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Abstract

This work investigates the formation, application, and analysis of highly doped near
surface regions in crystalline silicon solar cells.

The standard method to extract the recombination parameter J, and the carrier lifetime
in the base substrate from lifetime measurements of samples exhibiting diffused
surfaces is revised, adapted and tested on simulation and measurement data sets. A
method is developed that applies updated physical models, is in well agreement with
modern simulation tools, extends the application on a wider range of base substrates,
and enables the comparability of J; analyzed by different authors and on different base
substrates.

An analytical model for solar cells with locally contacted passivated rear side is
adapted to account for injection dependent effects and tested against numerical
simulations. The adaption enables modeling devices which are, on the one hand,
influenced by injection dependent material parameters and, on the other hand, leave
the low-level injection regime.

The effective surface recombination velocity of holes at highly phosphorus-doped
surfaces is evaluated and parameterized in dependence of the surface dopant
concentration for two industrially relevant passivation schemes, both for planar and
alkaline textured surfaces. The results show increased recombination at textured
surfaces in respect to planar surfaces for low dopant concentrations. The
parameterization is applicable in simulation tools that apply Fermi-Dirac statistics
together with a well-accepted model for band-gap narrowing.

New processes to form deep driven-in phosphorus diffusions with low surface
concentrations in one single process step are developed. Low recombination activity of
Jo= (18 to 38) fA/cm? is achieved, promising for the application in crystalline silicon
solar cells. A simulation of the recombination behavior in dependence of the process
parameters gives additional insight for further development of diffusion processes.

A lean, industrially feasible sequence to produce back-contact back-junction solar cells
featuring a non-passivated aluminum alloyed emitter is developed. The presented solar
cell process requires only one high temperature diffusion step without the need of
further dopant sources or diffusion masks. The contacts are applied by screen-printing
and the emitter is formed by aluminum-alloying. A first experimental evaluation is
presented that leads to a conversion efficiency of 20.1 %. A simulation study based on
experimentally achieved recombination parameters shows a potential conversion
efficiency of 22.6% and the impact of the developed strategy to reduce the
recombination at the aluminum alloyed emitter.



Zusammenfassung

Diese Arbeit untersucht die Herstellung, Anwendung und Analyse von hoch-dotierten
Oberflichen in kristallinen Silicium-Solarzellen.

Die Standardmethode zur Bestimmung der Dunkelsittigungsstromdichte J; und der
Basislebensdauer aus quasistatischen Lebensdauermessungen wird untersucht,
angepasst und anhand von Simulationen und Messdaten evaluiert. Die
Weiterentwicklung verwendet aktuelle physikalische Parameter, stimmt dadurch mit
aktuellen Simulationsprogrammen {iberein, erweitert die Anwendbarkeit auf
verschiedene Basissubstrate und erhoht die Vergleichbarkeit der erhaltenen Werte
zwischen verschiedenen Autoren und Experimenten.

Ein analytisches Modell zur Beschreibung von Solarzellen mit lokalen Kontakten auf
der Riickseite wird auf injektionsabhéngige Effekte angepasst und mit numerischen
Simulationen verglichen. Das neue Modell ermdglicht die Modellierung von
Solarzellen, die von injektionsabhingigen Parametern beeinflusst werden bzw. sich
nicht in Niedriginjektion befinden.

Die effektive Oberflichenrekombinationsgeschwindigkeit der Defektelektronen an
hoch phosphordotierten Oberflachen wird fiir zwei industrielle Passivierschichten auf
sowohl planen als auch texturierten Oberflichen in Abhéngigkeit der Oberflichen-
konzentration bestimmt und parametrisiert. Die Ergebnisse zeigen eine erhohte
Rekombination an texturierten gegeniiber planen Oberflichen bei niedrigen Dotierkon-
zentrationen. Die Parametrisierung ist fiir die Verwendung in Simulationsprogrammen
geeignet.

Neue Prozesse zur Erzeugung tief eingetriebener Phosphorprofile mit niedrigen
Oberflachenkonzentrationen in einem einzigen Prozessschritt werden entwickelt.
Niedrige Rekombinationsparameter von J, = (18 bis 38) fA/cm® werden erreicht, viel-
versprechend fiir die Anwendung in kristallinen Siliciumsolarzellen. Die Simulation
des Rekombinationsverhaltens in Abhéngigkeit der Prozessparameter ermdglicht ein
erweitertes Verstindnis fiir die Weiterentwicklung der Prozesse.

Ein kurzer, industriell umsetzbarer, Herstellungsprozess flir riickseitig kontaktierte und
—sammelnde Solarzellen mit Aluminium legiertem Emitter wird entwickelt. Der
vorgestellte Prozess benétigt lediglich einen Hochtemperaturschritt zur Dotierung ohne
weitere Diffusionsquellen oder -Masken. Die Kontakte werden mittels Siebdruck
aufgebracht und der Emitter direkt aus der Aluminiumpaste legiert. Eine erste
experimentelle Realisierung flihrt zu einem Solarzellenwirkungsgrad von 20.1 %. eine
Simulationsstudie basierend auf experimentellen Daten zeigt ein Effizienzpotential von
22.6% und den Einfluss der entwickelten Methode zur Verringerung der
Ladungstriagerrekombination am Emitter.
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1 Introduction

1.1 Background

Providing energy and simultaneously reducing the emission of greenhouse gases is one
of the major technical challenges of today [1]. Photovoltaics (PV) has the potential to
contribute significantly in this task [2]. For example, during the period of writing this
thesis, the average prices of crystalline silicon PV-modules produced in Germany
could be reduced from 1.3 €/W,cy in October 2011 to 0.59 €/W,., in February 2015
(average prices offered on the international spot exchange, [3]).

The solar cell production can contribute dominantly in two ways in reducing the costs
per generated power unit: on the one hand, the production costs per module area can be
reduced by reducing the costs alongside the production chain of solar cells. On the
other hand, the output power of the module can be increased by increasing the solar
cell’s conversion efficiency. Increasing the conversion efficiency is presumably the
most effective way, although this increase often comes with an increase in process
complexity and costs per solar cell, not least because of the additionally applied
technologies often have not reached the same level of maturity and market volume as
the existing standard solutions. The dominating crystalline silicon solar cell technology
of today is the so-called aluminum back surface-field (Al-BSF) solar cell. One
limitation of its conversion efficiency lies in the fully aluminum alloyed rear side
which shows high recombination activity and low internal light reflection [4]. A
solution to overcome this limitation is the electrical passivation of the rear side while
the AI-BSF is formed locally at point- or line-shaped contact openings, known as
passivated emitter and rear cell (PERC) approach. Another approach is to form the p-
n-junction and all electrodes at the rear-side of the device, which is known as back-
contacted back-junction (BC-BJ) and shows the additional advantages of avoiding
optical shading due to the front side electrodes and the possibility of optimizing the
front side for preventing recombination without further restrictions regarding electrical
contacts or lateral conductivity. Forming the contact and doping structure at one side
of the wafers raises the challenge to avoid additional costs due to structuring and
multiple doping of the solar cell. In this work, an example of a BC-BJ technology is
developed under the rigorous regime of minimizing additional costs. Therefore it is
restricted to one high-temperature doping process, to avoid additional deposition of
dielectrics apart from the passivation layers, to the application of technologies that are
already in industrial mass-production, and to screen-printing of the metallization.

