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Abstract

The success of a solar cell concept in mass production depends not only on the
realized cell efficiency, but crucially on the stability of the fabrication process, i.e. on the
distribution of the current—voltage (I-V) parameters. In this work, such distributions are
modeled using two- or three-dimensional full-size device simulations of AI-BSF and
passivated emitter and rear (PERC) solar cells. The number of these time-consuming
simulations is drastically reduced by changing all input parameters concurrently in a
Design of Experiment (DoE) approach. A simple polynomial response surface
methodology (RSM) model is obtained from these simulations by regression analysis. The
RSM contains all the mutual non-linear interactions between the device parameters, and is
therefore called a metamodel. The metamodel is applied in order to: 1) find maximum
efficiency; 2) compute how sensitively each device parameter influences the -V
parameters; 3) explain, predict, and manipulate the distribution of the I-V parameters in
mass production; and 4) find an optimum starting point for experiments. On the example of
the SolarWorld Al-BSF solar cell production, it is shown (i) how to analyze data from mass
production, and (ii) how to obtain a physical interpretation of the observed variations. This
enables one (iii) to decide on strategies for reducing these variations and herewith to
improve production yield. I successfully model the observed production variations and
successfully track down main causes for these variations. On the example of a PERC
concept, it is demonstrated how the choice of the distance between the rear local point
contacts leads to either maximal median efficiency but with a broad distribution, or to a
slightly reduced median cell efficiency but with a narrower distribution and a reduced
number of bad cells.

The development of PERC solar cell concepts requires improved characterization
techniques and evaluation schemes. Solar cells can be fabricated with different emitters,
1.e. different diffusions, underneath and between the front contacts, which is then called a
selective emitter. To account for different emitter recombination behavior, a method is
developed to measure the emitter saturation current density Jy. with lateral resolution. The
method uses PL lifetime imaging at several injection densities to laterally evaluate Jy. by
applying the method of Kane and Swanson pixel by pixel. The method is successfully
applied to investigate the dependence of Jy. on the laser power of a selective emitter
structure, where the expected behavior of a maximum Jy. for medium laser intensities is
observed. The method is suitable to evaluate the selective emitter process and its
optimization.

For the characterization of the contact resistance on selective emitters with the transfer
length method (TLM), two diffusions with different sheet resistances require an adjusted
evaluation. I present a test structure and its model to separate the sheet resistances of both
diffusions and the contact resistivity within one TLM measurement.
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The rear side of screen-printed PERC solar cells is locally contacted. Two methods for
determining the Si/Al rear contact resistance are analyzed and improved: the series
resistance analysis and the transfer length method (TLM). An experimental set of PERC
solar cells with varying metallization fraction is used, and the experiment is analyzed using
numerical device simulations. In the first method, the resistive losses are extracted from
the [-V-curves of the PERC cells, and the rear contact resistance is separated by
subtracting the analytically calculated base contribution. The state-of-the-art analytical
calculations of the base resistance deviate significantly from my numerical simulations,
causing such a high level of uncertainty that I do not recommend this method. An upper
limit of the rear contact resistance per line contact is determined to be about 2 Qcm. In the
second method, the rear line contacts are separated and measured with the TLM. Still, the
series resistance loss in the base has to be quantified considering a thick base and the rear
line contact geometry. I separate the base component by numerical device simulations and
find that the rear contact resistance per line contact is below 0.5 Qcm. This implies that
rear contact resistance reduces cell efficiency of screen-printed PERC solar cells only by
about 0.1%,ps for metallization fractions higher than 3.5%, i.e. the rear contact resistance
causes no significant loss in the investigated PERC solar cells currently. All of my
improved evaluations lead to lower resistance values than previously reported and to a
reduced uncertainty. The TLM method is therefore suggested to be favorable.

Keywords:

Crystalline silicon solar cell, PERC, Selective emitter, Sensitivity analysis,

Metamodeling, TLM, contact resistance, emitter saturation current density
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Zusammenfassung

Der Erfolg eines Solarzellenkonzeptes in der Massenfertigung hiangt nicht nur von
der erreichbaren Zelleffizienz ab, sondern auch entscheidend von der Stabilitdt des
Herstellungsprozesses, d. h. von der Verteilung der Strom-Spannungs-Parameter (I-V). In
dieser Arbeit werden solche Verteilungen modelliert. Zwei- oder dreidimensionale
Bauelementesimulationen von ,,AI-BSF* und ,,passivated emitter and rear cell* (PERC)
Solarzellen werden dazu verwendet. Die Anzahl dieser zeitaufwendigen Simulationen wird
drastisch reduziert, indem alle Eingangsparameter gleichzeitig in einem ,Design of
Experiment* (DoE) Ansatz variiert werden. Ein einfaches polynomisches ,response
surface methodology* (RSM) Modell wird aus diesen Simulationen durch
Regressionsanalyse erhalten. Das RSM enthdlt alle gegenseitigen und nichtlinearen
Wechselwirkungen zwischen den Eingangsparametern, und wird daher als Metamodell
bezeichnet. Das Metamodell wird genutzt, um 1. die maximale Effizienz zu finden, um 2.
die Sensitivitdt jedes Eingangsparameters auf die [-V Parameter zu bestimmen, um 3. die
Verteilung der [-V Parameter in der Massenproduktion zu erkldren, vorherzusagen und zu
manipulieren, und um 4. einen optimalen Ausgangspunkt fiir Experimente zu finden. Am
Beispiel der AI-BSF Produktion der SolarWorld wird gezeigt, wie man 1. Daten aus der
Massenproduktion analysiert, wie man 2. eine physikalische Interpretation der
beobachteten Schwankungen erlangt. Dadurch wird es 3. ermdglicht, Strategien zu
erhalten, um diese Variation zu reduzieren, was die Produktionsausbeute erhoht. Die
beobachteten Produktionsschwankungen wurden erfolgreich modelliert und die
Hauptursachen fiir die Variationen konnten bestimmt werden. Am Beispiel eines
PERC-Konzepts wird gezeigt, wie die Wahl des Abstandes zwischen den lokalen
Riickseitenpunktkontakten entweder zu maximaler Median-Effizienz mit einer breiten
Verteilung fiihrt, oder zu einer leicht reduzierten Median-Zelleffizienz, aber mit einer
engeren Verteilung und somit einer reduzierten Anzahl von Zellen, die einen
Mindestwirkungsgrad unterschreiten.

