d), it is
seen that lowering of N, yields lower current flow in the area of the ex-
ternal p-type contacts. The signal strengths are comparable for the nMWT+
cells with inkjet-based structured BSF in (a) and laser-ablated BSF in (c). For
the nMWT+ cell fabricated with laser drive-in in (b), the signal strengths
at the pads are somewhat higher. Further reduction in current density at
the pads is most likely possible by optimizing the laser drive-in process.

(@) NMWT+ (inkjet- (bY NMWT+ (laser (c) NMWT+ (laser
based structuring) drive-in) . ablation)

V=-7V;I=-23A

DLIT signal (a.u.) g
o

=TV, =583 A V=-7V;I=-13A

—

ow

Fig. 7.25. DLIT images recorded at a phase of —90° obtained at voltages of =7 V for
the indicated solar cell structures. The overall current I is also specified. The MWT
cells feature boron emitter Gen3—B, while the H—pattern cell has emitter Gen3.
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7.6.3 Section summary and conclusion

Under forward and reverse operation, the laser-structured nMWT+ cells
are found to show very similar performance as nMWT+ cells with inkjet-
based BSF structuring. The peak energy conversion efficiency 7, measured
on white foil without prior reverse bias load, is the same for these cells
with 77 = 20.0%. After 20 measurements with reverse bias load, 1 decreases
by —0.1%,,, irrespective of the structuring method. The same loss in 7 is
also found for an examined H-pattern reference cell. Concerning the be-
havior in reverse operation, the same current flow as function of the
applied voltage is more or less observed for the differently structured
nMWT+ cells and also for the H—pattern cell. A strong current increase
begins to develop for all cells for voltages exceeding —4 V. As the deter-
mined reverse behavior of the H—pattern cell is very similar to that of the
nMWT+ cells this means that the properties of the cells’ front sides most
likely dominate the global reverse behavior of the fabricated cells. However,
for the nMWT+ cells, some current flow in reverse operation is observed
in the areas of the external p-type contacts pads. Such local current flow
for nMWT++ cells has been also observed in section 7.3. For the nMWT
cells without structured phosphorus BSF, n = 20.1% is measured prior the
reverse biasing. As expected, reverse stress leads to a loss in 1 by 0.3%,,,
and high current flow is observed at the external p-type contact pads
under reverse operation. This local current flow is significantly higher as
that observed for the nMWT+ cells no matter which structuring approach
has been applied. Hence, the potential for a significant process simplifica-
tion for fabrication of nMWT+ solar cells by implementation of laser pro-
cesses for structuring the phosphorus BSF is demonstrated.

However, the observed overall high currents in reverse operation might be
not compatible with conventional solar module technology where quite low
current flow is required. This applies to both the H—pattern and the vari-
ous nMWT+ solar cells examined. As also other authors as e.g. Cabal et
al. report on high currents for n-type Cz-Si H—pattern cells under reverse
bias load [137], the lowering of current flow in reverse operation might be
a general challenge for n-type silicon solar cells. The task for future studies
is to identify the reasons for this high current flow under reverse opera-
tion, which might be caused to a large extent from non-optimal properties
of the cells’ front sides. On the other hand, the high currents in reverse
mode might be utilized for a cell-integrated bypass-diode approach at the
module level, in case the thermal power triggered by the current flow and
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its spatial density dissipation allows for this. For such an approach, re-
verse stress must also not significantly affect the forward performance.
This has been demonstrated for all fabricated nMWT+ solar cells, even for
those with significantly simplified process sequences by implementation of
laser-based structuring of the phosphorus BSF.

7.7 Estimation of conversion efficiency potential

The energy conversion efficiency potential for nMWT+ solar cells is esti-
mated for expected technological improvements. For this purpose, analyti-
cal device modelling is used which is based, on the one hand, on the tool
Gridmaster [265] for calculation of Rg contributions. On the other hand,
the procedure described in section 7.5.3 is used for determination of the to-
tal jo,, of complete solar cells. Therein, the total j, is determined by area-
weighted addition of the contributions from passivated and metallized
areas for both the front and the rear sides of the cell (the contributions
from the bulk are also taken into account). Using Eq. (2.20), the determined
total jy; allows the calculation of V.

The estimation of the efficiency potential starts with the I-V data of the
most efficient nMWT+ solar cell from section 7.5 with n = 20.1% and
boron emitter Gen3—C; see Table 7.8. The input parameters of the utilized
models are adjusted so that the output I-V data fit to the measured ones
for this nMWT+ cell. Subsequently, the expected technological improve-
ments are considered by gradually adapting the respective input parame-
ters in order to determine their impact on the I-V characteristics. Fig. 7.26
shows the expected increase in energy conversion efficiency 7.

The first improvement is an adaption of the rear contact layout to five
contact rows per polarity each featuring 10 external contact pads. This in-
cludes the increase of the number of pseudo-busbar contacts to five on the
front side. In order not to change the metallization fractions of the emitter
and the BSF, the finger widths on front and rear sides are correspondingly
reduced. Due to the doubling of the number of external contact pads, a
reduction of Rg by 0.2 Qcm? is expected. This leads to an efficiency increase of
AN =~ 0.3%,,, The loss in Vi, due to twice the number of external p-type
contacts is found to be only 0.2 mV, as shown in Fig. 7.14(b). Further
progress in contacting the highly doped surfaces is expected in terms of
lower charge carrier recombination below the metal contacts. For the boron
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Fig. 7.26. Conversion efficiency for nMWT+ solar cells calculated with Gridmaster
and the procedure described in the text for assumed technological improvements.

emitter and the phosphorus BSF, the dark saturation current density below
the metal contacts is assumed to decrease to jy,,, = 1000 fA/cm? (formerly
2400 fA/cm?) and to jopsp e, = 500 fA/cm? (formerly 1000 fA/cm?), respec-
tively. This might be achieved by implementation of selective dopings below
the metal contacts [216,259] or improved metal paste compositions. In case of
the boron emitter, the assumed lower ji. ... equals the value which is
simulated for emitter Gen3—C in Chapter 5.6 without presence of metal
crystallites. All in all, this leads to a further possible increase of
AN =~ 0.3%,,.- Another gain of An ~ 0.3%,,, results from an improvement in
pFF to a value of 82.5% (formerly 81.4%), which is assumed to result from
further optimized fabrication processes. Further progress in phosphorus
diffusion is expected to decrease jyzgr to 40 fA/cm? (formerly 80 fA/cm?) and
thus, to a comparable level as j,, for the boron emitter. This results in an in-
crease of An ~0.1%,,. A gain in jy of 0.2 mA/cm? is assumed in case laser
edge isolation is no longer necessary to electrically separate front and rear
sides (larger active cell area), which enhances 7 by about 0.1%,,,. Up to this
point, a total increase of An ~ 1.1%,,, is estimated from the so far considered
technological improvements leading to an efficiency potential of n = 21.2%.

Furthermore, an adaption of the bulk material is beneficial. The model
predicts an efficiency increase of about 0.1%,,, to n = 21.3% in case the bulk
resistivity is decreased to 0.5 Qcm (formerly 3.5 Qem). Due to the higher
bulk doping density, it is assumed that jy. is decreased by 0.3 mA/cm?. A
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further gain of An ~ 0.4%,,, to n = 21.7% is predicted by the model for the
reduction of the front finger width to 40 pm (formerly 67 pm) while main-
taining their height. The higher Rg of about 0.08 2cm? is more than com-
pensated by the increase in both V. (+ 3.4 mV) and jy. (+ 0.8 mA /cm?),
which is due to the lower metal coverage on the front side. These calcula-
tions highlight the high energy conversion efficiency potential of about
22% for MWT solar cells fabricated from n-type Cz-Si material.

7.8 Chapter summary

This chapter discusses the results obtained for n-type Cz-Si solar cells with
156 mm edge length within various development cycles during the course
of this thesis. Apart from MWT solar cells, also H-pattern cells are fabri-
cated, which serve as reference for the more novel n-type MW'T cell concept.
The fabrication process used is based on sequential tube furnace diffusion
processes with BBr; and POCI; as liquid dopant precursors. In detailed
studies, loss mechanisms of the fabricated solar cells are identified. These
losses could be partly decreased by different approaches and the energy
conversion efficiency could be significantly increased.