Analytical modeling provides a fast and easy accessible possibility of evaluating the
influence of different solar cell constituencies on the device performance. The
increasing complexity when leaving the AI-BSF structure increases the challenge of
modeling the device performance analytically. As an example, the PERC approach is
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chosen. The carrier flows in the resulting device are, due to the non-uniform rear-side,
more complex than in AI-BSF devices. However, analytical solutions exist in
literature. Regarding the electrical output characteristics of the solar cell, increasing the
conversion efficiency means increasing the voltage or the current of the device.
Increasing voltage increases the excess carrier density, which is regarded to be much
smaller than the dopant concentration by most analytical models. In this work, a well-
known analytical model is adapted to take effects into account which occur from
leaving this low-injection regime, to make it applicable to solar cells which reach
higher voltages. Additionally, the consideration of the injection density enables the
application of injection dependent material properties, increases the applicability of the
model even further, and gives a base of describing other solar cell structures
analytically.

In the recent years, the commercially available products of screen printing paste used
for the front-side of Al-BSF solar cells underwent dramatic improvements regarding
the formation of highly conductive electrical contacts to surfaces exhibiting lower
dopant concentrations [5]. Additionally, the alternative solar cell structures, such as
BC-BJ, exhibit different surface arecas which have to fulfill different sets of
requirements at the same time. In consequence, the doping processes are adapted
constantly to produce optimized doping profiles. In this work, the focus lies on high
temperature phosphorus doping from gaseous phosphor-oxychloride (POCl;) as dopant
source. As an example, a process is developed leading to moderate dopant
concentrations, as are desirable for the front-side of BC-BIJ solar cells or for front-
contacted solar cells with alternative metallization techniques.

The constant development of the diffusion processes leads to an increase in process
complexity. In this work it is shown, at the example of the developed doping process,
how predictive modeling of the emitter properties as a function of process parameters
can aid and consequently accelerate the experimental development of new processes.

Finally, characterizing the recombination properties of the newly devised, highly
doped surfaces is crucial for the improvement of the processes, the simulative
prediction of the solar cells performance, and for the comparison between different
technologies and results from different authors or institutes. In this work, the
commonly applied method to obtain the recombination parameter J, from lifetime
measurements on test samples is investigated and improved for higher reliability,
compatibility with modern simulation tools and extended applicability.
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1.2 Thesis Outline

Chapter 2 introduces fundamental mechanisms, characterization techniques, and gives
the status of the developments prior to this thesis as they are important for the
following chapters.

In Chapter 3 the commonly applied method to extract the recombination parameter J,
from quasi-steady-state carrier lifetime measurements is investigated. On the one hand,
commonly accepted physical models are applied to ensure applicability of the analyzed
Jo in modern simulation tools. On the other hand, the method is adapted for increased
reliability on different substrates and for high excess carrier densities. The changes are
evaluated with experimental and simulated data sets. Finally, the method is adapted
and tested for samples exhibiting only one diffused surface - as often occur at early
stages in solar cell production or in the development of single-side doping techniques.

In Chapter 4 an analytical model for solar cells with locally contacted rear surface is
investigated for its applicability beyond the low-level injection regime. Several
adaptions are introduced taking into account the effects of excess carriers on the
physical material parameters as well as high-level injection effects. The outcome of the
model is tested against numerical simulations of devices of which the performance
limitation is dominated by the rear surface structure and the base substrate.

Chapter 5 describes the experimental evaluation of the effective surface recombination
velocity (SRV) at the phosphorus doped silicon-dielectric surface for two passivation
schemes. A broad range of surface dopant concentration is covered by means of
incremental back-etching the surface. The SRV is obtained by both, analytical and
numerical modeling the emitter recombination and parameterized in dependence of the
surface dopant concentration for planar and alkaline textured surfaces.

In Chapter 6 the development of a phosphorus diffusion process is described featuring
in-situ oxidation under oxygen gas ambient at elevated temperatures. The resulting
doping profiles are parameterized in dependence of process parameters. The
parameterization is applied to predictively simulate the electrical properties of the
highly doped regions.

In Chapter 7 the development of a back-contact back-junction solar cell featuring an
aluminum alloyed emitter is described. The process sequence is shortened and
simplified in respect to the preliminary existing technology in order to reach relevance
for industrial production of solar cells and to overcome several restrictions of the
preliminary solar cell concept. The solar cell manufacturing is described together with
chosen characterization results of process steps and final solar cells. In the second part
of Chapter 7, a numerical simulation study shows the impact of the chosen rear-side on
the device performance.






2 Fundamentals

In this chapter, basic fundamentals needed to understand the development and results
of the thesis are stated. The applied physical models are given in Section 2.1. Section
2.2 introduces the applied characterization methods. Section 2.3 describes the
recombination properties of diffused surfaces and gives an analytical solution for the
calculation of the dark saturation current density. The commonly applied analysis
method to extract the dark saturation current density from quasi steady-state photo
conductance decay measurements is introduced in Section 2.4. In Section 2.5, an
analytical model for solar cells with locally point-contacted rear that is taken as a
starting point for further extensions is given. The preliminary solar cell concept as a
basis for the development reported in this thesis is introduced in Section 2.6.

2.1 Applied Physical Models

In this work, simulations, analytical calculations, and analysis of measurement data are
carried out with the help of physical models for carrier statistics, recombination, and
transport. This section states the applied models implemented in the characterization
and simulation tools. The focusgl lies on stating the implemented models as they are
applied, detailed derivations and explanations can be found in literature, e.g. textbooks
[6, 7]. Unless specified otherwise, the same set of physical models is applied for all
calculations in this work.

Carrier concentrations

The product of the electron concentration n, and the hole concentration p, in
equilibrium defines the square of the intrinsic carrier density for undoped silicon

E -E E -E
nfOEnO'pO—NCF%[kTCJ'NVF%[— k TV]» (2.1)
B B

Here, F), denotes the Fermi integral of order 1/2, Nc and Ny the effective densities of
states, and E¢ and Ey the edges of the conduction and the valence band, respectively.
E; denotes the intrinsic Fermi level. The device temperature is denoted as 7 and the
Boltzmann constant kg. For doped silicon, the p-n-product becomes

E,-E. E, -E,
=N.F o “C I NF, | -——— . 2.2
PR %[ kyT J Y %[ kyT @2

Here, Ey, and Ey, denote the quasi Fermi levels of electrons and holes, respectively.