Die Entwicklung des PERC-Solarzellenkonzeptes erfordert verbesserte
Charakterisierungstechniken und Auswerteverfahren. Solche Solarzellen konnen mit
selektiven Emittern, d.h. verschiedenen Diffusionen unter und zwischen den
Frontkontakten, hergestellt werden. Um  diesem unterschiedlichen Emitter-
Rekombinations-Verhalten Rechnung zu tragen, wurde ein Verfahren entwickelt, um die
Emitterséttigungsstromdichte Jy. mit lateraler Auflésung zu messen. Das Verfahren
verwendet kalibrierte PL Lebensdauerbilder bei verschiedenen Injektionsdichten, so dass
Joe durch Anwendung des Verfahrens von Kane und Swanson Pixel fiir Pixel bestimmt
werden kann. Die Methode wurde erfolgreich eingesetzt, um die Abhidngigkeit von Jy. von
der Laserleistung einer selektiven Emitterstruktur zu untersuchen, wobei das erwartete
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Verhalten von maximalem Jy,. fur mittlere Laserintensititen beobachtet wurde. Das
Verfahren ist geeignet, um selektive Emitterprozesse und deren Optimierung zu beurteilen.
Zur Charakterisierung des Kontaktwiderstandes auf selektiven Emittern mit der
Transferlangenmethode (TLM), wird das TLM-Modell angepasst, um den zwei
Diffusionen mit unterschiedlichen Schichtwiderstinden Rechnung zu tragen. Eine
verbesserte Teststruktur und ihr TLM-Modell wird vorgestellt, um die Schichtwiderstéinde
der beiden Diffusionen und den Kontaktwiderstand innerhalb nur einer TLM-Messung zu
separieren.

Die Riickseite von Siebdruck-PERC Solarzellen wird lokal kontaktiert. Zwei Verfahren zur
Bestimmung des Si/Al Riickseitenkontaktwiderstandes werden analysiert und verbessert:
die Serienwiderstandanalyse und die Transferlangenmethode (TLM). Eine Gruppe von
experimentell hergestellten PERC Solarzellen mit unterschiedlichen Metallisierungsgraden
werden hierzu verwendet, wobei die Experimente unter Verwendung numerischer
Simulation analysiert werden. Bei dem ersten Verfahren werden die Widerstandsverluste
der PERC-Zellen aus den I-V Kurven extrahiert, und der Riickseitenkontaktwiderstand
durch Subtraktion des analytisch berechneten Basisbeitrags getrennt. Aktuelle analytische
Gleichungen weichen erheblich von den gezeigten numerischen Simulationen ab, was zu
einer hohen Unsicherheit in der Kontaktwiderstandsbestimmung fiihrt. Die Methode der
Serienwiderstandanalyse kann nicht empfohlen werden. Eine obere Grenze des
Riickseitenkontaktwiderstands pro Linienkontakt wurde zu ca. 2 Qcm bestimmt. Bei dem
zweiten Verfahren wird der ganzflichige Riickseitenkontakt elektrisch getrennt und mit
dem TLM Verfahren gemessen. Jedoch muss der Serienwiderstandsverlust in der Basis
quantifiziert werden, wobei eine dicke Basis und die Riickseitenlinienkontaktgeometrie
beriicksichtigt werden muss. Die Basiskomponente wird durch numerische Simulationen
der TLM Teststruktur separiert und der Riickseitenlinienkontaktwiderstand zu kleiner als
0,5 Qcm bestimmt. Dies bedeutet, dass der Riickseitenkontaktwiderstand den
Zellwirkungsgrad von Siebdruck-PERC Solarzellen nur um etwa 0,1 % fiir
Metallisierungsanteile hoher als 3,5 % reduziert, d.h. der Riickseitenkontaktwiderstand ist
kein signifikanter Verlustmechanismus in den untersuchten PERC Solarzellen. Alle
gezeigten, verbesserten Auswertungen fiihren zu kleineren Widerstandswerten als bisher in
der Literatur berichtet und konnen mit einer reduzierten Unsicherheit bestimmt werden.
Die TLM Methode wird daher empfohlen.

Schlagwdorter:

Kristalline Silizium-Solarzelle, PERC, Selektiver Emitter, Sensitivititsanalyse,

Metamodeling, TLM, Kontaktwiderstand, Emitterséttigungstromdichte
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1. Introduction

1.1 Overview of industrial research and development on crystalline silicon solar

cells in Germany

The research and development (R&D) on crystalline silicon solar cells in Germany
is currently progressing and introducing new solar cell technologies under difficult
economic circumstances. The price of photovoltaic (PV) products has declined strongly,
even more than the PV learning curve had suggested [1], which has its roots in global
overproduction. Nevertheless, the PV development in the past decade can be seen as a big
success for human kind, as ‘clean’ electricity from sunlight has become competitive in
comparison with the old energy sources such as coal, gas, oil and uranium [2]. However,
there is still a necessity of cost reduction in solar cell fabrication. In microelectronics,
‘process shrinks’ enable considerable reduction in costs. Thus investing in R&D in this
industry pays off quickly which cannot be said about PV industry. For solar cell R&D, the
main routes to decrease costs are to increase the cell efficiency or to save process steps or
to reduce consumables. To increase cell efficiency, new cell concepts are investigated,
which are between the poles of efficiency gain and additional process steps involving the
increase of costs. Two main strategies are thinkable and applied: evolution and revolution.
Nowadays, the main fraction of solar cells is fabricated in the aluminium back surface field

(AI-BSF) [3] solar cell design (see Figure 1).

Al-BSF PERC

Ag-paste
M ARC M

n" emitter
n™ selective emitter

Passivation Local
layer BSF

v
—
Al-paste

Figure 1: Schematics of the AI-BSF and PERC solar cell design with an anti-reflection coating (ARC).
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At present, it allows cell efficiencies for multicrystalline (mc) solar cells of 17 — 18 % and
for Czochralski (Cz) of 18.5 — 19.5 %. The evolutionary strategy consists in changing only
parts of the Al-BSF solar cell design, going to e.g. the passivated emitter and rear cell
(PERC) [4], which mainly changes the rear full area contact to local contacts (see Figure
1). This approach allows one to keep most of the fabrication processes the same and to add
only one or two additional process steps. The revolutionary strategy changes the cell
concept more radically, requesting more diverse processes for PV industry. Typical
examples are the interdigitated back junction back contacted cells (IBC) [5] or the silicon

heterojunction (SHJ) [6] solar cell design.

In Germany, efforts towards improved solar cell concepts have been shown by the solar
cell manufactures Hanwa Q Cells, Schott Solar, Bosch Solar Energy and SolarWorld, and
by the equipment suppliers Centrotherm Photovoltaics and Roth & Rau. New concepts
show industrially relevant best efficiencies ranging from 18.9 % to 19.5 % for mc PERC
type solar cells and from 19.6 % to 21.3 % for Cz PERC/PERT type solar cells, and for
revolutionary concepts (IBC, SHJ) from 21.1 % to 22.1 % (compare Table I).