The optimization of the BBr; diffusion processes carried out in Chapter 4
enabled implied open-circuit voltages of up to iV, = (677 = 1) mV mea-
sured on passivated but not yet metallized cell precursors. Charge carrier
recombination underneath the metal contacts on front and rear side are
found to lead to a total loss in open-circuit voltage V. of about —20 mV
for the finished solar cells for both the MWT and the H—pattern structure.
This means that no significant metallization-related MWT-specific losses
in Vi are observed. The dark saturation current density jo.,.. below the
Ag-Al contacts on the boron-doped emitter could be decreased by about
30% 10 Jyemee = 2500 fA/cm? by increasing the junction depth of the boron
doping by approximately 300 nm to d ~ 850 nm. At the same time, the
near-surface maximum dopant concentration N, is lowered to N, =
(1.8 £ 0.2):10" ¢cm™, while the specific contact resistance is kept constant
with po = 4 mQem?, as shown in Chapter 5.5. In agreement with the simu-
lation results of charge carrier recombination at metal contacts in Chap-
ter 5.6, the emitter junction depth is found to be the parameter which
mainly determines the magnitude of j,, ... for the observed partly deep
penetrating metal crystallites. Hence, lowering N, .. and increasing the
junction depth of the boron emitter is found to be a promising approach
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for improving the performance of the cells” front sides contacted by screen-
printed and fired Ag-Al metallization.

These findings contribute substantially to the fabrication of n-type MWT
solar cells exceeding energy conversion efficiencies 7 of 20% (for comparison,
the first cells fabricated at the beginning of this work reached 1 = 17.5%).
The most efficient n-type MWT solar cell measured prior to laser edge iso-
lation features 1 = 20.4%, a short-circuit current density jo. = 40.2 mA /em?,
Voc = 656 mV, and a fill factor FF = 77.2%. To ensure that the solar cells
do not shunt at the edges, laser edge isolation is performed by default at
the end of the fabrication process, which results in 7 = 20.2% for this
MWT cell. This cell features a full-area phosphorus-doped back surface
field (BSF) and is called a nMWT solar cell. Reverse biasing of such nMWT
solar cells reveals that the backside p-type contact structures—which consist
of a fired via paste, an intermediate SiN, passivation layer, and the highly
doped phosphorus BSF—cannot withstand the applied negative voltages.
This results in formation of local shunts at these external contacts, which is
in agreement with the findings for the respective test structures from Chap-
ter 6. For the performance in forward direction, the occurring leakage cur-
rents mean most notably a loss in pseudo fill factor pFF of at least 1%,
(FF decreases accordingly) and a loss in 7 by about 0.3%,,,. For the reverse
direction, quite high current flow occurs locally at these contact areas.

For the other investigated n-type MWT cell structure, called nMWT+, the
phosphorus BSF is either completely omitted underneath the external
p-type contacts or its maximum surface doping concentration is clearly low-
ered. These nMWT+ cells are found to be significantly less susceptible to
reverse bias load compared with the nMWT cells. Furthermore, the cur-
rent at the external p-type contacts under reverse operation reveal to be
significantly lower for the nMWT+ cells. On the other hand, their efficiency
potential prior to applying reverse bias is basically the same as for the
nMWT cell structure. The most efficient nMWT+ solar cell features
1 = 20.1%, jsc = 40.0 mA/cm?; Vi, = 656 mV, and FF = 76.6% (after laser
edge isolation). The finding that the efficiency potential is equal for both
MWT concepts follows also from studying the different rear side configura-
tions in terms of respective losses. After reverse biasing, the losses for the
nMWT+ cells result to ApFF < 0.5%,,, and An < 0.1%,,,, which are clearly
lower as those observed for the nMWT cells. The H—pattern cells suffer
also from reverse bias load and the absolute losses are comparable to those
of the nMWT+ cells. For the H—pattern cells, the formation of reverse bias
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induced new shunts on the cells’ front sides is observed, which might ex-
plain the found losses. Hence, the reverse-bias-induced losses determined for
the nMWT+ cells most likely do not completely originate from increased
shunting on the cells” rear sides. In terms of the total current in reverse
mode, the H—pattern cells show comparable values as the nMWT+ cells. This
means that the challenges in terms of the reverse behavior and its suitability
for module integration are similar for both cell structures to the current
state of development.

The most efficient n-type H-pattern reference cell achieves n = 20.1%,
Jse = 39.3 mA/em?, Vo, = 650 mV, and FF = 78.8% (after laser edge isola-
tion, prior to reverse biasing). Obviously, jsc is higher by ~ 0.5 mA /cm? for
the n-type MWT solar cells due to less shaded front side area. Also V. for
the MWT solar cells is found to be higher by a few millivolts. The studies
concerning recombination properties at the external p-type contacts reveal
that these MWT-specific areas have no significant impact on the cells’ total
recombination. For the FF it is found that lowering of series resistance Rg
contributions for the MWT cells is one of the major tasks for their further
improvement in 7. The FF difference from the H—pattern cells of currently
about 2%,,,, originates mainly from the applied MWT metallization layout
with a rather low number of external contacts. MWT-specific Ry contribu-
tions from both lateral current flow in the bulk and the via contacts are
quite small and yield a cumulated FF loss of only 0.1%,,.. Hence, the in-
crease in number of external contacts for optimized MWT metallization
layouts is imperative.

Finally, the efficiency potential of nMWT+ solar cells is estimated by as-
suming further technological progress. Optimizing the contact layout and
reduction in charge carrier recombination underneath the metal contacts
might be the first most promising steps. The performed analytical calcula-
tions show a high efficiency potential of about 22% for n-type Cz-Si MWT
solar cells.
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In this thesis, the transfer of the metal wrap through (MWT) solar cell
concept from p-type to n-type Cz-Si is investigated. As research mainly fo-
cused on p-type silicon MWT solar cells in the past, the challenges coming
with the transfer to n-type Cz-Si are examined. The findings provide im-
portant knowledge on the functionality of n-type MWT devices and point
out the issues that need to be dealt with when it comes to industrial im-
plementation. For this purpose, also conventional n-type Cz-Si H—pattern
solar cells serve as reference. The solar cells investigated feature a front
side p-n-junction, screen-printed metallization, and 156 mm edge length.

Due to the change of the substrate material from p-type to n-type Cz-Si,
novel process technologies and process sequences need to be examined for
cell fabrication. The chosen process sequence to form the different highly
doped surfaces is based on sequential tube furnace diffusion processes. Fol-
lowing the formation of the boron-doped emitter on the front side utilizing
boron tribromide (BBrs3) as liquid dopant precursor, the phosphorus-doped
back surface field (BSF) is formed utilizing phosphorus oxychloride. With
respect to process development, the focus is set on optimizing BBr, diffu-
sion processes in connection with the electrical contacting of the boron-
doped surfaces by screen-printed and fired metal contacts. New diffusion
processes with integrated post-oxidation are developed to form deep
driven-in boron diffusion profiles with low surface concentration in a single
process step. The emitters formed therewith feature low dark saturation
current density of (30 + 3) fA/cm? on textured surface passivated by an
AL,0,/SiN, layer stack and a sheet resistance of about 120 {2/sq at a junc-
tion depth of almost 850 nm. Despite low maximum dopant concentration
N, of only (1.8 £ 0.2)-10" cm™, low specific contact resistance pg of less
than 4 mQcm? is obtained for screen-printed and fired silver-aluminum (Ag-
Al) contacts. From the theory of ideal planar contacts, it is known that p.
depends on N_,. However, it is experimentally shown, for the first time,
that the depth-dependent course of the dopant concentration also contri-

| 199



8 Summary

butes to a low-ohmic contact formation. This is due to presence of metal
crystallites underneath the bulk of the Ag-Al contacts with penetration
depths between several 100 nm and a few microns. This means that from
two doping profiles with the same N, but different junction depths, the
one with the deeper junction can be contacted with lower p.. The correla-
tion between junction depth and p. could be also demonstrated by means
of an analytical model which is based on metal crystallites.

The optimization of the BBr, diffusion processes enabled implied open-cir-
cuit voltages of up to iV, = (677 £ 1) mV for passivated but not yet metal-
lized cell precursors. Charge carrier recombination underneath the metal con-
tacts on front and rear side are found to lead to a total loss in open-circuit
voltage Vi, of about —20 mV for the finished n-type Cz-Si solar cells. Since
this applies to both the MW'T as well as the H-pattern structure, thus no sig-
nificant MWT-specific metallization-related losses in Vi, are observed. The
dark saturation current density ji. ... below the Ag-Al contacts on the above
discussed boron emitter is estimated to be about 2500 fA/cm?®. Comparing
the results of MWT cells with different emitter doping profiles reveals that
the junction depth is the parameter which mainly determines the magnitude
of Joome- Hence, deep driven-in emitters enable a significant reduction in
Joemer- Lhe application of a novel numerical three-dimensional simulation ap-
proach, resulting from cooperation with a parallel ongoing PhD thesis, allows
detailed insight into charge carrier recombination below the metal contacts.
It is shown that jg, .. exceeding 1300 fA /cm? correlate with the presence of
metal crystallites, which are at least so deep that an over-exponential in-
crease of charge carrier recombination sets in particularly at their tips.