Many calculations presented in this work are carried out for silicon with dopant
concentrations well below 10'® cm™. Thus, the following implementation is based on
Maxwell-Boltzmann statistics since it allows for a simpler calculation procedure than



6 2.1 Applied Physical Models

Fermi-Dirac statistics and both statistics accurately describe such materials (compare
Figure 2.1). In the case of Maxwell-Boltzmann statistics, Eq. (2.1) reads

nl =n,p, = NoN exp—@- (2.3)
1,0 00 c 'V kBT .
The band-gap E,o=FEc-Ey is the smallest potential difference between the
conduction and the valence band. The band-gap for undoped silicon E,, is given by
Green et al. [8]

E, = (1 206-2.73-107* %) eVv. (2.4)

In the present work, N¢ and Ny are not evaluated explicitly in case of the Boltzmann
approximation; instead a parameterization of n;(7) is applied based on a temperature
dependent evaluation of n;, from 77 to 300 K by Sproul et al. [9]

T 1.706 E
n (T)=f. 164105 —| expl ——2% |em™. 2.5
l,()( ) fcorr (K] p[ szT ( )

The correction factor f.,,, is introduced as in Ref. [10] to match the well accepted value
of np= 9.65-10° cm™ at T=300 K, proposed by Altermatt et al. [11]. We apply
Joom = 0.9677. This leads to ;o = 8.26:10° cm™ at 7= 25 °C.

In the presence of dopants [12] or excess carriers [13], the effective band-gap is
reduced by AE, = AE¢ + AEy, composed by the absolute shifts of the conduction band
AE and valence band AEy. They are calculated in this work by the parameterization of
Schenk [14]. Eq. (2.3) still holds by introducing an effective intrinsic carrier density

2 By —AE,

Hieir = NyPo = NNy exp| — : (2.6)
ks T

All analytical calculations presented in this work assume negligible electric fields,

which leads to local charge neutrality:

n0+NA=pO+ND’ (27)

with the ionized acceptor concentration N, and donor concentration Np. This
relationship together with Eq.(2.6) allows for the calculation of the carrier
concentrations in equilibrium which apply to the case of p-type (N4 > Np)
1 2
Py ZELNA =N, +\/(NA _ND) +4ni2,efszNA -Np
2 (2.8)
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The approximation on the right hand side is valid for N - Np > n; ¢, which is given
for most practical cases — to avoid unrealistic behavior in limiting cases the
approximation is not applied in this work and the full Eq. (2.8) is used instead. In the
presence of excess carriers of concentration An (it is assumed that An = Ap) the carrier
concentrations are calculated by p = py + An and n = ng + An.

For dopant concentrations exceeding 10'® cm?, Pauli-blocking reduces the p-n-product
and hence Fermi-Dirac statistics is applied. To evaluate Eq. (2.2) the quasi Fermi
levels have to be calculated. Therefore we use the parameterization of the densities of
states by Green [8]

1.58
N.=2.86- 1019cm'3(Tj

300K
NP (2.9)
N, =3.1-10"em™ ——| .
300K
From Eq. (2.2) and the reduction of the band gap follows
E.—E, =kyTF| 22 |~ AE
C fn B % NC C
(2.10)

E, -E, =k,TF| L2 |_AE,.
fp v B %[ N, v
Here ny and p, are evaluated for undoped silicon by Eq. (2.8) applying n;, from
Eq. (2.5), which is accurate for all regarded cases in this work. Multiplication of
Eq. (2.2) and Eq. (2.3) leads to the effective intrinsic carrier density

E.-E -E, +E;
M Enizonfoexp —c "h .&eXP " .-
X . NC kBT NV kBT . ( )

A comparison between Fermi-Dirac and Maxwell-Boltzmann statistics as applied in
this work is shown in Figure 2.1. The resulting energy levels in respect to the intrinsic
Fermi level are shown in Figure 2.2.

The implementation applied in this work is also implemented in the Sinton lifetime
tester software [15, 16], with a slight adaption in PC1Dmod [17, 18] and its results are
in excellent agreement with the numerical emitter simulator EDNA [19] and the
numerical device simulator Sentaurus [20], as shown by Haug et al [17]. For the
difference of the implementation mostly applied in this work to the implementation in
PC1Dmod, the reader is referred to the Appendix.

Note that to the date of publication of this work it is unclear if silicon with dopant
concentrations exceeding 3-10' cm™ is more accurately described by Fermi-Dirac
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statistics with Schenk’s BGN model [14] or Maxwell-Boltzmann statistics with an
apparent band-gap parameter. Yan and Cuevas [21, 22] found evidence, that Fermi-
Dirac statistics together with Schenk’s BGN does not describe the observed
recombination behavior of highly doped, effectively non-passivated surfaces correctly
whereas they are able to accurately describe their data with an apparent BGN model
and Maxwell-Boltzmann or Fermi-Dirac statistics. However there is no evidence that

g 10° Carrier statistics 4 % 0,6 - 4

e Fermi-Dirac = ﬁ'\

= .f g 04f _---""~ — 5500 1

§ 10tk - == Maxwell-Boltzmann | 3 “*[ -- T=25°C

E £ o2t .

= r o

S 10°F =

g B 0,0 REEEEERTERTTERRES

° L E Conduction band E_

< 102k

S 8 0,2 ——Valence band E, 8

§ b .é 04l ~7° Equilibrium Fermi level |

E 10 g 0 - Intrinsic Fermi level

=) E 7=250°

= g T=25°C ;% 06F ]

LS.‘ 100 1 1 | FESRTTTY BT TITY RS R T R
1016 1017 1018 1019 1020 1016 1017 1018 1019 1020

Phosphorus concentration N (em®)

Figure 2.1 Equilibrium minority carrier
concentration over phosphorus dopant
concentration as calculated in this work
by Fermi-Dirac and Maxwell-Boltzmann

. 3
Phosphorus concentration N, (cm™)

Figure 2.2 Edges of the conduction and
valence band and the equilibrium Fermi
level calculated with Eq. (2.10) for highly
phosphorus doped silicon.

statistics.

Fermi-Dirac statistics with an adaption of Schenk’s model is not able to describe the
data as well. In this work, Fermi-Dirac statistics and Schenk’s model are chosen not to
give a statement in the debate but for reasons of simplicity: for all regarded dopings (p-
type, n-type, moderately- or highly doped) and influences (BGN due to doping or
injected carriers) one single model can be applied and any transition between regions
of qualitatively different BGN-influences is smooth.