Even though the PERC concept allows higher efficiencies than the Al-BSF cell, it is still
under cost competition, as the additional process steps have to pay off. Nowadays, the solar
cell manufactures Hanwa Q Cells, Bosch Solar Energy and SolarWorld tabricate PERC
solar cells on a bigger scale and the equipment suppliers Centrotherm Photovoltaics and
Roth & Rau offer and have sold turn-key factories for their PERC and SHIJ cell concept,
respectively. Whether the higher efficiencies are going to pay off, is still an open question.
The Al-BSF cell has been optimized for years now, even though it was not thinkable
previously that such high cell efficiency level could be reached. I believe the optimization
has not ended yet due to the fact that the mainstream cell concept in production is still that
of Al-BSF and the majority of suppliers are likely to focus on its improvement further. The
race between AI-BSF and advanced cell concepts is still open. In other words, maybe the
question if solar cell fabrication is going to become high- or low-tech has not been

answered so far.
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Table I: Comparison of reported industrial relevant best crystalline silicon solar cell efficiencies by

German solar cell manufactures and equipment suppliers.

Best

Company Concept Ref. Features Year
(o]

Hanwa Q Cells PERC [7] 19.5 | mc-Si/ p-type / LEC®/ plating 2011
PERC [8] 20.2 | Cz-Si/p-type / LFC®/ plating 2011
PERT" [9] 20.7 | Cz-Si/n-type / BJ®/ screen-printed 2013
PERT? [9] 21.3 | Cz-Si/n-type / BI°/ rear Al PVD* 2013
Schott Solar PERC [10] 18.9 | mc-Si/ p-type / LCO®/ screen-printed 2014
PERC | [10][11] 21.0 Cz-Si/ p-type / LCO® / screen-printed 2012
PERC [10] 213 Cz-Si/ p-type / LCO® / plating 2014
Bosch Solar Energy | PERC [12] 19.6 Cz-Si / p-type / screen-printed 2011
PERT" [13] 20.7 Cz-Si / n-type / bifacial / screen-printed | 2013
IBC [14][15] 22.1 Cz-Si / n-type / ion implantation 2013
SolarWorld PERC [16] 20.9 | Cz-Si/ p-type / screen-printed 2014
Centrotherm PERC [17] 19.9 Cz-Si/ p-type / LCO® / screen-printed 2012
Roth & Rau SHJ [18] 21.1 Cz-Si / n-type / a-Si:H / ITO" 2013

*PERT - passivated emitter and rear totally diffused,
" LFC - laser fired contacts,

¢ BJ — back junction,

pVD - physical vapor deposition,

¢ LCO - local contact openings,

"ITO - indium tin oxide.
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1.2 Outline of the present work

Within this thesis latest topics in solar cell R&D are addressed. The next paragraphs
explain their importance and refer to my own original scientific work which has been

partly published previously.

The reported record efficiencies (see Table I) do not give a full picture of their industrial
applicability. For the introduction of a new solar cell concept into mass production, the
understanding and control of variations of the cell efficiency have to be considered or even
focused on. The cell efficiency variation is determined by the impact of the variations of
the main influencing parameters. In chapter 2, a method based on a combination of
numerical device simulation and advanced statistical analysis is presented which allows
calculating efficiency distributions of solar cell concepts which I exemplify on the PERC
concept. The method is successfully validated on the AI-BSF production efficiency
distribution of SolarWorld in Freiberg. The content of chapter 2 is mainly published in
Refs. [19][20] [21].

For the evolutionary improvement of the Al-BSF solar cell, the front and the rear side
recombination and series resistance losses have to be reduced, i.e. within the emitter and
the Al-BSF, and the front and rear contact, respectively. Possible optimization routes for
the front side are the introduction of selective emitters [17] or etch back emitters [11]. A
selective emitter may be described as a two-step emitter, i.e. the emitter is highly-doped
underneath the front metal contacts and rather lowly doped in-between (see PERC concept
in Figure 1). The idea is to decouple the emitter recombination from the contact formation.
The latter is mainly determined by the contact resistance of the front metallization on the
emitter. For contact resistance characterization, the transfer length method (TLM)
measurement is widely used. In chapter 3.1, I show how the TLM may be adjusted to
consider a second diffusion beneath the contacts and how a special solar cell TLM test

structure allows the separation of the sheet resistances of the first and second diffusions.

Applying two diffusions, the recombination behavior of the emitter in terms of saturation
current densities Jy. 1S not laterally homogeneous. State-of-the-art characterization is

carried out by the method of Kane and Swanson [22], which only considers a laterally
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homogeneous recombination. In chapter 3.2, I present an experimental method to
overcome this limitation by a combination of photoluminescence (PL) and
photoconductance (PC) measurements, which is mainly published in Ref. [23] [24]. Two
calibrated lifetime images are derived in high-injection where the method of Kane and
Swanson is applied pixel by pixel to derive an emitter saturation current density with

lateral resolution.

For the improvement of the rear side, recombination losses have to be reduced. Those arise
from the rear contact and the Al-BSF, i.e. defect recombination due to aluminium—oxygen
complexes (Al-O complexes) within the AI-BSF [25]. A typical solution is carried out by a
passivation of the rear side depositing a dielectric layer which is locally opened and
contacted. Typical industrial relevant dielectric layers are stacks from AlOx/SiNy [10] or
SiOx/SiNy [17] which contain high fixed surface charges as the main passivation
mechanism. Surface recombination velocities below 10 cm/s are reported. The local
contacts are fabricated by laser fired contacts (LFC) or laser contact openings (LCO), i.e.
local rear contacts are fabricated by laser processing and Al sheet layer screen-printing
producing a cheap rear side metallization. The main contact properties are the contact
recombination and the contact resistance. Investigations about the contact recombination of
LFC may be found in Refs. [26] [27]. For LCO contacts, investigations are carried out in
Refs. [28] [29]. One route to reduce contact recombination is to lower the contact fraction.
Thus the contact resistance becomes more and more important and may limit the efficiency
potential of PERC solar cells. In chapter 4, current methods to derive the contact
resistance of local rear contacts are evaluated and improved using the example of LCO
contacts, which is mainly published in Ref. [30]. These improved evaluations of the rear
contact resistance of PERC solar cells containing industrial rear side Al pastes lead to
lower resistance values than previously reported and to a reduced uncertainty. The rear

contact resistance proves not to be a substantial loss mechanism.
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1.3 Overview of the applied models and methods

In this chapter, I will give a summary about the models and methods, which are
applied and further developed within this thesis. The necessary prior knowledge may be
deduced from that, which is found in Refs. [31] [32] [33] [34] [35] [36].