The key component of MWT solar cells—irrespective of the bulk doping
type—is the metal-insulator-silicon contact in the area of the external rear
contacts that are connected to the emitter by the front grid and metallized
vias. The vias and these rear contacts are metallized by screen-printed silver-
based via pastes, which should not form electrical contact with the underly-
ing silicon during contact firing to prevent the occurrence of leakage currents.
To examine the challenges coming with the transfer of the MWT concept
from p-type to n-type Cz-Si, special test structures with both substrate
types are utilized. It is found that the electrical contact separation, and thus
the avoidance of leakage currents, is clearly more demanding on the n-type
substrates. Nevertheless, the obtained results reveal a promising via paste for
the application in n-type MWT solar cells. The acquired knowledge could
also be brought into the ongoing development in p-type MWT technology.
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All these findings contributed substantially to the fabrication of n-type Cz-Si
MWT solar cells exceeding energy conversion efficiencies 1 of 20%. Two
n-type MWT cell structures, named nMWT and nMWT+, are developed
which might serve as a basis for further development. The nMWT cells
feature a full-area BSF and achieve a peak efficiency of 20.2% for the ini-
tial current-voltage measurement without previous reverse bias load. For the
nMWT+ cells, the BSF is either completely omitted underneath the exter-
nal p-type contacts or its maximum surface doping concentration is clearly
lowered. Nevertheless, the peak efficiency with 20.1% is comparable with
that of the nMWT cells. Reverse biasing the cells reveals for the nMWT+
structure that the induced leakage currents result in a loss in 7 that does
not exceed 0.1%,,,. This loss is at least three times lower than the one ob-
served for the nMWT structure. The H—pattern reference cells, which also
achieve peak efficiencies of 20.1%, suffer the same from reverse biasing as
the nMWT+ cells and the absolute losses are found to be similar. Also in
terms of the total current in reverse mode, the H—pattern cells show com-
parable values as the nMWT+ cells. However, the observed currents might
be too high for conventional module technology. Hence, the challenges in
terms of the reverse behavior and its suitability for module integration are
similar for both cell structures to the current state of development.

The most efficient nMWT+ cell, with n = 20.1%, features a short-circuit
current density jgo = 40.0 mA/cm?, a Vo = 656 mV, and a fill factor FF =
76.6% prior to reverse biasing. In comparison with the most efficient H-pat-
tern cell, the nMWT++ cell benefits from a higher jy. by about 0.5 mA/cm?
due to less shaded front side area. Also the V. is higher by a few millivolts.
On the other hand, the FF is lower by approximately 2%,,., which originates
mainly from series resistance contributions of the applied MWT metalliza-
tion layout with only 20/24 external n-type/p-type contact pads. Thus, the
increase in the number of external contacts for the MWT metallization lay-
outs is imperative to further increase the FF. By default, laser edge isolation is
performed at the end of the fabrication process prior to current-voltage
testing. However, some cells have also been tested prior to laser edge isola-
tion. The highest efficiency that has been achieved during the course of
this thesis is 20.4%, measured for a nMWT solar cell before edge isolation.

The studies demonstrate the successful transfer of the MWT concept to
n-type Cz-Si. With respect to current flow, the cell behavior in reverse
mode is shown to be the major challenge, which has to be overcome for a
reliable operation after module encapsulation.
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The estimation of the energy conversion efficiency potential of nMWT+
solar cells by assumed technological progress yields a value of about 22%.
Optimizing the contact layout and reduction in charge carrier recombina-
tion underneath the metal contacts may be the first most promising steps.
The task to decrease the charge carrier recombination underneath the
metal contacts on the boron emitter is to ensure that the metal crystal-
lites’ tips do not come too close to the p-n-junction. On the one hand,
deeper and optional selective dopings are a promising approach. On the
other hand, optimization of both the utilized metal pastes in combination
with contact firing processes might ensure the formation of only small
crystallites. Even for small crystallites it is shown that a low-ohmic con-
tact formation is possible in case their density is sufficiently high.

Another topic of intensive research within the PV community to reduce
costs is the simplification of the process sequences, which are needed to
form the two different highly doped surfaces in n-type silicon solar cells.
One of these approaches is, e.g. co-diffusion. Therein, a solid dopant source
on one wafer side is used during a high-temperature gas phase diffusion of
the other dopant atoms on the other wafer side. The usage of implantation
processes is another option. No matter which process sequence is applied,
the nMWT+ cell structure can still be realized by using laser processes to
structure the rear phosphorus doping after its formation.

Concerning the p-type contact structure and reverse bias stress, further
optimization of the via pastes and the intermediate dielectric layers might
lead to even lower current in these MWT-specific areas. Apart from further
improving the cell efficiency, also the reduction of current in reverse mode
should be focused on for future work. However, in case of low breakdown
voltages and an adequate spatial distribution of the current flow, the early
breakdown behavior can be potentially used as an integrated bypass diode
approach at the module level.
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Diese Arbeit beschaftigt sich mit dem Ubertrag des ,Metal Wrap Through®
(MWT) Solarzellenkonzepts von p-dotiertem auf n-dotiertes Cz-Si. Da sich
die Forschung in der Vergangenheit hauptsdchlich auf MWT-Solarzellen aus
p-dotiertem Silicium fokussiert hat, werden die Herausforderungen unter-
sucht, die mit dem Ubertrag auf n-dotiertes Cz-Si einhergehen. Die gewonnen
Erkenntnisse stellen wichtiges Wissen iiber die Funktionsweise von MWT-
Solarzellen aus n-dotiertem Silicium bereit und weisen auf die Fragestel-
lungen hin, die bei einer industriellen Umsetzung zu beriicksichtigen sind.
Hierfiir werden auch Solarzellen aus n-dotiertem Cz-Si mit Standardkon-
taktierung als Referenz herangezogen. Die untersuchten Solarzellen weisen
einen vorderseitigen p-n-Ubergang, siebgedruckte Metallisierung und eine
Kantenlédnge von 156 mm auf.

Der Wechsel des Substratmaterials von p-dotiertem zu n-dotiertem Cz-Si
bedingt die Untersuchung neuartiger Prozesstechnologien und Prozessab-
laufe zur Solarzellenherstellung. Der gewéhlte Ansatz zur Ausbildung der
unterschiedlich stark dotierten Oberflichen basiert auf einander folgenden
Rohrofen-Diffusionsprozessen. Nach Ausbildung des Bor-dotierten Emitters
auf der Vorderseite mittels Bortribromid (BBry) als fliissige Dotierstoft-
quelle wird das Phosphor-dotierte .Back Surface Field® (BSF) mittels Phos-
phoroxychlorid ausgebildet. Der Schwerpunkt der Prozessentwicklung liegt
auf der Optimierung von BBr;-Diffusionsprozessen in Verbindung mit der
elektrischen Kontaktierung der Bor-dotierten Oberflachen mittels siebge-
druckter und gefeuerter Metallkontakte. Neue Diffusionsprozesse mit inte-
grierter Nachoxidation werden entwickelt, um tief eingetriebene Bordotie-
rungen mit geringer Oberflichenkonzentration in einem einzigen Prozess-
schritt auszubilden. Die damit hergestellten Emitter weisen eine geringe
Dunkelséattigungsstromdichte von (30 + 3) fA/cm? fiir eine texturierte und
mittels Al,O,/SiN, passivierte Oberfliche auf, sowie einen Schichtwider-
stand von ungefihr 120 2/sq bei einer Profiltiefe von nahezu 850 nm. Trotz
geringer maximaler Dotierkonzentration N, .. von nur (1,8 + 0,2)-10" cm™®
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ergeben sich geringe spezifische Kontaktwiderstande p kleiner 4 mQcm? fiir
siebgedruckte und gefeuerte Silber-Aluminium (Ag-Al) Kontakte. Aus der
Theorie idealer planer Kontakte ist bekannt, dass p, von N, abhingt.
Erstmalig wird experimentell gezeigt, dass der tiefenabhangige Verlauf der
Dotierung ebenfalls zu einer niederohmigen Kontaktausbildung beitragt.
Die Ursache hierfiir liegt darin, dass Metallkristallite unterhalb der Ag-Al-
Kontakte vorhanden sind, die einige 100 nm bis einige Mikrometer tief ein-
dringen. Dies bedeutet, dass von zwei Dotierprofilen mit demselben IV, aber
unterschiedlicher Profiltiefe jenes mit dem tieferen Profil mit geringerem
pe kontaktiert werden kann. Der Zusammenhang zwischen Profiltiefe und p,
konnte ebenfalls unter Verwendung eines analytischen Modells nachgewie-
sen werden, welches auf Metallkristalliten beruht.