Intrinsic recombination

The sum of the Auger- and radiative recombination is often referred to as intrinsic
recombination. In this work a parameterization by Richter ef al. [23] is applied for the
intrinsic recombination rate
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2
np = n;

Rimr = _3 |:25 ’ 10731 geeh n0,3 + 85 : 10732 gehh po,}
cm 'S cm cm
0.92 (2.12)
+3.10-29( An}j +B,0w1,
cm

with the radiative recombination coefficient B, =4.73-10"° [24] and the Coulomb-
enhancement factors [23]

n 0.66
=1+13| 1 tanh[ — T
S { Hss-lo”cwj U

0.63
Py
=1+75|1-tanh|| ———— .
Bt [[7-1017cm'3j ]

For a given recombination rate R, a carrier lifetime t can be defined by assuming an

(2.13)

exponential decay of excess carriers with time constant t, which leads to
_An
TR (2.14)

Recombination via defect states

Recombination via defect states in the volume or at the surface can be described by the
Shockley-Read-Hall formalism firstly introduced by Shockley and Read [25] and Hall
[26] in the same year. In the volume, one finds the SRH-recombination rate to be

- mp iy (2.15)
T (P +pl)+TpO(n+nl)

RSRH

with the capture time constants 1, and 1. The SRH-densities are defined by

E.-E
n, =N exp[— ﬁ]
B

(2.16)

E,-E
= N, exp| ——— |,
P v p( T j

B
where E; denotes the energy position of the defect state.

In this work, the recombination at boron-oxygen defects is applied for several
analytical and numerical calculations. The SRH-recombination rate is calculated
analogously to Riidiger [27]: the lifetime 14 is applied, evaluated by Bothe et al. [28] at
an injection density of An/Ny,, = 0.1, and adapted by Bothe et al. [28] and Glunz et
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al. [29] by a factor 2 in order to take permanent improvement of the carrier lifetime
due to high temperature processes in solar cell processing into account:

rd=2~7.675-1045~[[]351]. ([O]J s, 2.17)

cm- cm™

with the boron concentration [Bg], here assumed equal to N,, and the interstitial
oxygen concentration [O;]. This leads to a low-level injection lifetime for electrons of
Too = 1.1/2.03 14. According to Rein et al. [30], 1,0=9.3 1, and Ec — E;=0.41 eV is
chosen. This leads to the SRH-lifetime

N, +103-An

(2.18)
N, +An

An
Tsru :—Z[Tno([’+171)+7po (’1+"1)]z Tho
P = 1 ofr
The right hand side of this equation is valid under illumination for injection conditions
An > n; ¢, and dopant concentrations Ny > 7 er.

Analogous to the recombination via defect centers in the bulk, the recombination rate
at the surface can be described by the SRH formalism leading to [31]

np—niz,eff
pEpy, nm ’ (2.19)

S, s,

surface —

where s, and s, denote the low-level injection surface recombination velocities of
electrons and holes, respectively. The surface recombination velocity is given in units
of cm/s and is defined by

S: ARsurface ) (220)
n

surface

It can be interpreted as the average velocity of the excess carriers flowing towards an
infinitively recombining surface.

Carrier mobility

The current density j, of a carrier concentration n caused by an electric field E reads
(6]
Jn=0,E. (2.21)

The proportionality factor o, is the specific conductivity. The carrier mobility p is
defined as

G, =nqp,. (2.22)
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The carrier mobility is influenced by scattering of the carriers at the crystal lattice,
ionized dopants, and free carriers. In this work, the parameterization of Klaassen [32]
[33] adapted by Schindler [34] is applied for electron and hole mobilities. The
implementation also considers the correction of the factor s =-0.01552 in Ref. [32] to
rs =-0.8552, as proposed by Ref. [20]. For diffusive carrier transport, the diffusion
coefficient D of a type of carriers can be calculated from the mobility by the Einstein
relation

kT
D, =% p,,. (2.23)

Ambipolar diffusion

The mobility of electrons p, in general exceeds the mobility of holes p,. If the injected
excess electrons and holes diffuse to their point of recombination, their current
densities equal because of an electric field that forms due to a nonzero electrical
current. This effect is called ambipolar diffusion [35] which is particularly important in
the high injection regime and must be considered when electrical fields are neglected,
e.g. in the analytical calculations in this work. The ambipolar diffusion coefficient is
given by Kane and Swanson [36]
kT 1, (n+ p)

D,., Tt 7 (2.24)
q np,+py,

Thus the electric field enhances the diffusive propagation of holes and reduces the
same for electrons. Obviously, D, equals the diffusion coefficient of the minority

carriers at low level injection conditions and converges to the harmonic mean of p, and
1, for high-level injection conditions An >> Nyqp.

Klaassen’s mobility model takes into account lattice scattering, scattering at ions and
at free-carriers. Kane and Swanson [36] proposed to neglect free-carrier scattering
when evaluating the ambipolar diffusion coefficient due to the parallel electron and
hole particle flows. In contrast, Li and Thurber [37] showed that free-carrier scattering
influences the carrier mobility even for carriers with the same average momentum,
indicating that the injection density influences the carrier mobility also for zero net
current densities. Neglecting this discussion by applying the full Klaassen model
including free-carrier scattering leads to an underestimation of D,,;,, independently on
whether quasi-neutrality is applied (e.g. the analytical calculations in this work) or not
(e.g. the numerical calculations). Thus the comparison between numerical device
simulations and analytical calculations is not affected by this discussion. The
difference comes into effect by comparing calculations to measured data and will be
discussed there (Chapter 3).



12 2.2 Characterization Methods

2.2 Characterization Methods

This section states briefly the applied characterization techniques and gives more
detailed literature references. The quasi-steady-state photo conductance decay
(QSSPC) method to determine the excess carrier lifetime is described in Section 2.4.

Electrochemical capacitance-voltage measurement (ECV)

The ECV method is applied to determine the depth dependent charge carrier
concentration close to the surface of a sample. In the regarded highly doped regions,
the measured carrier concentration at a given point equals approximately the dopant
concentration, which is why the outcome of the ECV measurement is also denoted as
doping profile in this work. The ECV technique has been introduced by Bremner et al.
[38] and later refined by Ambridge et al. [39] and by Blood [40] to the evaluation
method used in this work. A detailed description of the technique for the application
on Si-surfaces and its limitations can be found in Ref. [41].