For solar cell modeling and experiment evaluation the basic semiconductor equations are
Poisson equation, continuity equations and current density equations. The Poisson equation

describes the relationship between the electrostatic potential y and the charge distribution,

V-(eVy) =—qlp—n+ Nc-i'-on — Naee) s 1)

where ¢ is the permittivity of the material, g is the elementary charge, p is the hole carrier
density, 7 is the electron carrier density, Nj,,, is the ionized donor concentration and N,
is the ionized acceptor concentration. The continuity equations, which conserve the

quantity charge carrier, are for electrons

on 1 =4

E_EV.]n-}_G_R R ?2)
and for holes,

o _ _1g.7 _

Yl qV ]p-l-G R , (3)

where G is the optical generation rate of charge carriers, R is the recombination rate of
charge carriers, J, and J, are the electron and hole current densities, respectively. These are
defined by the current density equations in the drift-diffusion approach. The gradient in
electrostatic potential and the concentration gradient of charge carriers are the driving

forces for the current densities of electrons and holes, respectively,
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Jn = —quanVp +qD,Vn “4)
]p = —qﬂpPVl/J - quVp > )

where u, and u, are the mobilities, and D, and D, are the diffusion coefficients for

electrons and holes, respectively. The mobilities and diffusion constants are related through

o . . kpT kpT
the FEinstein relationships D, = %yn and D, = %up for a non-degenerated

semiconductor, where kg is the Boltzmann constant and 7 is the temperature. For a
degenerated semiconductor (e.g. doping densities higher than 1 x 10" cm™), Fermi-Dirac

statistics is valid and the electron transport equation is extended by the additional term

—nkgTV (ln (Nl e(Ec=Ern)/(kp T))) and the hole transport equation by
Cc

—pkgTV (ln (N1 e(Erp=Ev)/ (kBT))), respectively. Nc and Ny are the effective density of
|4

states for electrons in the conduction band and for holes in the valence band, respectively.
Er, and Ef, are the quasi-Fermi levels for electrons and holes, respectively. A doping and
carrier concentration dependent, temperature dependent mobility model may be found in

Refs. [37] [38].

Egs. (1),(2),(3),(4) and (5) build a coupled set of differential equations, which may be
solved by an iterative procedure to numerically simulate crystalline solar cells, e.g. with
TCAD Sentaurus Device [39]. The advantage of numerical simulations compared to
analytical solutions is in the increased accuracy. Analytical solutions are restricted to
particular assumptions such as constant photogeneration, constant doping or low injection

conditions, which often only approximate real device behavior.

State-of-the-art physical models for the simulation and experiment evaluation are
summarized and referred to below. For highly-doped semiconductors, the band gap
decreases, i.e. the energy between valence and conduction band, which is called band gap

narrowing (BGN). It occurs due to carrier-dopant and carrier-carrier interactions. The used
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BGN model for silicon is derived in Ref. [40]. Under illumination of a solar cell, the
optical generation of electron-hole pairs is present in the silicon, which is due to
absorption. Surface geometries, the optical properties of antireflection coating layers and
passivation layers determine mainly the generation rate within the silicon. A carrier
photogeneration profile is often derived by geometrical ray tracing with e.g. SUNRAYS
[41]. For a high absorption, comparably thick wafers or good light trapping are necessary
for the indirect semiconductor silicon, i.e. for wavelengths close to the band edge, a
phonon-assisted absorption is dominant. The reversal process of generation is
recombination, where created, excess charge carriers are decayed back to their equilibrium
densities. If the illumination is stopped suddenly, the excess charge carriers vanish after a
‘mean’ time, called lifetime 7. It is determined by three main recombination processes: the
radiative recombination [42] [43], the Auger recombination [44] and the Shockley-Read-
Hall (SRH) recombination [33], and at surfaces by surface recombination [33]. The
different recombination processes take place in parallel to each other in a semiconductor

and the concept of effective lifetime accounts for all of them [32].

In this work, statistical methods are used for the understanding and modeling of variations
in solar cell fabrication. An applied introduction to statistical methods is found in Ref.
[34]. In solar cell fabrication, influencing process parameters, such as chemical
concentrations, gas flows or peak firing temperatures, as well as response parameters, such
as the cell efficiency, are distributed. A distribution of a parameter of interest is described
by its statistical parameters, such as median, percentiles, lower and upper quartile (25" and
75" percentile), and interquartile range (IQR). A commonly occurring distribution is the
Gaussian or normal distribution, shown in Figure 2, which is fully described by the
parameters mean u and standard deviationo. In a normal distribution, the mean
corresponds to the median, o are the about 16" and 84™ percentile, i.e. o is within a 68-
percentile range around the median, and +2¢ are about the 2" and 98" percentile. For an
experimental distribution Y; ... Y, i.e. finite sample size n and unknown standard deviation
o, only the estimate of the mean Y and the estimate of the standard deviation s, can be
derived. Distributions are typically plotted as histograms, but more relevant representations
are normal probability plots, where the data are plotted against a theoretical normal

distribution for comparison.
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Figure 2: Histogram (left) and normal probability plot (right) of a normal distribution with the mean u

and the standard deviation o.

In experimental work, the Design of Experiment (DoE) [45] is commonly applied to
identify the main influencing parameters, their strength, and to enable their optimization.
The DoE is evaluated by the response surface methodology (RSM). DoE and RSM are
applied in this thesis on computer experiments to build up polynomial expressions, called
metamodels [35]. Thus the number of simulations, i.e. computing time, is drastically
reduced and a model is derived, which simply explains, predicts and manipulates
distributions in mass production, of e.g. the solar cell efficiency. But the accuracy of
numerical simulation is maintained. The metamodel is usable to generate distributions

through varying influencing parameters by the Monte Carlo method [46].

A variety of experimental methods are applied and extended within the thesis, which are
state-of-the-art characterization techniques for crystalline silicon solar cells. Lifetime
measurements are performed using the photoconductance decay (PCD) method with a
Sinton Instruments measurement device [47] as it is very robust and has low measurement
uncertainty [48] [49]. Unfortunately, the spatial resolution is limited to the area of the
inductive-coil detector. To overcome resolution issues, photoluminescence measurements
are applied for the characterization of e.g. multicrystalline wafers. The synergy of both
methods, i.e. of a photoconductance (PC) calibrated photoluminescence image, allows the

derivation of lifetime images with a much higher lateral resolution.
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For the electrical characterization, current-voltage curve (I-V-curve) measurements in the
dark and under illumination are carried out. From the latter, the short-circuit current
density Jsc, the open-circuit voltage Voc, the current density at maximum power point

(MPP) Jupp, the voltage at maximum power point (MPP) Vypp are derived. The MPP

. v P . P )
determines the fill factor FF = ZMPPYMPP — PMPP o0 i the efficiency n = —2££, where E is
JscVoc JscVoc EA

the irradiance and 4 is the area of the solar cell. During solar cell operation, power losses
arise partly due to series resistance. The series resistance of a solar cell lumps busbar,
finger, front contact, emitter, base, rear contact, rear metallization resistance. A variety of
methods for the lumped series resistance determination exist [50]. Within this thesis, the
resistance extraction from two or more illuminated I-V-curves is preferred as the current
flow pattern within a solar cell remains similar and injection-dependent effects are reduced.
For a lateral resolution of the series resistance, again a PL technique is applied [51], which
bases on two different illumination levels. The derivation of the lumped series resistance
with lateral resolution allows the evaluation of the resistance homogeneity, e.g. the
identification of increased contact resistance due to firing issues. For the measurement of
contact resistances the transfer length method [52] (TLM) is applied, which can be seen as

a standard for contact resistance measurements.
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2. Metamodeling: A method to understand and model the

variation of current-voltage parameters of solar cells

2.1 Introduction

The key to the success of a cell concept in production is not only the realized cell
efficiency level, but also the efficiency distribution (see Figure 3). Its understanding and
control demand a detailed comprehension of the variation of the process and the cell
parameters. In this chapter, I show how the cell efficiency variation can be understood,

predicted and reduced by changes to specific process steps.
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Figure 3: Sketch of two efficiency distributions: the initial distribution (blue) is improved by
maximization and reduction of its variation (red). The left graph shows the histogram while the right

graph represents the normal probability plot of the same distributions.