Die Optimierung der BBry-Diffusionsprozesse erméglichte implizierte Leer-
laufspannungen von bis zu iV = (677 + 1) mV fiir passivierte aber noch
nicht metallisierte Zell-Vorlaufer. Ein Gesamtverlust in der Leerlaufspan-
nung V. von etwa —20 mV ergibt sich fir die fertiggestellten Solarzellen
aus n-dotiertem Cz-Si aufgrund von Ladungstragerrekombination unterhalb
der Metallkontakte auf Vorder- und Riickseite. Da dies sowohl auf die
MWT- als auch auf die Standardstruktur zutrifft, werden somit keine signi-
fikanten MWT-spezifischen Metallisierungsverluste fiir V. beobachtet. Fiir
den zuvor behandelten Bor-dotierten Emitter wird die Dunkelsattigungs-
stromdichte j, ... unterhalb der Ag-Al Kontakte zu etwa 2500 fA/cm?
abgeschétzt. Ein Vergleich der Ergebnisse von MWT-Solarzellen mit un-
terschiedlichen Emitter-Dotierprofilen zeigt, dass hauptsachlich die Profil-
tiefe der Parameter ist, welcher die GroBe von j, ., bestimmt. Tief einge-
triebene Emitter ermdglichen somit eine signifikante Verringerung von
Joemer- 1N Zusammenarbeit mit einer parallel laufenden Doktorarbeit ermog-
licht die Anwendung eines neuartigen numerischen dreidimensionalen Si-
mulationsansatzes detaillierte Einblicke in die Ladungstriagerrekombination
unterhalb der Metallkontakte. Gezeigt wird, dass jg, .- Werte von mehr als
1300 fA/cm? mit dem Auftreten von Metallkristalliten zusammenhéngen,
die so tief eindringen, dass die Ladungstragerrekombination vor allem an
deren Spitzen tiberexponentiell ansteigt.

Die wichtigste Komponente von MWT-Solarzellen — unabhéngig vom Typ der
Basisdotierung — ist der Metall-Isolator-Silicium-Kontakt in den Gebieten
der externen riickseitigen Kontakte, die mit dem Emitter durch die Vorder-
seitenmetallisierung und den Durchkontaktierungen (Vias) verbunden sind.
Die Vias und diese riickseitigen Kontakte werden mittels siebgedruckter
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silber-basierter Via-Pasten metallisiert, welche wahrend des Kontaktfeuer-
schritts keinen elektrischen Kontakt zum angrenzenden Silicium ausbilden
diirfen, um das Auftreten von Leckstromen zu vermeiden. Zur Bestimmung
der Herausforderungen, die der Ubertrag des MWT-Konzepts von p-dotier-
tem auf n-dotiertes Cz-Si mit sich bringt, werden spezielle Teststrukturen
mit beiden Basisdotierungen untersucht. Die elektrische Kontakttrennung,
und somit die Vermeidung von Leckstromen, zeigt sich fiir die n-dotierten
Proben als deutlich anspruchsvoller. Trotzdem weisen die gewonnenen
Erkenntnisse eine vielversprechende Via-Paste fiir die Verwendung in
MWT-Solarzellen mit n-Basisdotierung aus. Das erworbene Wissen konnte
ebenfalls in die laufende Entwicklung der MWT-Solarzellentechnologie auf
p-Substraten eingebracht werden.

Alle bisherigen Erkenntnisse trugen mafgeblich zur Herstellung von MWT-
Solarzellen aus n-dotiertem Cz-Si mit einem Wirkungsgrad 7 von tiber 20%
bei. Zwei n-dotierte MWT-Solarzellenstrukturen, als nMWT und nMWT+
bezeichnet, werden entwickelt und konnen als Ausgangspunkt fiir weitere
Entwicklungen dienen. Die nMWT-Solarzellen besitzen ein vollflichiges BSF
und erreichen einen Spitzenwirkungsgrad von 20,2% aus der initialen Strom-
Spannungs-Messung ohne vorherige Riickwartsbelastung. Fiir die nMWT+-
Solarzellen ist das BSF unterhalb der externen p-Kontakte entweder voll-
stiandig ausgespart oder in seiner maximalen Oberflichendotierung deutlich
abgesenkt. Gleichwohl ist der Spitzenwirkungsgrad mit 20,1% vergleichbar
mit dem der nMWT-Solarzellen. Die aufgrund angelegter Riickwartsspan-
nung hervorgerufenen Leckstrome fiir die nMWTH-Struktur resultieren in
einem Wirkungsgradverlust von kleiner 0,1%,,.. Dieser Verlust ist mindestens
um einen Faktor drei geringer als der fiir die nMWT-Struktur. Die Referenz-
zellen mit Standardkontaktierung, die ebenfalls Spitzenwirkungsgrade von
20,1% erzielen, sind fiir Riickwértslast gleich anféllig wie die nMWT+-Solar-
zellen und die absoluten Verluste sind nahezu gleich. Auch die Gesamtstrom-
stiarken unter Riickwartslast sind fiir die Solarzellen mit Standardkontaktie-
rung und fir die nMWT+-Solarzellen vergleichbar. Fiir die konventionelle
Modultechnologie sind die auftretenden Stromstarken womoglich zu hoch.
Somit sind zum aktuellen Entwicklungsstand die Herausforderungen beziig-
lich Riickwértsverhalten und dessen Eignung fir die Modulintegration fiir
beide Zellstrukturen dhnlich.

Die effizienteste nMWT+-Solarzelle mit 1 = 20,1% weist vor Riickwértsbe-
lastung eine Kurzschlussstromdichte jo = 40,0 mA/cm?, einen Vo = 656 mV
und einen Fillfaktor FF = 76,6% auf. Im Vergleich zur effizientesten Solar-
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zelle mit Standardkontaktierung profitiert die nMWT+-Solarzelle von einem
etwa 0,5 mA /cm? hoheren jg, da die Zellvorderseite geringer abgeschattet
ist. Auch der V. ist um einige Millivolt hoher. Andererseits ist der FF etwa
2% geringer, was hauptsichlich an Serienwiderstandsbeitragen des verwen-
deten MWT-Metallisierungslayouts liegt, welches nur 20/24 externe n-/p-
Kontakte zdhlt. Somit ist die Erhohung der Anzahl an externen Kontakten
fir das MWT-Metallisierungslayout zwingend erforderlich, um den FF wei-
ter zu steigern. StandardméBig wird am Ende des Herstellungsprozesses vor
der Strom-Spannungs-Messung die Laserkantenisolation durchgefithrt. Den-
noch wurden einige Zellen auch vor jener Kantenisolation gemessen. Die
hochste Effizienz, die im Laufe dieser Arbeit erreicht wurde, erzielte in
diesen Messungen eine nMWT-Solarzelle mit 20,4%.

Die Untersuchungen demonstrieren den erfolgreichen Ubertrag des MWT-
Konzepts auf n-dotiertes Cz-Si. In Bezug auf den Stromfluss ist das Riick-
wartsverhalten der Solarzellen die grofite Herausforderung, die fir einen
zuverlassigen Betrieb nach Moduleinkapselung iiberwunden werden muss.
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Appendix

A Current transport models and specific contact re-
sistance

This section deals with the theoretical calculation of specific contact resis-
tances p. for the different current transport mechanisms introduced in
Chapter 2.4. These are the thermionic emission (TE), the thermionic field
emission (TFE), and the field emission (FE); see also Fig. 2.11.

An effect which needs to be considered in practical metal-semiconductor
contacts is the lowering of the Schottky barrier height g¢, due to image
forces, when an electrical field is present. Consider a metal-vacuum system
first. An electron at distance z from the metal induces a positive charge of
same magnitude on the metal surface. The resulting force of attraction
between electron and induced positive charge is equivalent to the force
resulting between the electron and an equal fictive positive charge with dis-
tance —x from the metal surface, the so-called image charge. This scenario
can also be applied to metal-semiconductor contacts, leading to a reduc-
tion of the Schottky barrier height of [105,108]

/4
; kT
gag, = q| 4N (Vm Ve m = : (A1)

82 (e,&0)°

with elementary charge ¢, semiconductor charge carrier concentration N,
built-in potential V;; (Eq. (2.41)), externally applied potential V., Boltzmann
constant kg, temperature 7T’ circle number 7, dielectric constant of the semicon-
ductor e, and permittivity of the vacuum ¢, For calculating the specific con-

tact resistance pg, V.. = 0 V (according to the definition of p in Eq. (A.3)).

e:

The effective Schottky barrier height g¢,’ is then given by
q, = q9, — qAP,,. (A.2)
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In general, p. is defined as the inverse of the derivative of the function of
current density j and voltage V at the voltage zero point (V =0 V),

pe = (8j>1 (A.3)

oV Jy_ov

The resulting formulae for calculating p. for each of the three current
transport mechanisms are summarized in Table A.1. The equations for
TFE and FE are only valid for certain value ranges of IV, as described in
the literature, e.g. in Ref. [104].