The near surface carrier concentration n is evaluated via capacitance-voltage
measurements by

2
n= qss;Az diVCQ ’ (2.25)
with the elementary charge ¢, the permittivity of silicon &g;, the contact area between
the sample and the electrolyte 4 and the capacitance C measured by a periodical
variation of the voltage V' between the electrolyte and the semiconductor. One major
source of uncertainty is the assumed contact area 4 which depends on the surface
topography of the sample and the area of the sealing ring 4:

A=f 4y, (2.26)

with the area factor f, which denotes the ratio of the surface area of the sample to an
ideally planar surface. Typically one applies fy =1to 1.1 for saw damage etched
surfaces and f, = 1.6 to 1.7 for alkaline textured surfaces. In this work, fj is adapted so
that the calculated sheet resistance of the profile matches the measured sheet resistance
at the profiling position prior to the ECV measurement. To determine 4, the etch
crater after ECV-measurements of planar surfaces is characterized by optical
microscopy.

The carrier-depth profile is obtained by iteratively back-etching and C-V-
measurements of the sample in the automated system WEP CVP21, which applies
ammonium bifluoride NH,HF, for both, back-etching and electrolyte.



Fundamentals 13

Spectrally resolved light beam induced current measurements (SR-LBIC)

SR-LBIC measurements evaluate the local external quantum efficiency EQE at short
circuit conditions of silicon solar cells applying lasers of different wavelength for the
local excitation. The locally induced current is obtained by scanning the light beam
over the short circuited solar cell and evaluating its current response. The locally
induced current can be scaled to the external quantum efficiency EQE by an additional
spectral response measurement. SR-LBIC was introduced by Warta et al. [42]. In this
work, the commercially available LOANA solar cell analysis system by pv-tools
GmbH is applied, featuring laser diodes with wavelengths of 4 =405, 532, 670, 780,
940, and 1060 nm. Interpolating between the nodes of the local EQE of different
wavelength, and spectral integration gives maps of local short-circuit current densities
Jsc, as introduced by Padilla et al. [43].

Transfer length method (TLM)

TLM is applied for the determination of the electrical contact resistance of line
contacts. It was firstly introduced by Shockley [44] and further developed for the
determination of metal contact resistivity on Si-samples by Berger [45]. Relevant
information for the application in this work can be found in Ref. [41].

Scanning electron microscopy (SEM)

The SEM was firstly introduced by von Ardenne [46]. An electron beam is focused on
a spot of the sample and causes the emission of electrons and photons. A modern
introduction to the method and to its application on Si-samples can be found in
Ref. [41]. SEM is applied for characterizing the microstructure of a given sample. In
the applied configuration, the electrons are detected and the beam is scanned over the
sample surface in order to reveal the sample topography or other spatial variations. In
this work, an acceleration voltage for the electron beam of 5kV is chosen which
allows to distinguish between areas of different dopant densities and thus to evaluate
the local thickness of highly doped regions.

Inductive coupling sheet resistance measurement

The sheet conductivity of the samples is measured by inductive coupling, which was
firstly introduced by Miller et al. [47]. In the applied setup, the sample moves linearly
over 3 coils with a diameter of approximately 2.5 cm each. This results in
approximately 70 measurement spots for each wafer. A detailed description of the
applied system is given by Spitz et al. [48]. The typical measurement positions of the
coils on a wafer of 156 mm edge length are shown in Figure 2.3.
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Si-Wafer

I 25 mm

Measurement
positions

156 mm

Figure 2.3 Typical pattern of the inductive coupling sheet
resistance measurement, adapted from [49].

A measure of the uniformity of the wafer’s conductivity gives the standard deviation
over the different measurement positions. Note that this value is typically lower than
other uniformity measurements which are based on homogeneously distributed
measurements over the whole wafer surface.

The sheet resistance Ry, of a highly doped surface region is evaluated by subtracting
the measured sheet conductivity of the base substrate X, (e.g. measured before the
doping process) from the measured conductivity after the doping process. In addition,
the system evaluates the wafer thickness W by differential capacitance probe as
described in Ref. [41]. For homogeneously doped samples, the specific conductivity o,
of the material is determined by =Xy, / W.

2.3 Recombination Properties of Diffused Surfaces

In this work, the recombination properties of near surface regions exhibiting high
dopant concentrations play an important role. Carrier recombination within the highly
doped region occurs mainly via the Auger mechanism, recombination assisted by
defect states in the volume, and recombination at the surface of the semiconductor, e.g.
the interface to a dielectric passivation layer or a metal contact. Recombination via
defect states in the volume or at the surface can be described by the Shockley-Read-
Hall formalism. Thus the former is described by the Shockley-Read-Hall lifetime tsgy
while the latter is simply denoted as surface recombination velocity S.

Furthermore, the recombination of carriers in the diffused region depends on the local
minority carrier density and thus also the carrier mobility p, as the carriers need to
diffuse to the location of recombination.

Impact on the recombination properties of a device

For the investigations in this work, it is important to note that the injection density
(which approximately equals the minority carrier density) even under illumination, are
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always very low compared to the local dopant concentration in the diffused region.
This is referred to as low-level injection regime. For low-level injection, the relevant
parameters introduced in Section 2.1, Tjy,, Tsry, S, and p are independent from the
injection density. Furthermore, the doping of the base substrate of all regarded devices
is much lower than the dopant concentration in the dominant parts of the diffused
region. This leads to the important fact that the probability of recombination for a
given minority carrier in the diffused region does not depend on the injection density
or the doping of the base substrate. Thus a recombination parameter J, for a diffused
region is defined independent from substrate doping or injection density [50]
pn— niz,cff )

2
7 efr

Jo =,

rec

(2.27)

In the case of a p-type substrate, J,. is the electron recombination current from the
substrate into the diffused region, n the electron and p the hole density at the edge of
the space charge region in the base substrate, and ;. the effective intrinsic carrier
density at the same location.

For an ideal diode, one finds [6]

V. .
i’lp _ Junction
= exp{ v ] > (2.28)

1 eir th

with the junction voltage Vjunciion Which is defined as the difference of the quasi Fermi
potentials of electrons and holes at the pn-junction. The thermal voltage is defined as
Vin = kgT/q. This leads to the recombination current at the junction

Vjunctinn
Jrcc :JO €Xp % -1]. (229)

th

This equation is another common definition of the dark saturation current density Jj,
which equals the introduced recombination parameter in Eq. (2.27) for all practical
purposes.

To quantify the recombination at a diffused surface-region, one can introduce a virtual
interface and an effective recombination velocity S at the edge of the space charge
region in the base substrate

J e = qANS o - (2.30)

Replacing the majority carrier density in the substrate by Nyo, + An and the minority
carrier density by An, J, can then be expressed as a function of S [51]

qniz.cff
N, +An

dop

(2.31)

Jo =Ser
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From Eq. (2.31) follows that the effective recombination velocity at a diffused surface
depends on substrate doping and injection density. In contrast, J, is in good
approximation independent from those variables and therefore an appropriate quantity
to describe the recombination properties of diffused surfaces. Throughout this work, J,
represents the recombination parameter of one diffused surface, e.g. one side of the
wafer.