The variation is modeled with a combination of numerical device simulation and advanced
statistical analysis borrowed from the microelectronics industry [19]. Only a small number
of numerical device simulations is necessary because a Design of Experiment (DoE) is set

up, where all input parameters are varied concurrently. The simulation results are then
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fitted with polynomial expressions using the so-called response surface methodology
(RSM). The resulting model is again continuous and is called a metamodel [35]. The
derived metamodel is used to model the cell parameter variation using, e.g. normally,

distributed input parameters (see Figure 4 for a flow chart).
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Figure 4: The three main steps of the metamodeling strategy: (i) setting up e.g. a multicrystalline (mc)
cell model, (ii) incorporating the variation by a Design of Experiment (DoE) approach, and (iii)

evaluating the DoE by the response surface methodology (RSM), resulting in the metamodel.

The strategy allows for the evaluation of process variations, for the prediction of optimal
process parameters, and for a sensitivity analysis to quantify and minimize the impact of

process fluctuations on cell efficiency, i.e. production yield.

On the one hand, a high accuracy level is achieved by using numerical device simulations,
on the other hand the derived metamodel is simple and well suited for performing a global
optimization, a sensitivity analysis of the influencing factors, and enables one to predict the
expected distribution of cell parameters in production. An optimal starting point for

experimental development work may be derived as well.
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The metamodeling strategy will first be explained on the example of multicrystalline

PERC solar cells and then be applied to multicrystalline Al-BSF solar cells for validation.

2.2 Application of metamodeling to me¢ PERC solar cells

In the following chapter, the variation of important influencing factors is simulated,
which characterize process variations. In a PERC — passivated emitter and rear cell [4] —
these factors include wafer resistivity, wafer SRH lifetime, rear contact distance, rear
surface recombination velocity, damage of the local rear contacts, and the rear contact
resistivity. Varying each of these six parameters, e.g. in 5 steps, would necessitate 5° =
15625 simulations for all combinations, which would take an impracticably long
computing time. Therefore a Design of Experiment (DoE) approach is used, whereby all
input parameters are varied concurrently in a Central Composite Inscribed Design as
exemplified in Figure 5 for three dimensions [34]. This DoE design reduces the number of

simulations in the above example to 77.

Figure 5: Schematic of a Central Composite Inscribed Design of Experiment (DoE) for three
influencing factors, which are varied along their respective axes. Axial points are marked in green,

cube points in blue, and the center point in red.

The 77 simulation results are then fitted with polynomial expressions in a regression
analysis, using the so-called response surface methodology (RSM) [34]. The resulting

model is again continuous and is called a metamodel [35]. While it is an approximation of



14 Chapter 2.2

the Input/Output (I/O) function [35], it is important to note that it contains all the mutual
interactions of the influencing factors, although only a minimal number of simulations are

carried out.

It is shown below that this evaluation scheme is a viable alternative to the state-of-the-art
analytical models of PERC cells, such as Pitchmaster [53], GridSim [54], and the methods
published in Refs. [55] [56] [57] [58], as well as to simplified numerical device models
[59] [60]. On the one hand, a high accuracy level is achieved by using numerical device
simulations, on the other hand the derived metamodel is simple and well suited for
performing a global optimization, a sensitivity analysis of the influencing factors, and it
enables one to predict the expected distribution of cell parameters in production. An

optimal starting point for experimental development work is also presented.

2.2.1 Device model

For the numerical solution of the semiconductor differential equations in the drift-
diffusion approach, the software TCAD Sentaurus Device [39] and state-of-the-art physical
models [36] [61] [62] are used. The photogeneration profile is obtained with the ray-

tracing software Sunrays [41], and the front metallization is included using LTspice [63].

The geometrically irreducible standard domain for the device simulation is shown in
Figure 6. The standard domain is as high as the cell thickness and its width and length is
chosen to be half of the rear local contact distance, called index d;. At first sight, this may
contradict the emitter geometry, because the front metal finger distance is generally
unequal to the index (half pitch). However, the front surface is chosen to be fully covered
with a metal contact, and the contact recombination velocity is adjusted to be so low that
the measured [22] emitter saturation current Jy. is reproduced in the model [64] (by using a
measured doping profile). In this way, the index can be freely varied, irrespective of the

front finger distance.



Chapter 2.2 15

<€— full area front contact

|

diffused emitter

M YapIm |22

local BSF

local rear point contact

Figure 6: Irreducible standard domain for numerically modeling a rear locally contacted solar cell.

Note that the index is half of the rear local contact distance (half pitch).

This choice of the standard domain causes a homogeneous electron current flow across the
p-n junction into the front metal, and therefore neglects the resistive losses in the emitter
arising, in reality, due to lateral currents flowing towards the front contact fingers. These
resistive losses will be included later, in the simulation results in Section 2.2.2 B, with an
analytical equation. In the model, the front contact is fully transparent to the incoming
light. The shading caused by the front metal fingers is even neglected to keep the DoE
simple, and add shading afterwards in the response model. Note that the resistive losses
associated with the rear local contacts, including spreading resistance in the bulk, are fully
and correctly taken into account in the simulation domain. The device parameters of the

central point of the DoE, shown in Figure 5, are listed in Table II.

The Shockley-Read-Hall (SRH) recombination in the bulk is included with a single defect
energy at midgap having equal SRH lifetime parameters for electrons and holes, 7= 7, =
7,. The SRH surface recombination at the passivating dielectric layer at the rear is also
included, again with a single defect energy at midgap and equal surface recombination

parameters for electrons and holes, Srecar = Sn rear = Sp rear.
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Table II: Geometric, electrical and electronic domain parameters for the central point

(shown in Figure 5 as a red dot).