The characteristic energies F, and F,, are defined as [109]

E
E,=E, coth< o ), and (A4)
kT
qﬁ N 1/2
po ()" a5
m* e g,

with reduced Plank’s constant A, and effective charge carrier tunneling
mass m* (given as fraction of the electron mass my).

E, and E,, can also be referred to as tunneling energies, which means that
above a certain charge carrier concentration IV, tunneling processes are im-
portant; see Fig. A.1. This is reflected by the increase of F,, with N, indi-
cating the barrier getting thinner for higher doping concentrations. The
ratio kgT/Ey, can be used as a measure of the relative importance of TE

10()? T T T T ]
- F _A
— A 00 ]
E 10F . kBT o }
e L — T AN ]
5 107 LT ]
c e
L e ]
10°L -7 TE TFE FE 4

21

10° 10" 10®  10°  10®° 10
Charge carrier concentration N (cm™)

Fig. A.1. Tunneling energies E, (Eq. (A.4)) and E, (Eq. (A.5)) for silicon as func-
tion of doping concentration NV at T'= 300 K (used parameters: m* = 0.5 m,, €, =
11.7 [269]; see also Table 5.2). The thermal energy kT is also shown.
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Table A.1. Formulae for calculating p. for the different current transport mecha-
nisms between metal and semiconductor (effective Richardson constant A*, Euler
number e, constants cppp and cpg, characteristic energies E (Eq. (A.4)) and E,
(Eq. (A.5)), and Fermi energy E} with respect to the energy band edge (Egs. (A.12)
and (A.13)).

Current transport mechanism / Specific contact resistance p,

~» Thermionic emission (TE) [108, p. 304]

ky qoy
TE) = ——— A6
pe(TE) = 5T exp( kBT) (4.6)
~» Thermionic field emission (TFE) [104,238]
ky qdy
pc(TFE) = cppp qA—*T eXp( E, ) (A7)
kT cosh foo coth [fo;]
\/W(Q%’ +EF)EOO 0B
~» Field emission (FE) [104,238]
ky qoy
Po(FE) = cpp AT P (E_oo) (A.9)
-1
. Byl 4}‘;‘1’5
with cpg = T - %0 exp| ——— J (A.10)
sin Mln 499 kpT In 499; 00
2, | By Ey

processes with respect to FE (tunneling) processes: TE dominates for lightly
doped semiconductors where kyT/Ey, >> 1, whereas FE dominates for heavily
doped semiconductors where k;T/FEy <<1. In between, TFE dominates for
semiconductors with intermediate doping where k;T/Ey, ~ 1. It is clear that
E,, connects the TE regime with the FE regime.

Varahramyan and Verret [238] combined the TFE and FE tunneling mech-
anisms into a unified model for p,

_ kg qéy
po(TFE/FE) = ¢ AT exp( E, ), (A.11)
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with doping-type dependent constant ¢ being 0.425 for n-type silicon, and
0.355 for p-type silicon, using Boltzmann statistics to determine the charge
carrier distribution at T'= 300 K.

To the author’s knowledge, in all publications dealing with the calculation
of po for metal-silicon contacts by using the different current transport
mechanisms, Boltzmann statistics is used throughout for determination of
the charge carrier distribution and thus, for the calculation of the location
of the Fermi energy E} relative to the corresponding band edge. Consider-
ing all dopants to be ionized, the location of Ey relative to the conduction
band edge energy F in n-doped silicon is given by [108, p. 27]

N,
E.-E, = kBTln<NC>. (A.12)

and relative to the valence band edge energy E\ in p-doped silicon by
N,
E,—-E, = kBT1n<A;/>. (A.13)

N¢ and N, are the densities of states in the conduction band and in the
valence band, respectively.

However, for highly doped silicon (i.e. N >10" ¢cm™), the charge carrier dis-
tribution by Boltzmann statistics is inaccurate in determining Fy[270,271].
A more accurate model to describe the charge carrier distribution is given
by, e.g. the Joyce-Dixon approximation [270] reflecting Fermi-Dirac statis-
tics. To be consistent with literature, Boltzmann statistics is used within
this work to calculate Ey according to Eq. (A.12) and Eq. (A.13). For the
analytical calculations of p. performed in Chapter 5.4, the maximum dopant
concentrations N are lower than 9-10" cm™. Hence, the inaccuracy in de-
termination of the E} location by using Boltzmann statistics is still rather
low for the occurring range of dopant concentrations [271].

In Eq. (A.12) and Eq. (A.13), the density of states in the conduction band N
and in the valence band N, are required. The former is N, = 2.86-10" cm™
for silicon at T'= 300 K [46]. To determine Ny, consider the intrinsic charge
carrier density n; of a semiconductor first, which is given by [108, p. 19]

E
n® = Ng Ny exp( . ;) (A.14)
B
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f—a
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F transport model
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Fig. A.2. Specific contact resistances p, on p-doped silicon as function of charge
carrier concentration N for the different current transport models (used parame-
ters: see Table 5.2). Image force barrier lowering is taken into account.

With the values for silicon of n; = 9.65-10° cm™ [232], and E, = 1.1242 eV [107],
the density of states in the valence band calculates to Ny, = 2.503-10" cm™.

Fig. A.2 exemplarily shows the calculated p. for p-doped silicon as func-
tion of N for the discussed different current transport models and the
input parameters summarized in Table 5.2. As it is clear, p. decreases
significantly with increasing IN. Because of that, it is important to dope
the silicon surfaces sufficiently in order to achieve low pg. The unified
model for p from Varahramyan and Verret (TFE/FE, Eq. (A.11)) describes
the TFE (Eq. (A.7)) and FE (Eq. (A.9)) very well for N > 10" cm ™. On the
other hand, for N < 10" ecm™, this unified model does not consider TE
(Eq. (A.6)), which is becoming more and more important towards lower N.

B Measurement and characterization methods

This section describes some of the measurement and characterization
methods used within this thesis. The methods used, which are not listed in
the following, have been already introduced within the chapters.

B.1 Current-voltage measurements of bifacial n-type solar cells

The n-type solar cells investigated feature a grid structure on both sides,
as shown in Fig. 3.7(b) and Fig. 3.11. That means that light can penetrate
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the cells not only from the front but also from the rear side. In this work,
the fabricated solar cells are illuminated from the front side only. Due to
their bifacial property, the surface present underneath the cells during cur-
rent-voltage (I-V') measurements (performed according to the standard test
conditions [50], see also Chapter 2.2.3) impacts the results. In particular,
the higher the surface reflection, the higher the short-circuit current densi-
ty jso- Fig. B.1 depicts the reflectivity of three different chuck surfaces, as
they have been used for measuring n-type H-pattern and n-type MWT
solar cells. The black foil reflects less than 5% from the incident light over
the wavelength range between A = 200 nm and A = 1200 nm. In contrast,
the white foil and the gold-plated surface have significantly higher reflec-
tivity, whereby the white-foil-coated chuck has the surface with the high-
est reflectivity over almost the entire wavelength range considered.

100 : Y Y Y
_ 8ol [ ez
2 !
< 60 : |
< '
kel !
|9} L : |
g 40 : .......... GO|d-p|ated
£ 0l A White foi

Black foil
oL == 1 1 .
200 400 600 800 1000 1200

Wavelength A (nm)

Fig. B.1. Measured reflectivity of different solar cell mounting chuck surfaces. The
data from the gold-plated chuck is taken from Ref. [272].

Table B.1. Summary of different measurement setups for determining current-volt-
age data for n-type solar cells within this work. Every fabricated solar cell is mea-
sured with an industrial cell tester at Fraunhofer ISE PV-TEC. The best perform-
ing cells are also measured at Fraunhofer ISE CalLab PV Cells. The measurement
uncertainty on conversion efficiency is 3% (PV-TEC) and 2% relative (CalLab).