Analytical calculation of J, for diffused surface regions

A. Cuevas et al. [52] calculate the dark saturation current density J, and the photo
current at the junction J,, resulting from the generation of carriers in the diffused
region, in an analytical, iterative way. The result in the third order reads for J; [52]

Sppo(xj)(1+B2)+ A + 4,
1+ B, +5,p, (x4, + 4;)

3rd _

X

A= e (x)po<x>

Po(x)
A= [28 e

_XJ Al(x)
P02 o @32
By(x)=] A«x)f"—&dx

v B
Sl oy
Ax,) = jB()”°(("))

with the SRV of the minority carriers S,,. Note that the minority carriers are denoted as
p here. The depth variable x varies from x =0 at the Si-surface to x = x; at the p-n-
junction. For the photo current, the solution reads [52]
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G +8,py(x,)C, +C,
1+ B, +8,po(x,)(4, + 45)

3rd _
ph

Cl(xj) = TGL(x)dx

(2.33)
_ i Cl (x)
meiqmmm

qmp?ﬂ”qmn

7,(%)

with a slight adaption of the nomenclature by the author. The current loss due to the
loss of carriers generated in the volume of the highly doped region is often referred to

as short circuit current loss AJsc and can be calculated by AJsc = qC; — Jphhd.

Eq. (2.32) allows for the calculation of an effective SRV S, from a doping profile and
given Jy [52]

B )

3rd _
S," = (2.34)

_ J
Po(x;) 148, =20 (4, + 4;)
q

Note that in the presence of surface charge, e.g. as a property of the passivation layer,
the calculated S, must be regarded as an effective value if this charge is not taken into
account. In this work, for the evaluation of Eq. (2.32) to (2.34) the surface charge
density of the passivation layers is not investigated and any calculations assume charge
neutrality. Thus S, is referred to as effective SRV. As e.g. shown by Richter et al. [53]
care must be taken even at high doping densities when the surface charge acts
attractive to minority carriers and thus shows a voltage dependent S,. However, this
work exclusively deals with passivation layers exhibiting positive fixed charges,
applied on n-doped surfaces. Thus, no voltage dependent S;, is expected.
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Figure 2.4 Extracted S, from the measured J, and doping profiles over
surface electron concentration ng,s evaluated in Chapter 6. The values are
calculated with Egq. (2.24) and with the numerical device simulator
PCI1Dmod. Below: relative deviation of the numerical simulation and the
analytical model.

To evaluate the accuracy of the analytical solution, experimentally determined Jy-
values and doping profiles (compare Chapter 6) are used to extract S, with Eq. (2.24)
and with the numerical device simulator PC1Dmod [17], applying the same #; ¢ (see
Appendix). The resulting S, as well as the relative deviation between the two
evaluation methods are plotted over the surface electron concentration in Figure 2.4.

The analytical solution differs up to 6 % for the profiles exhibiting the highest surface
concentration and in the range of 2 % for surface dopant concentrations below
6-10" cm™. On the one hand, this deviation lies well within the uncertainty of the
evaluated data. On the other hand, the analytical solution overestimates J, for all
regarded cases. In this work, Eq.(2.34) is used to calculate S, which is then
parameterized and used in Eq.(2.32) and Eq.(2.33) to predict the recombination
behavior of highly doped surfaces. Thus the underestimation of S, is partly
compensated by the overestimation of the re-calculated J, and the relative deviation
shown in Figure 2.4 represents an upper limit for the uncertainty of the analytical
model. In conclusion, the analytical model is well suited for the application in this
work.



Fundamentals 19

2.4 Analysis of the Surface Recombination by QSSPC

QSSPC measurements are commonly applied to determine the effective minority
carrier lifetime 1. of a given sample. The QSSPC technique was firstly introduced by
Sinton and Cuevas [54]. An excellent description is given in the PhD thesis of Mark
Kerr [55]. The excess carriers are optically generated with a photographic flash-lamp
and the resulting time-dependent photo conductance of the sample is measured by an
inductive coil, located underneath the wafer. Two operating regimes, depending on the
illumination, can be applied:

The transient regime is based on a short optical excitation and the subsequent
evaluation of the excess carrier density without illumination. Its application is
restricted to samples with high carrier lifetimes. The (quasi-) steady-state regime
applies an illumination intensity which is varying slowly with time so that the change
can be considered negligible and the sample to be under steady-state conditions at each
measurement. This allows for the evaluation of different operating points in one
measurement. All measurements shown in this work are taken in the quasi-steady-state
regime, although the steady-state condition is not strictly assumed but the generalized
analysis Eq. (2.37) is applied.

This section gives a brief derivation of the relationship between the measured effective
lifetime t.¢ and the recombination velocity at the surface of the substrate Seg. In this
work, the focus lies on the analysis of QSSPC measurements on lifetime samples

featuring diffused surfaces. In this context, the surface of the quasi-neutral substrate is
defined as the edge of the space charge region at the base-side.

The diffusion equation for the injected carrier density An in the bulk of a wafer with

parallel surfaces is [56]

OAn(x,t) D 0*An(x,1) _ An(x,1)
ot ox? T, ()

+G,(x,0), (2.35)

with the local photo generation rate G, the dimension perpendicular to the surface x
(x =0 in the center of the wafer), the diffusion coefficient of the minority carriers D,
and the bulk lifetime t,. Assuming a diffusion of the carriers towards the surfaces and
a recombination current density J,.. = g-An-S at those leads to the following boundary
conditions [56]

=D OAn(x,t)
0x

k3 /4
= SI,/zAn[—,tj, (2.36)
x:iﬁ 2
with the wafer thickness 7 and the (effective) recombination velocities at the surfaces
S at the front and S, at the rear side. Assuming uniform photo generation, negligible
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electric fields, and neglecting the spatial variation of D and t, due to their injection
dependence leads to the generalized solution by Nagel et al. [56]

OAn,,(t) An, (1)

=G, (1)—- >
ot dV( ) Ter (Anav)

(2.37)
where the subscript av denotes averaging over the wafer thickness. The effective
lifetime 1.5 is composed of the recombination in the substrate characterized by 1, and
the recombination at the (effective) surfaces, which can be characterized by a surface
lifetime T, simply defined by [57]

1 1 1
S (2.38)

et To s

A

To separate the two components, Luke and Cheng [58] proposed the solution for
Eq. (2.35) considering the boundary conditions (2.36), to be

o,D(S, +$5,)

tan(a. W) = ,
(@) a’D*-S.S,

(2.39)

with o, being the time-modes of the decay.