Parameter Symbol Value Unit
Cell thickness w 160 um
Index d; 325 um
Rear contact width 22 pm
Rear damage width 11 pm
Front contact resistivity P front 2x1073 Qcm?
Rear contact resistivity Pe 2x107 Qcm?
Wafer resistivity DPw 1.5 Qcm
Wafer boron doping density Ny 9.74x10" cm”
Measured emitter doping profile:
Peak doping density c(P)peax 2.4x10% cm”
Junction depth 0.5 pm
Gaussian BSF doping profile:
Peak doping density c(Al)peak 5x10' cm”
Junction depth 0.3 pm
Lateral depth 0.3 pm

SRH recombination parameters:

Bulk electron Ty 90x10°° S

Bulk hole 7, 90x10°° s

Surface electron Sh.rear 105 cm/s
Surface hole Sp rear 105 cm/s
Damaged surface electron Sh.dam 1000 cm/s
Damaged surface hole Sp.dam 1000 cm/s
Front surface hole Sp.front 845596 cm/s

To minimize the number of mesh points, the rear contact is given a quadratic shape.
Comparisons with a circular shape do not show relevant deviations. The rear contact has,
in reality, a very weak back surface field (BSF), which is included in the model via a
Gaussian doping profile, as given in Table II. In industrial applications, the local rear
contacts may be surrounded by a damaged dielectric layer, as indicated in Figure 6, causing
an increased surface recombination velocity Sqam = Sn,dam = Sp.dam, compared to Siear. These
losses may also represent additional losses, e.g. arising from distorted BSFs, laser damage,

etc.
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2.2.2 Metamodel

A. Variation of parameters in the device model

To incorporate the influence of variations into the device model, the six input
parameters (influencing factors) are varied in a systematic, Central Composite Inscribed
(CCI) Design of Experiments (DoE), as exemplified in Figure 3 for three dimensions. The
Central Composite design is appropriate for a second-order (quadratic) response model,
and involves 5 different values (levels) for each input parameter, whereas the axial points

are orthogonally scaled.

These parameter variations are obtained using the software JMP [65] and are listed in Table
III. They cover a typical range for this multicrystalline PERC cell structure: SRH lifetime ¢
as reported in [66], rear surface recombination velocity S, as in [67] [68], damaged
surface recombination velocity Sqam as in [26], and rear contact resistivity p. as in [69].
Most parameters are varied in a linear scale, but Syay, is varied logarithmically, because it

spans some orders of magnitude.

Table III: The values of each input parameter at the dots in Figure 5, obtained from the Central

Composite Inscribed DoE.

di Pw T Srear Sdam Pe
Number

[um] [Qcm] [s] [cm/s] [cm/s] [Qcem?]
Lower axial points 150 0.50 30x10° | 10.00 | 1.0x10' | 1.0x107
Lower cube points 226 0.93 56x10° | 51.04 | 7.3x10' | 8.7x10™
Center point 325 1.50 90x10° | 105.00 | 1.0x10° | 2.0x107
Upper cube points 424 2.07 120x10° | 158.96 | 1.4x10* | 3.1x107
Upper axial points 500 2.50 150x10° | 200.00 | 1.0x10° | 4.0x107
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B. Evaluation of the DoE — response surface methodology (RSM)

The results of the 77 device simulations are analyzed with the response surface
methodology (RSM) [45]. The derived metamodel is based on the following second-degree

polynomial functions with linear, quadratic and two-factor interaction terms:

E(x)=f,+ Zﬂix,- + > Bix.x, (6)

i=1 j=1

The influencing factors x are the index d,, the wafer resistivity p,, SRH lifetimer, rear
surface recombination velocity Sy.,;, damaged surface recombination velocity Sg.m and the
rear contact resistivity p., while the responses E are the cell efficiency #, the fill factor FF,
the short-circuit current density Jsc and the open-circuit voltage Voc. A least-square fit is
carried out using JMP [65] to determine the coefficients f. The significance of each term of
the polynomial function is tested as a predictor for cell parameters by means of a
multivariate regression analysis, applying a rather strict significance level of less than 0.01
as the criterion for inclusion. The normal probability assumption is tested for the residuals,
which ensures that the model is consistent. Finally, only the model with the highest
coefficient of determination (adjusted R-squared) is chosen. The resulting coefficients with

corresponding standard errors of the polynomial functions are provided in Table IV.
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Table I'V: Coefficients of the polynomial function, Eq. (6). Missing coefficients indicate non-significant

terms in the metamodel for #, FF, Jsc and Vo, respectively.

Term Coefficient | Std Error | Coefficient | Std Error | Coefficient | Std Error | Coefficient | Std Error
n n FF FF Jsc Jsc Voc Voc

Constant | 2.11x10"" | 2.2x10°" | 8.33x10°" | 1.1x10 | 3.99x10"" | 1.1x10"" | 6.33x10°" | 4.9x10*
d; 2.01x10% | 9.5x10™ | 7.66x10% | 5.8x10° | —4.72x10°% | 5.0x10% | 1.18x10% | 2.1x10*
Pw —4.05x10°" | 4.5x10° | =2.59x10°% | 3.4x10 | 3.01x10"" | 6.9x10" | -9.75x10°" | 1.1x10"
T 2.78x10% | 22x10% | 9.72x10% | 4.4x10° | 1.36x10* | 1.2x10% | 5.34x10% | 5.2x10%
Srear —2.91x10%° | 53x10™ | =6.24x10° | 7.8x10%7 | —-1.56x10° | 7.2x10% | -5.98x10* | 1.2x10°%
Sgam 426x10% | 7.1x10° | 2.38x10* | 1.7x10°™ | —4.53x10 | 3.6x10 | 4.75x10% | 1.6x10""
log(p.) 7.28x10% | 2.3x10%% | 2.77x10% | 1.3x10™

d;’ ~7.65x10° | 1.4x107% | —1.37x10°%7 | 8.2x10% | —2.31x10 | 7.5x10°7 | —8.42x10"% | 3.1x10®
d, x p,, —6.58x10™ | 1.3x10™ | =3.13x10% | 7.8x10"

dixt 3.64x10% | 1.3x10®

d; X Sgam 1.36x10% | 6.6x10%° | 4.06x10% | 3.9x10%7 | 9.75x10™ | 3.6x10% | 2.20x10% | 1.5x10
d; xlog(py) | =5.00x10% | 6.6x10% | —1.92x10 | 3.9x10°"

Pl —7.33x10% | 2.3x10°%*

P XT 2.78x10°% | 8.7x10
Pw X Sdam 9.5x10 | 6.86x10° —-1.68x10% | 2.6x10™
7 -9.53x10% | 1.2x10* —5.73x10% | 6.4x10% | —1.87x10% | 2.6x10"
Srear X T —1.12x10% | 4.1x10 —2.64x1077 | 9.1x10
Saam X T | —=1.00x10°% | 1.9x10 —2.77x10% | 4.3x107%
Soam*Secar | 4.58x10™ | 1.2x10°% 1.20x10% | 2.7x107%
S gam’ -1.09x10°" | 1.1x10™ —730x10% | 5.7x10°% | —2.24x10% | 2.4x10™

The adjusted response graph in Figure 7 shows the 24 correlations between the influencing

factors x and the cell parameters £ as red lines. Each curve is obtained by setting all the

other factors to their central value. The blue symbols mark the 77 numerical device

simulations. These are adjusted to the central value of the other factors using the parameter

difference in the metamodel. The deviations show the residues of the simulated data points

to the metamodel.
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Figure 7: Adjusted response graph for the correlations between the influencing factors and the cell
parameters. The metamodel is given as curves, and the crosses mark the 77 numerical simulations
projected on the graphs. All curves and crosses are adjusted by setting all of the other factors to their
central point according to Figure 5. The influencing factors are the index d; (half the distance between
the local rear contacts = half pitch), the wafer resistivity p,, the wafer SRH lifetime 7, the rear metal
contact resistivity p., the recombination velocity at the rear dielectric layer S,..., and near the rear

metal contacts Sg,m.