Electr. conductive chuck

Cell type  Location Cell measurement on

H-pattern PV-TEC

Conveyor belt (ind. cell tester) -

CalLab Chuck with black foil No

Chuck with gold-plated surface Yes

MWT PV-TEC Chuck with black foil No
and Callab ek with white foil No
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A summary of the used -V measurement setups shows Table B.1. All
n-type H—pattern cells with three external busbar contacts on either side
are initially tested on the conveyer belt of an industrial and fully automated
cell tester “A” at Fraunhofer ISE PV-TEC. Contact bars with local contact
units contact the busbars on front and rear side (i.e. one pin for current
and voltage each). Each front contact bar has 15 contact units, whereas
the rear contact bars only have 8 contact units due to the conveyer belt.
Also, the n-type H—pattern cells with five busbar contacts on either side
are initially tested with an industrial cell tester “B”, but this cell tester
measures the cells placed in a holder with 11 contact units per contact row
and side. Subsequently, a selection of the best performing H—pattern cells
is measured at Fraunhofer ISE CalLab PV Cells on chucks either with
black-foil-coated or gold-plated surface [272]. Both chucks use vacuum suc-
tion to fix the cells; the number of contact units per contact row for each
polarity is given in Table B.2. For both chucks, contact bars with 11 local
contact units contact the cells’ front busbars. On the black-foil-coated
chuck, the rear busbar contacts are also contacted by 11 local contact units
embedded into the chuck surface. For the measurement on the gold-plated
chuck, the rear side grid completely contacts the electrically conductive
chuck surface. This leads to an overestimation of the fill factor FF. To ac-
count for this issue, the FF obtained from the measurements on the black-
foil-coated chuck are considered also for the measurements on the gold-
plated surface. Finally, based on the CalLab data for the measurements on
black foil, the cell tester I-V results are corrected accordingly for each
individual H—pattern solar cell. Note that no CalLab measurements on black
foil are performed for the H—pattern cells with five busbar contacts. How-

Table B.2. Summary of the number of local contact units (#CU) for each contact
row for the measurements performed on different chucks (n.m. means not mea-
sured). Each local contact unit consists of in sum two to three measurement pins
for current and voltage. The p-type contact (p) corresponds to the emitter contact,
the n-type contact (n) to that of the phosphorus doping. The n-type polarity is
contacted by the gold-plated (conductive) chuck on its entire metallized area.

Cell type (#Contact rows Black foil White foil Gold-plated
for each polarity) #CU(p)  #CU(m) #CUp) #CU(n)  #CU(p)
H-pattern (3) 11 11 n.m. n.m. 11
H—pattern (5) n.m. n.m. n.m. n.m. 11
MWT (3) 9 8 n.m. n.m. -
MWT (4) 6 5 6 5 -
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ever, for these cells I-V data on black foil is also given in Fig. 7.1. This
data is corrected with respect to the current offset between gold-plated
and black-foil-coated chuck observed for the three-busbar H—pattern cells.

The n-type MWT solar cells are also initially tested with the industrial
cell tester “A” on chucks with black or white foil. These chucks differ from
the above mentioned chucks, as both polarities have to be locally contact-
ed on the rear side of the MWT cells [273]. The fixation of the MWT cells
on the chuck is also realized by vacuum suction; the number of local con-
tact units per contact row for each polarity is given in Table B.2. As illus-
trated in Fig. 3.11, MWT solar cells with three or four contact rows per
polarity are fabricated within this thesis. Again, the best performing MWT
cells are measured at the CalLab, and the cell tester -V results are also
corrected with respect to these data.

When the performance of H—pattern solar cells is compared with that of
MWT solar cells within this work, it has to be noted that the white foil
and the gold-plated surface differ somewhat in their reflectivities.

From Table B.2 it is also seen that during the I-V measurements, the
MWT solar cells are contacted by a lower number of contact units per
contact row compared with the H-pattern cells. This fact results in higher
series resistance for the MWT solar cells. In principle, this number of contact
units per contact row can be increased, but would necessitate the making
of a suitable measurement chuck. By the transition from three to four con-
tact rows for the MWT cells (see also Fig. 3.11), such a new chuck was made.
Further adaption of the metallization geometry with respect to the exter-
nal contact pads has not been performed throughout this work. The room for
improvement in terms of lower series resistances is investigated by other
authors, see e.g. the references [197,198], and it is also shown in Chapter 7.7.

B.2 Electrochemical capacitance-voltage measurement

Depth dependent charge carrier concentrations Nd) close to the surface of
a sample are determined by means of the electrochemical capacitance-voltage
(ECV) method [81]. The resulting profiles N(d) are also referred to as dop-
ing profiles within this work, as the measured N(d) at a given depth equals
approximately the dopant concentration. Refer to Ref. [31, pp. 61-106] for
a detailed description of the ECV technique for its application on silicon
surfaces and its limitations.
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The near surface charge carrier concentration N for a certain depth d is
determined by capacitance-voltage measurements and reads

Ne— 2 (B.1)

iC’*,

qeE A av

with the elementary charge ¢, the dielectric constant of the semiconductor ¢,
the permittivity of the vacuum ¢;, and the contact area between the sample
and an electrolyte A. The capacitance C' is measured by periodic variation
of the voltage V between the semiconductor and the electrolyte. The as-
sumed contact area A, which depends on the sample’s surface topography
and the area of the sealing ring A,,

A = [,A,, (B.2)

is one major source of uncertainty. The area factor f, denotes the ratio of
the sample’s surface area to an absolutely planar surface. The typically ap-
plied values are 1.0 < f, < 1.1 for alkaline saw-damage etched surfaces and
1.6 < fy < 1.7 for alkaline textured ones [274]. Throughout this work, f, is
adapted so that the profile’s calculated sheet resistance matches the mea-
sured sheet resistance at the test position prior to ECV measurement. The
value for A, is determined by optical microscopy of the etch crater. In
order to obtain depth-resolved measurements, controlled etching steps are
performed between two consecutive capacitance-voltage measurements.

The ECV measurements are performed with the automated system WEP
CVP21. The assumed errors specified in the graphs which show ECV mea-
surements are +5% for the depth d and +10% for the charge carrier con-
centration N(d). For extracted values of d from the graphs, the total error
is assumed to be £10%.

B.3 Inductive sheet resistance measurement

With the inductive measuring method, sheet resistances of samples can be
determined contactless [275]. The method is applied to control the quali-
ty/stability of high-temperature diffusion processes. For this purpose, the
bulk sheet resistance R, of the samples is measured prior to diffusion,
and the total sheet resistance R, after diffusion. For the calculation of
the sheet resistance Ry, of the highly doped surface layers, a parallel con-
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nection of the differently doped layers is assumed [199]. Depending on the
symmetry of the sample, Ry, is calculated by

sh

R R
R, = ——MEZ 9 for one-sided diffusion, (B.3)
Rshﬁbulk - Rshﬁtot
Ry v R,
R, = 2 — 2P for double-sided diffusion. (B.4)

Rsh,bulk - Rsh,tot

Within this work, two different measuring devices are used to obtain R,
for the boron- and phosphorus-doped surface layers after BBr; and POCI,
diffusion, respectively. This is because the diffusion processes are per-
formed in different tube furnace systems with separate characterization de-
vices. The schematic measurement patterns of both inductive measuring
devices shows Fig. B.2. The sheet resistance R, of a single wafer w is
measured by three sensors s with a diameter of 25 mm and a sensor-to-
sensor distance of (a) 52 mm or (b) 35 mm. Every sensor records (a) 36 or
(b) 24 measurement points p while the sample is moving over the sensors
parallel to the horizontal wafer edges. The mean sheet resistance for a
single wafer is given by

(B.5)

156 mm

(a) Sample with boron doping (b) Sample with phosphorus doping

Fig. B.2. Pattern of R, measurements based on inductive coupling. Depending on
the doping type of the highly doped surfaces, different measuring devices are used
in (a) and (b). The sample with 156 mm edge length moves parallel to the horizon-
tal wafer edges over three stationary coils with a diameter of 25 mm each and a
distance of (a) 52 mm or (b) 35 mm. The number of measurement points per row is
(a) 36 and (b) 24.
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wherein it is p = 36 for the samples with boron doping and p = 24 for the
samples with phosphorus doping. The relative standard deviation

s=1 i=1
g, = ) B.6
‘ Rsh.w ( )

is defined as the standard deviation of all measured R, ,; of a single wafer
relative to the wafer’s mean sheet resistance R In this work, R, and
o, are simply named R, and o in case of inductive measurements.

sh,w*

sh

B.4 Transmission line model

For the experimental determination of specific contact resistances p., the
transmission line model (TLM) is utilized [201,202]. The TLM measure-
ment is based on the 4-point-probe technique. This means that one pin
pair introduces the measuring current into the sample while another pin
pair measures the voltage drop present in between.

The contact structure applied for the TLM measurements is shown in
Fig. B.3(a). The respective samples are cut out directly from complete
solar cells. The measured total resistance R, between two adjoined finger
contacts is the sum of two times the contact resistance R and the sheet
resistance R, between the both,

sh

R..=2R.+ R, (B.7)
o ‘ ‘ ‘ ‘
. o O Measured data

o Voltage pin Z S| Linear regression
e Current pin il

! I d W, g - <~

i i (_f) -> (_f CL = Z‘RC . . . .