After excitation has stopped (transient case) the measured effective lifetime is
identified as the lifetime of the fundamental mode i = 0 and can be expressed by [58]

1
1 _up. (2.40)

TS

Eq. (2.39) is transcendental in . It can be solved numerically, but for two important
cases analytical approximations exist, proposed by Sproul et al. [59]: for symmetrical
lifetime samples S; = S, holds [59]

we ]
Dr’

S

(2.41)

For the case where the recombination at one side of the wafer can be neglected (e.g.
S, = 0) the approximation reads [59]

-1

e
Dr’

S=W|t (2.42)

S

In the quasi-steady state case with uniform generation, ©* has to be replaced by 12 [60]
in Eq. (2.41) and (2.42). However, Sinton et al. [61] showed that the factor 12 only
holds for extremely high diffusion length in the bulk of the wafer which are not given
for the regarded case of high injection densities. Additionally, since the difference
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between n° and 12 seems minor compared with the remaining uncertainty of the
method, e.g. regarding the uniformity of the generation rate, and for reasons of
simplicity, ni* is applied in all cases in this work.

For the evaluation of those equations to determine S, the bulk-lifetime 1, has to be
known. The recombination in the bulk can be calculated as the sum of the
recombination at defect centers, described by tsgry, and intrinsic recombination,
described by Ty, [25]:

1 1 1

L (2.43)
Ty Tir  Tsru
The SRH recombination depends on material defects and contamination and is
generally not known for the substrate in use. For 1y, we use the parameterization
Eq. (2.12) and subtract it from the effective recombination for the following
considerations leading to the Auger-corrected effective lifetime .,

1 1 1

— = (2.44)
rcon chf ‘Cimr
Thus the definition of T, becomes

1 1 1
—=— (2.45)
rs rcorr TSRH

2.5 Analytical Model for PERC Solar Cells

In this section, the equations used for modeling PERC silicon solar cells with locally
point contacted rear side are given. The implementation of the analytical model
adapted in this work is called Pitchmaster and described in detail by Wolf et al. [10].

The basis is the two diode model [62] that describes the illuminated current-voltage
curve of the device by

J=d oy expl e IRy g Lexpl L R Ly T m R (2.46)
col 01 p 02 p
v 2 R

th P

Here, J, is the photogenerated and collected current density, Jy; and Jy, are the first
and second diode dark saturation current densities, Rg and Rp the global series and
parallel resistances, respectively. The following working points of the device are of
interest: open circuit (OC) with zero external current J = 0, short circuit (SC) with zero
external voltage between the contacts V. =0 and the maximum power point (MMP)
with maximum output power J-V.. Respectively, the characteristic quantities of a
device are denoted as open circuit voltage V¢, short circuit current density Jsc and fill
factor
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FF :;mpmepP . (2.47)
JSC VOC

The conversion efficiency n is defined as the ratio between the maximum output

power density Jy,nVmpp and the power density of the incident illumination Pjigp. In this

work, the standard test conditions Py, = 1000 W/m?, a device temperature of

T =25 °C and the solar spectrum AM1.5g are applied.

Assuming uniform injection density, J;; is composed by the saturation current
densities of the emitter Jy, and of the base Jy, by Jy =Jy. +Jop. The second diode
saturation current density Jyp, describes non-ideal behavior mainly caused by
recombination in the space charge region [62, 63]. In the model (low-level injection
approximation), the base dark saturation current density [64]

2
Ty = D (2.48)

N dop Leﬂ‘,OC

is calculated from the effective diffusion length L. oc for open circuit conditions. The
other relevant parameters are the diffusion coefficient of the minority carriers D, the
dopant concentration Ng,, and the effective intrinsic carrier concentration n;.q The
effective diffusion length is defined as [64]

1+ S‘:%Ltanh (V;j
=L

2 4 tanh | —
D L

with the device thickness W and the effective SRV at the rear surface S, The bulk
diffusion length L is calculated from the carrier lifetime in the bulk by L = \/t,D.

(2.49)

So far, the model describes one-dimensional transport in the device. S. is defined to
lead to a correct saturation current density Jy, when applied in combination with the
equations for one-dimensional transport. To consider devices with non-uniform rear
side, such as point or line contacted solar cells, there are various parameterizations for
Ser in literature [10, 65, 66]. In this work, the parameterization by Fischer [65] is
applied:

-1
:2 RS,back + D _1 + Spass ) (250)
W pW WS, 1-f

Here, f denotes the metallization fraction of the rear side and S, and Sy, the SRV of

eff

the passivated and metallized area, respectively. Rsp.o/(pW) denotes the global,
normalized dark series resistance of the rear contact with the base resistivity p. The
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model assumes an infinite L, Spu < Spec and an equipotential front surface, e.g. a
highly conductive emitter. The applied model calculates R p,cx by [10]

/4 1 w
Rs,back = Rs read o e Rs read.f 1= 12,9 Bt e Wl B (25 1)
" [ Lo 2\ L,(1- 1)

with the point contact distance L, The spreading resistance Ryy.q for point contacts of
radius ry is given by the expression by Cox and Strack [67]

T rconl rconl

L — % arctan[zw] . (2.52)

For the calculation of the photogenerated current density Jpp,, the model applies the
approach introduced by Fischer [65]: the cumulated generation depth profile in the
illuminated device is approximated by

X
Jgen (x) = (1 - M{Jgen,ﬁum + ‘]gen,expl [1 - exp{_ L_}]
1
X X
+ Jgen,exp2 [1 - exp{_ z}] + Jgen,hom W

Here x denotes the dimension perpendicular to the device surface with x =0 at the
front and x = I at the rear surface. Jyen, rone quantifies the generation at the front side at
x =0, Joenexpt ANd Jyen exp2 €Xponentially decreasing generation terms with absorption
length L, and L,, respectively. Jgennom 1S @ homogeneous generation term and M the
optical shading (optical metallization fraction) of the front metallization grid. The
generation terms and absorption lengths are obtained by fitting Eq. (2.53) to the result
of numerical simulations as described in Ref. [10].

(2.53)

After Fischer [65], the collected current density

X
Jgen.expl [1 - exp{_ L} J
1
emitter +
SCemitt . L/
Leff,sc

X
J en,ex 1- eXpy———
- pz[ { L2 }] Lcol

+ +J

I gen,hom W
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Jy=cll-M)J

gen,front

(2.54)
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follows from the reduction of the short circuit current density due to recombination of
the minority carriers generated in the emitter AJsc emiver, the effective diffusion length
Legsc and the collection diffusion length L sc, both under SC conditions. The latter is
described by [68]

Sl cosh w —1|+sinh w
D L L
col :L S L W W .
2o sinhd — b + cosh{ —
D L L

The analytical model accounts for SC conditions by calculating Segoc by Eq. (2.50) for

L (2.55)

OC conditions and scaling the outcome by an empirical injection factor vy, via
Sefﬂsc = Yinj Seﬁ"oc. Seﬁ"gc is used to calculate Leﬁ"SC by Eq (249), which is necessary
for the calculation of J, in Eq. (2.54).