Curves that fail the above-mentioned significance test are omitted (meaning that the
contact resistivity does not significantly influence Jsc or Voc). Note that each subgraph is a
cross-section of a six-dimensional response surface which depends on all factors. The
software JMP therefore provides an adjustable graph, whereby the user can freely adjust
the input parameters; changing one input parameter then changes all 24 subgraphs at the
same time. The correlations in Figure 7 are qualitatively as expected: for example, Voc and
Jsc both increase with increasing d; and 7, while Voc and Jsc react in opposite trends to the
wafer resistivity pw, Srear and Sgam. FF depends strongly on d;, p., and py. Consequently, the

cell efficiency # does indeed depend on all six factors.
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Figure 8 reveals the dynamics of cell efficiency in more detail. For each curve, the
parameter labeled in the text panel of the same row is adjusted to its central, minimum and
maximum value of variation (see Figure 5), respectively, while all other factors are set to
their central point, as in Figure 7. If the three curves are non-parallel, an interaction term f;;
is important, as for example in the case of the index and the damaged dielectric layer Sgam
(the subgraph in the first column, second-lowest row). Apparently, the optimal index

depends strongly on Sqam.

The main advantage of the metamodel is the availability of a tool for finding a global
maximum of cell efficiency and for conducting a sensitivity analysis with a very small

numerical effort.
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Figure 8: Interaction graphs for cell efficiency #. In each line, the influence of one factor on # is shown
for the center, the lower cubic and the upper cubic point of another factor, which is given in the text
panel in the same row. A strong interaction between the index and the laser damage (S4.,m) can be seen

in the subgraph in the first column, second-lowest row.
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C. Additional linear terms for shading and series resistance

As noted in Section 2.2.1, not all dependencies are included in the device model, to
keep it simple. In the following, it is shown that it is easier to include more dependencies
as additional terms in the metamodel without a substantial loss of precision. For example,
the shading of the front metallization is neglected. Now, J is scaled by multiplying it with
(1 — fspAme/Acen), Where Age 1s the cell area, A the front metallization area, and fg, is the
optical shading factor, which in the case of screen-printing is 0.42 in the module [70]. The
shading factor takes into account that a fraction of light impinging on the metal is deflected
or scattered, and therefore contributes to Js.. Because A, is in the range between 5—-10%, |
do not need to re-evaluate the maximum power point, but can multiply 7 by the same
factor and assume that FF and Voc remain unaffected. A comparison with some test
simulations shows that Voc does not change significantly with varying metal finger width

for typical industrial screen-printed fingers.

Another type of loss, which is not included in the device model in Section 2.2.1, is the
resistive losses due to lateral electron flow in the emitter. These losses can be computed
with a spice model, similar to Ref. [71], which also comprises the resistive losses due to
the currents in the front metal fingers. In this case, the lumped resistance turns out to be AR

= 0.6 Qcm?. The relative reduction of the FF and 7 is calculated by

J
E o (X,AR) = (1 +AR %}E (x) W)

MPP

where the mean current density at maximum power point (MPP) is Jypp = -38.55 mA/cm?
and the mean voltage at MPP is Vypp = 551.9 mV. This simple procedure is appropriate
only if AR is small. Otherwise, all simulated I-V-curves would need to be corrected by
replacing V with V' — ARXJ. The application of the correction procedure for Ag, = 10% and
AR = 0.6 Qcm? is shown in Figure 9.
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Figure 9: Adjusted response graph of the linearly shading and series resistance corrected metamodel
for the correlations between the influencing factors and the cell parameters. The metamodel is given as
curves, and the crosses mark the 77 numerical simulations projected on the graphs. All curves and
crosses are adjusted by setting all of the other factors to their central point according to Figure 5. The
influencing factors are the index d; (half the distance between the local rear contacts = half pitch), the
wafer resistivity p,, the wafer SRH lifetime 7, the rear metal contact resistivity p., the recombination

velocity at the rear dielectric layer S,..,, and near the rear metal contacts Sq,.

D. Additional non-linear terms

In the device model, the wafer SRH lifetime 7 and the wafer resistivity p,, are
treated as independent input parameters. This is valid for a multicrystalline solar cell, since
all combinations of 7 and p,, are observed (7 is mainly influenced by factors such as
dislocation density and impurity concentrations). However, in Czochralski-grown material,

it may be necessary to optimize the base resistivity p,, by taking into account the impact of
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the boron—oxygen recombination center. In its fully degraded state, 7 is described as

follows [72] [73] [74]:
7(N 4,0;) = 4.02024x10* (N ) %10, 17" " m | ®)

where a common interstitial oxygen concentration [Oj] = 7.5x10'7 ¢m™ is chosen, a
common improvement factor m = 3.0 (considering that the thermal budget dissociated
many Oj-dimers), and the dopant-resistivity relationship taken from Thurber [75]. Note that

this term is not linear, and that it influences the response surfaces, as shown in Figure 10.
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Figure 10: Adjusted response graph of the lifetime-resistivity relation corrected metamodel for the
correlations between the influencing factors and the cell parameters. The metamodel is given as curves
which are adjusted by setting all of the other factors to their central point according to Figure 5. The
influencing factors are the index d; (half the distance between the local rear contacts = half pitch), the
wafer resistivity p,, the wafer SRH lifetime 7, the rear metal contact resistivity p., the recombination
velocity at the rear dielectric layer S,..., and near the rear metal contacts Sy,,,. Note the changes in

efficiency with the variation of p,,.
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E. Overview about the corrected metamodels

The complete overview of the corrected metamodels is shown in Figure 11. The
metamodels for 7, FF, Jsc and V¢ obtained at first are given in light gray. The metamodels
which consider optical shading and emitter/finger resistance are shown in blue. Optical
shading of 10% mainly reduces Jsc, while the additional series resistance contributions
lower mainly FF. The consideration of a lifetime-resistivity relation results in the
metamodels shown in red. As 7 decreases for lower p,, (see Eq. (8)), 7 saturates and lowers

for lower p,,. The third column is missing, because 7 is a function of p,,.
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Figure 11: Adjusted response graph for the correlations between the influencing factors and the cell
parameters. The metamodel is given as curves, and the crosses mark the 77 numerical simulations
projected on the graphs. All curves and crosses are adjusted by setting all of the other factors to their
central point of Figure 5. The influencing factors are the index d; (half the distance between the local
rear contacts = half pitch), the wafer resistivity p,, the wafer SRH lifetime 7, the rear metal contact
resistivity p., the recombination velocity at the rear dielectric layer S,.., and near the rear metal
contacts Sy,,,. The correlation obtained at first is given in light gray, with optical shading and emitter

resistance included in blue, and with the coupling between 7 and p,, in red.
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2.2.3 Sensitivity analysis

A. Example of an optimization

Once a metamodel for an improved cell design is set up, it can be readily used for
finding the global maximum of cell efficiency. I use the optimization function ‘sqp’ in

GNU Octave [76] for several scenarios, with the results listed in Table V.