1d; 2df 3di 4df 5ds

Finger distance d; (mm)

(a) (b)
Fig. B.3. (a) Schematic of the top view of a TLM sample illustrating an exemplary
pin configuration for determining the total contact resistance R,,. (b) Evaluation
method to extract the contact resistance R from the various measurements of R,
for increasing finger distances d;. The intersection of the linear regression with the
y-axis corresponds to twice the R..
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Further measurements are performed with successively increased distances
between the two fingers which are contacted by the pins. Based on these
measurements, R can be extracted from the y-intercept by linear regres-
sion as shown in Fig. B.3(b). It is given by

_Rtot(df = 0)' (B'S)

In order to compare different samples with different contact lengths C, con-
tact widths wy, and contact distances dy, it is meaningful to express R as spe-
cific contact resistance pe. Utilizing the transfer length Ly, po reads [31, p. 141]

pe = Re-C,- Ly-tanh <ﬂ> (B.9)
Ly

The transfer length L, defines the distance below the contact fingers, after
which the voltage is decreased to 1/e in comparison with its initial value at
the beginning of the contact finger. More information on the determination of
Ly can be found, e.g. in Ref. [31, pp. 140-143]. Sometimes, this model to
determine p is also referred to as transfer length method, emphasizing the
importance of the transfer length L.

For the TLM measurements, a measuring current of 10 mA is applied. The
TLM samples have a width of C; = 10 mm. Eight fingers are considered
for a single measurement of p, which is performed by utilizing a fully auto-
mated system.

C Structuring methods for the rear phosphorus doping

To fabricate n-type MWT solar cells with structured phosphorus doping
underneath the external p-type contacts, as present in the nMWT+ cell
structure, Fig. 3.9(b), several structuring options are available (see also the
discussion in section 3.5).

The first method pursued within this work is the structuring of the diffu-
sion barrier layers prior to POCI, diffusion using inkjet-printed masking
resist and wet-chemical etching. The second method employed is the struc-
turing of the phosphorus-doped surfaces by laser irradiation subsequent to
POCI, diffusion.
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C.1 Inkjet-assisted structuring of diffusion barrier layers

The employed approach to structure the diffusion barrier layers prior to
POCI, diffusion is based on inkjet printing a masking resist and subse-
quent wet-chemical etching of the uncovered areas in buffered HF [191-
193]. A corresponding schematic process sequence is illustrated in Fig. C.1.
Following BBr; diffusion and BSG etching, the rear side of the wafers is
coated with the diffusion barrier layer applied by PECVD. The masking
resist is locally applied by means of inkjet printing prior to the wet-chemical
etching of the exposed diffusion barrier layer in buffered HF. Subsequently,
the masking resist is stripped in baths with acetone and isopropanol,
followed by the application of the front PECVD diffusion barrier layer.
Finally, the phosphorus-doped BSF is formed during POCI; diffusion, and
both the PSG as well as the diffusion barrier layers on either side are
removed in the PSG etch.

The undercutting of the resist during etch in buffered HF is negligible for
the diffusion barrier layer and the structure dimensions used within this
work. For example, the round contact pads for the four-busbar layout,
Fig. 3.11(b), have a diameter of 2.5 mm. The diameter of the inkjet-printed
round pads is about 3.3 mm. The diameters of the resulting structured
areas are in any case larger than 3.2 mm. Hence, the alignment during
screen printing with respect to these not highly phosphorus-doped areas
does not constitute a challenge for the utilized structure dimensions and
clearances.

|

Inkjet

|

HF etch

|

n-type Boron
silicon emitter

l,PECVD
printing

|

oostndihe ol "
Diffusion barrier Resist |

* Resist strip

c e
o SAAAAAA ¢
> q . ) &} .
O  Diffusion barrier & 2 Phospho- o  Boron emitter
a S rusBSF PSG ¥ phosphorus BSF
AMA T A VAT A

Fig. C.1. Schematic process sequence to realize structured rear side phosphorus
dopings by means of inkjet-assisted structuring of diffusion barrier layers and sub-
sequent POC], diffusion. In case the boron-doped front side is already covered with
a diffusion barrier layer, then the masking resist need to be also applied on the
complete front side surface.
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C.2 Redistribution of phosphorus doping by laser irradiation

Another method to realize structured phosphorus dopings on the rear side
of n-type MWT solar cells is based on the use of laser processes. A schematic
process sequence utilizing two different approaches is illustrated in Fig. C.2.
Initially, the PECVD diffusion barrier layer is applied onto the already
boron-doped front surface. The phosphorus BSF and the PSG layer are
formed on the rear side during the subsequently performed POCI, diffu-
sion. In the PSG etch, both the front diffusion barrier layer and the rear
PSG layer are removed. Thus, the cell precursor features full-area boron-
and phosphorus-doped surfaces on front and rear side, respectively.

Two different approaches are employed, namely “laser drive-in”, Fig. C.2(a),
and ‘laser ablation”, Fig. C.2(b). The used laser types and some of their
characteristic parameters are summarized in Table C.1. For laser drive-in,
the dopants are redistributed deeper into the silicon wafer by thermally
excited diffusion processes [194] and the surface is locally leveled; see
Fig. C.2(a) and Fig. 7.22(a). This leads to both a decrease in maximum
dopant concentration at the surface and to a deepening of the doping pro-
file; see Fig. 7.23(a). In case of laser ablation, the highly phosphorus-doped

Table C.1. Some characteristic parameters of the lasers used to structure the phos-
phorus-doped surface on the rear side.

Approach Laser type Wavelength Frequency
Laser drive-in Jenoptik IR50 1030 nm 20 kHz
Laser ablation Lumera Super Rapid 532 nm 100 kHz

Diffusion barrier

c <
o SAAAANAA
n-type Boron O O 2 Phospho- «  Boron emitter
silicon emitter & £ 5rusBSF  PSG £ Pphosphorus BSF
— — AW — VWAV
|
‘L Laser drive-in ¢ Laser ablation
NV A AAMNVAVAA
(a) (b)

WWEEEWV W™TwW

Fig. C.2. Schematic process sequence to realize a structured phosphorus doping by
means of laser irradiation after POCL, diffusion: (a) laser drive-in and (b) laser ablation.
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layer is locally vaporized [194], and a rather rough and disordered surface
remains; see Fig. C.2(b) and Fig. 7.22(b).

The I-V characteristics obtained on white foil from the experiment in Chap-
ter 7.6, in which these structuring methods are tested on n-type Cz-Si MWT
solar cells along with two other reference groups, are summarized in Fig. C.3.
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Fig. C.3. [-V data on white foil for the n-type Cz-Si nMWT+ and nMWT solar
cells (cell area: 239 cm?) with boron emitters Gen3 and Gen3-B and different rear-
side structuring from the experiment in Chapter 7.6. All cells are initially tested af-
ter laser edge isolation with an industrial cell tester without reverse bias load. Some
of the most efficient cells are then measured at Fraunhofer ISE CalLab PV cells.
The data for the other cells is corrected with respect to the corresponding CalLab
measurements.
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D Parameters for calculation of series resistance contri-
butions

Table D.1. Summary of values for the analytical calculation of series resistance con-
tributions for n-type H-pattern and nMWT+ solar cells in Table 7.5 (page 166) us-
ing the tool Gridmaster [265]. The data given are determined experimentally (in case
measurements are required). Structures marked with * have been double printed.