2.6 Preliminary Solar Cell Concept

Preliminary investigations of the solar cell structure of interest were carried out in the
PhD thesis of Robert Woehl [69]. In this chapter, central results of this previous work
are repeated to give the background for the development of a new process sequence,
which is presented in this work. Although several process sequences are investigated
in Ref. [69], the focus is set on the process sequence which lead to the highest
conversion efficiency of n=20.0% (denoted as SymPro in Ref. [69] initially
published in Ref. [70], active cell area 16.25 cm?).

Solar cell structure

The solar cell structure of interest is a back-contacted back-junction (BC-BJ) solar cell
with an aluminum alloyed emitter. A schematic cross section is shown in Figure 2.5.
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Figure 2.5 Cross section of the solar cell structure of interest. The base substrate is
an n-type float-zone silicon wafer. The emitter is achieved by alloying of the
aluminum while the FSF and BSF are formed in several high temperature diffusion
steps featuring reactive gases.

For clarification of the shown cross sections, in this work, base substrate doping which
typically exhibits dopant concentrations below 10'7 cm™ is denoted with n or p,
respectively. Higher dopant concentrations are denoted with n* or p*, whereas for the
highest phosphorus concentrations above 10*° cm™, as e.g. the contacted BSF of the

solar cell, n*" is used.

In Ref. [69], the base substrate is phosphorus-doped float-zone (FZ) silicon. The front
surface field (FSF) and the back surface field (BSF) are doped with phosphorus in
thermal diffusion steps applying tube furnace diffusion in POCI; containing gas
ambient. All phosphorus diffusions in this work are carried out in the same tube
furnace system. The reader may find an accurate description of the system and the
influence of different gas flows and ambient temperatures in Ref. [49]. The respective
process steps are simply denoted as POCI; diffusion in this work. The FSF has a sheet
resistance of Ry, = 120 Q)/sq, whereas the highly doped BSF features Ry, =2 Q/sq. The
passivation stack at the front side is a thin thermally grown silicon dioxide (SiO,)
layer, approx. 10 nm thick, covered with a silicon nitride (SiNy) anti-reflective coating
(ARC) layer, approx. 60nm thick. The rear side is electrically passivated by a thick
thermally grown SiO, layer covered with the same SiN,-ARC layer as the front-side.
The n- and p-contacts are applied by screen-printing of commercially available silver-
and aluminum pastes, respectively. The emitter region (p") is formed by the alloying of
the Al with Si during contact firing.

Process sequence

The flow-chart of the solar cell’s process sequence after Woehl [69] is depicted in
Figure 2.6.
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Figure 2.6 Process sequence for the fabrication of solar cells after Ref. [69]. The
high temperature steps, which are carried out in a tube furnace are marked orange,
the PECVD depositions blue, and the wet-chemistry steps green. All structures are
defined by means of screen-printing.

After texturing in an alkaline etching solution, the wafers are exposed to a tube furnace
POCl; diffusion step. Subsequently, the rear side is chemically polished.
Consequently, the phosphosilicate glass (PSG) and the highly phosphorus-doped layer
at this side are removed. After the removal of the PSG layer at the front-side, the
wafers are coated with a SiO, layer in a reactor for plasma-enhanced chemical vapor
deposition (PECVD). The SiO, layer masks the areas where no BSF-formation is
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desired during the second POCI; diffusion step. This is achieved by screen-printing of
a masking resist, selective etching of the SiO, layer, and subsequent removing the
resist. After the removal of the formed PSG and the remaining SiO,, the wafers are
cleaned for the long thermal oxidation drive-in step, during which a SiO, layer is
formed. This layer serves as the rear side passivation. Now, the rear side is protected
by a screen-printed mask for the removal of the SiO, layer at the front. After removing
the mask and wet-chemical cleaning, the surfaces are passivated in a short thermal
oxidation step, resulting in a SiO, layer thickness of approx. 10 nm, and are
additionally coated with a SiN, layer, which is deposited in a PECVD reactor on both
sides. In order to form the opening for the emitter and the Ag-contacts, both sides are
masked with a screen-printed resist once more with the respective pattern at the rear
side. After removal of the dielectric in the mask’s openings and the mask itself, the
metal contacts are deposited by screen-printing. Contact formation and activation of
the passivation layers takes place in a fast-firing furnace and a final anneal step on a
hotplate at a temperature of approx. 400 °C.

Properties of aluminum alloyed emitters

Here, the properties of aluminum alloyed emitters and the influence of the alloying
process are discussed briefly as far as they are needed to understand the fundamental
restriction of the regarded solar cell structure and the results of this thesis.

A detailed description of the alloying process of screen printed aluminum pastes can
be found in Ref. [69, 71]. The peak temperature T, during alloy has an important
influence on the Al doping profile as exemplarily shown in Figure 2.7, taken from
Ref. [69].

Std. Al paste ]
Vo = 4200 mm/min ]

10" §

Al doping concentration
N, , (cm®)

10"

Depth d (um)

Figure 2.7 ECV measurements of doping profiles for different peak firing
temperatures Ty of fully aluminum-covered plane silicon surfaces and the
corresponding theoretical fits. With permission taken from Woehl [69].
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Figure 2.7 depicts the Al dopant concentration profile for three different peak firing
temperatures. The firing process was carried out in the same fast firing furnace as used
in this work at a belt velocity vy of 4.2 m/min. The Al paste is also applied in this
work and denoted as paste B in Chapter 7. Higher peak temperatures increase the
amount of dopants in two ways: on the one hand, the peak dopant concentration
increases due to the increased equilibrium concentration of Al during recrystallization.
On the other hand, the depth of the profile increases due to the increased exposure time
and reaction speed, in particular the diffusivity in the liquid phase of the components.

The amount of incorporated aluminum has a strong influence on the dark saturation
current density J;. Figure 2.8 shows exemplarily the measured J, over the emitter
thickness of aluminum alloyed non-passivated (a) and passivated (b) surfaces for an
aluminum paste and the same paste with aluminum-boride (AIB) additive, taken from
Ref. [72].

Saturation current denslty 4, ItAfem?)
s¥eseees

Saturation current denslty j, [tAfem?)
g
N il

4 ©
Without p” suiface passivation / Will p* surface passiration
. . \ . . . . 0 . \ . L L \ .
1] 2 4 Li] 8 1 12 14 1] 2 4 Li] 8 1 12 14
Thickness d of p* region [jm] Thickness d of g* region [jam]

Figure 2.8 Measured sat