Unit Cell type
H-pattern ~ nMWT+
Wafer edge length (mm) 156
Wafer thickness (pm) 190
Specific bulk resistance (Qcm) 1.5
(Pseudo-) Busbar number per polarity 1 3 4
& Sheet resistance boron emitter (Genl) (©2/sq) 70
g Finger number 1 84
£ Finger width (nm) 58
Finger height (pm) 27*
Busbar width (tapered for nMWT+) (mm) 1.5 0.1-0.2
(Pseudo-) Busbar height (nm) 18* 22%
Specific line resistance (Ag-All) (nQcm) 3.0
Specific contact resistance (Ag-All) (mQem?) 4.5
Number contact pins per busbar 1 11 -
Via resistance (mQ) - 4
2 Sheet resistance phosphorus BSF (Phos2) (€2/sq) 60
Z Finger number 1 93
& Finger width (nm) 76
Finger height (pm) 18
Busbar width (mm) 1.5 0.5
Busbar height (pm) 12
Specific line resistance (Agl) (nQ2cm) 2.5
Specific contact resistance (Agl) (mQem?) 3.0
Number contact pins per busbar 1 11 -
Number p-type / n-type contact pads 1 - 24 /20
Radius BSF gap / contact gap (mm) - 1.65 /1.9
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t Drive-in time 1 min
t, Post-oxidation time 2 min
Lo Drive-in time min
tro Post-oxdiation time with constant temperature min
Voe Normalized voltage 1
w Wafer designation for inductive inline measurement 1
wy Contact width/Finger width pm
T Distance pm
AA, Area element i nm?
AFF Difference in fill factor %
AFF, Difference in fill factor after measurement A %
AFF, Difference in fill factor after measurement C %
AFF, Difference in fill factor after measurement E %
ARg Difference in area-decoupled series resistance Qcm?
AQ,, Difference in total amount of boron atoms 1/cm?
AVoe Difference in open-circuit voltage mV
AVoomie  Difference in open-circuit voltage limit mV
AVocpom  Normalized difference in open-circuit voltage mV
Agg Difference in gas flux %
An Excess charge carrier density of electrons 1/cm?
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Symbol

Ap
ApFF

An

€

Phulk
Pc

P C,cryst
o

Oipp

Thoulk
T e

e

T

intr
Tsru
Ty

surf

via

Description

Excess charge carrier density of holes
Difference in pseudo fill factor
Difference in energy conversion efficiency
Time dependent change in conductivity

Permittivity of the vacuum
(8.854 187 81710 As/(Vem))

Dielectric constant of the semiconductor
Energy conversion efficiency

Wavelength

Electron mobility

Hole mobility

Circle number (3.141 592 653)

Specific bulk resistance

Specific contact resistance

Specific contact resistance of a single crystallite
Standard deviation of the sheet resistance

Standard deviation of the sheet resistance
determined by 4-point-probe measurements

Bulk minority charge carrier lifetime

Effective minority charge carrier lifetime

Intrinsic minority charge carrier lifetime
Shockley-Read-Hall minority charge carrier lifetime
Surface minority charge carrier lifetime

Via minority charge carrier lifetime

Unit

1/cm?

%

%

1/(82s)
As/(Vem)

1

%
cm?/(Vs)
cm?/(Vs)

Qcm
m§cm?
mQem?
%

%

Bs
us
ns
ns
ns
us
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List of Abbreviations

Abbreviation

2D

3D

4pp
Ag
Agl
Ag2
Ag3
Ag-Al
Ag-All
Ag-Al2
Al
ALO,
Al-BSF
ALD

B,0,
BB
BBr,
BC-BJ
BCl,

BRL
BSF
BSG

Meaning

Two-dimensional
Three-dimensional
4-point-probe

Silver

Silver screen-printing paste 1
Silver screen-printing paste 2
Silver screen-printing paste 3
Silver-aluminum
Silver-aluminum screen-printing paste 1
Silver-aluminum screen-printing paste 2
Aluminum

Aluminum oxide

Aluminum back surface field
Atomic layer deposition
Boron

Boric acid

Busbar

Boron tribromide
Back-contact back-junction
Boron trichloride

Bromine

Boron rich layer

Back surface field

Borosilicate glass
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List of Abbreviations

Abbreviation

CD
Cl
CU
Cz-Si
DB
DLIT
ECN
ECV
FE
FSD
FST
FZ-Si
Genl
Gen2
Gen3
Gen3*
Gen3-DrInl

Gen3-DrInl—
PO6, Gen3-B

Gen3-DrIn2
Gen3-PO1
Gen3-PO2

Gen3-PO2-LT,
Gen3-A

Gen3-P0O3
Gen3-P0O4

Gen3-PO5,
Gen3-C

1,0
1,0,

HCl

HF
HIP-MWT
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Meaning

Cool-down

Chlorine

Contact unit

Czochralski-grown silicon

Diffusion barrier

Dark lock-in thermography

Energy Research Centre of the Netherlands
Electrochemical capacitance-voltage

Field emission

Front surface doping

Front surface topography

Float-zone silicon

BBr, diffusion process generation 1

BBr; diffusion process generation 2

BBr, diffusion process generation 3

BBr, diffusion process generation 3 without post-oxidation
Gen3-based BBr, diffusion process with drive-in time 1

Gen3-based BBr; diffusion process with drive-in time 1
and post-oxidation time 6

Gen3-based BBr, diffusion process with drive-in time 2
Gen3-based BBr, diffusion process with post-oxidation 1
Gen3-based BBr, diffusion process with post-oxidation 2

Gen3-based BBr, diffusion process with post-oxidation 2
but lower drive-in temperature

Gen3-based BBr, diffusion process with post-oxidation 3
Gen3-based BBr, diffusion process with post-oxidation 4

Gen3-based BBr, diffusion process with post-oxidation 5

Water

Hydrogen peroxide
Hydrochloric acid
Hydrofluoric acid

High-performance metal wrap through



List of Abbreviations

Abbreviation

HIP-MWT+

HNF
HNO,

IQE

ISE

KOH

LEI

LID

MPP

MWT
MWT-BSF
MWT-BSF+

MWT-PERC
nMWT
nMWT+

N,
-V
0,

P
POy
PECVD
PERC
PERT
Phosl
Phos2
Phos3
PL
PO
POCI,

Meaning

Development of the HIP-MWT structure, no emitter
within the vias

Cleaning sequence: HF, HNO,, HF
Nitric acid

Internal quantum efficiency

Institute for Solar Energy Systems
Potassium hydroxide

Laser edge isolation

Light induced degradation

Maximum power point

Metal wrap through

Metal wrap through back surface field

Development of the MWT-BSF structure, no emitter is
present on the rear side nor within the vias

Metal wrap through passivated emitter and rear cell
n-type MWT solar cell with full-area phosphorus BSF

n-type MWT solar cell in which the phosphorus BSF is
either completely omitted at the external p-type contacts
or its maximum surface doping concentration is lowered

Nitrogen

Current—voltage

Oxygen

Phosphorus

Phosphorus pentoxide
Plasma-enhanced chemical vapor deposition
Passivated emitter and rear cell
Passivated emitter rear totally diffused
POCI, diffusion process 1

POCI, diffusion process 2

POCI, diffusion process 3
Photoluminescence

Post-oxidation

Phosphorus oxychloride
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List of Abbreviations

Abbreviation

PSG
PV
PV-TEC
QSSPC
R6
RBL
RefProf
SC1
SC2
SDE
SEM
Si
SiB, ¢
SIMS
SiN,
Si0,
Si0,
SiriON
SP
SRH
STC
Std
TE
TFE
TLM
TXT
V1

V2

V3

V4

V5

VP
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Meaning

Phosphosilicate glass
Photovoltaics

Photovoltaic Technology Evaluation Center
Quasi-steady-state photoconductance
Reference paste 6

Reverse bias load

Reference profile

Standard clean 1

Standard clean 2

Alkaline saw-damage etched
Scanning electron microscopy
Silicon

Silicon boride compounds
Secondary ion mass spectroscopy
Silicon nitride

Silicon dioxide

Silicon oxide (applied by PECVD or sputtering)
Silicon-rich oxynitride

Screen printing
Shockley-Read-Hall

Standard test conditions
Standard

Thermionic emission

Thermionic field emission
Transmission line model
Alkaline textured

Via paste 1

Via paste 2

Via paste 3

Via paste 4

Via paste 5

Via paste
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This thesis presents the transfer of the metal wrap through (MWT) solar cell concept from
p-type to n-type crystalline Czochralski-grown silicon (Cz-Si) wafers with 156 mm edge
length. An industrially-feasible MWT solar cell structure with screen-printed metalliza-
tion is developed, which combines the advantages of n-doped silicon with those of a
rear contact cell structure. The studies focus on reverse bias stability, emitter diffusion,
and electrical contacting of highly boron-doped surfaces. The vias and the rear p-type
contacts represent the most important MWT specific structures. Detailed investigations
result in optimizations and process simplifications with respect to the rear contact con-
figuration. The maximum energy conversion efficiency achieved for large-area n-type
Cz-Si MWT solar cells within this work is 20.4%.

New tube furnace diffusion processes are developed to form deep driven-in boron dop-
ings with low surface concentration in a single process step. The emitters formed there-
with feature low dark saturation current density of (30 £ 3) fA/cm? for passivated and tex-
tured surface with a sheet resistance of about 120 Q/sq. Despite low maximum dopant
concentration of only (1.8 + 0.2)-10* cm™3, low specific contact resistance of less than
4 mQcm? is obtained for screen-printed and fired metal contacts. It is experimentally
shown for the first time that the depth-dependent course of the dopant concentration
contributes to a low-ohmic contact formation. This correlation is also demonstrated by
means of an analytical model which is based on metal crystallites. Furthermore, it is
shown that charge carrier recombination underneath the metal contacts correlates with
both the metal crystallites and the junction depths of the boron dopings.
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