Table V: Scenarios for the optimization with the metamodel.

. di Pw Srear lOg (Sdam Pe Nmax
Scenario
[um] [Qcm] [cm/s] [em/s]) | [mQcm?] [%]
1 225.6 1.31 51.0 1.86 0.87 18.95
2 321.6 1.12 51.0 3.00 0.87 18.74
3 282.9 1.16 51.0 3.00 2.01 18.67
4 268.1 1.50 51.0 3.00 2.01 18.64

In scenario 1, all input parameters are left free in the valid range of the metamodel, which
is between the lower and upper cube points given in Table III. The efficiency can be
maximized to 18.95%. For scenario 2, Sqam is fixed at its center value of 3.0 log(cm/s),
taking into account the damaged dielectric layer around the contacts in industrial
production. This reduces the maximum of # to 18.74%, with an increased index and a
lower py. In scenario 3, the rear contact resistivity p. is also fixed at 2 mQcm?; and in
scenario 4, p, is also set to 1.5 Qcm, because multicrystalline wafers may be available

within only a rather narrow resistivity specification.

I point out that the resistivity and the index of a PERC cell show nontrivial maximum of
efficiency. Other solar cell designs might be more complex and benefit even more by

metamodeling.
B. Local sensitivity analysis

The sensitivity analysis quantifies the strength of an influencing factor x; on a
responding cell parameter E;. To measure that, the derivative Ej(x) = dEi(x)/dx; is
calculated at a specific point x in the metamodel. For example, in Table VI the sensitivity

analysis is carried out at the center point (defined in Table III) for , FF, Jsc and Voc.
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Table VI: Comparison of the local absolute sensitivity at the center point.

di Pw T Srear log(Sdam) Pe
~7.5x10™ . 5.0x107 -2.2x107 -0.22 -0.08
T %/um ~0.54 %/Qcm %/us %/(cm/s) %/log(cm/s) %/mQcm?
-7.9x107 . 2.1x107 -6.0x10™ 0.03 -0.33
Fr Ypum | 093 ¥/Lem %/ps %/(cm/s) | %/log(em/s) |  %/mQem?
i } ) -0.15 0

8.5x10™ 0.07 2.6x107 ~1.4x107

Jsc ) ) R ) (mA/cm?)/ | (mA/cm?)/
(mA/cm?)/um | (mA/cm?)/Qcm | (mA/cm?)/us | (mA/cm?)/(cm/s) log(cm/s) mOcm?
2.3%x107 —4.8x107 -53 0
Voc mV/um -122mV/Qem | 0.12 mV/ps mV/(cm/s) | mV/log(cm/s) | mV/mQcm?

To be able to compare the strength of one influencing factor on each cell parameter E, I
calculate the sensitivity in relative terms by Ej(x)/Ei(x), as listed in Table VII. Then, the
derivative — for example of # — is the sum of the derivatives of FF, Jsc and Voc, which
might balance out. The values in Table VII show that the index d; has the strongest
influence on FF, while p, has the strongest influence on Voc, etc. Another option for
attaining an overview of the global sensitivity of a cell concept is the interaction graph
shown in Figure 8. There, non-linear dependencies and interactions are included, so the

slopes of the curves are a measure of the sensitivity.

Table VII: Comparison of the local relative sensitivity at the center point.

d; Pw T Srear log(Sqam) Pe
n —4.1x107 %/um | —2.9 %/Qcm | 27.1x107 %/ps ‘10/20/;;;38; %4/log (;rlr;/ls %% /mgzocﬁ
3
FF | =10.0x10° %/um | 1.2 %/Qcm | 2.6x10° %/us ;2;?:;}?5) % /log(cg;?s‘; % /ms’zocﬁ
Jso 2.3x10° %/um | 0.2 %/Qcm | 7.0x107 %/us ;/i /?:nlvosi % /log(;gjsl) 0 %/mQcm?
Voc 3.6x107 %/um | —1.9 %/Qcm | 17.7x10° %/us ~7.5x10° 0831 o/maem?

%/(cm/s) | %/log(cm/s)
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C. Calculation of cell parameter distributions

The cell-fabrication processes are not perfectly stable, which causes a distribution
of cell parameters. To model this distribution, the sensitivity analysis in the previous
paragraph is insufficient, because it is only a local study at a point x. It is necessary to

describe each influencing factor x over an entire distribution.

The variation in a fabrication process may be characterized by its impact on an influencing
factor x;. One may use a measured distribution of x; caused by the process tool.
Alternatively, one may take a normal distribution of x; from the process capability index
Cpi, which describes the process variation relative to specification limits. Or one may
derive the distribution of x; via the Monte Carlo method [46]. I follow this path as shown in
Figure 12, because the simplicity of the metamodel, Eq. (6), allows me to apply 20,000
Monte Carlo trials very quickly. By defining a normal distribution N(u,0), two standard

deviations to include approximately 68.3 percentiles, and the 10™/90" percentile is

approximately £1.28xa.
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Figure 12: Left: Probability density function (PDF) and histogram generated by 20,000 random
numbers of a normal distribution N(3.0,0.886) for the factor log(Sq.m), on a logarithmic scale; and
right: Normal probability plot of the same distribution generated by random numbers. A line indicates
a normal distribution, as expected. The mean value is defined by the central point of the DoE, i.e.
Sdam =1 x 10° cm/s, and the standard deviation (¢ = 0.886 log(cm/s)) is defined by the 10™ and 90™
percentile which is the upper and lower cube points, i.e. Sg.,, = 73 cm/s and Sg,,, = 1.4 X 10* cm/s,

respectively.
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Here, the mean value u is defined by the central point of the DoE, which is, e.g., Sqam =
1000 cm/s, while the 10™ and 90" percentiles are the upper and lower cube points in Figure
5, 1.€. Sgam = 73 cv/s and Sgam = 1.4x10* cm/s, respectively. Note that the variation of Sqam
may represent not only a specific fabrication process (such as laser damage), but also the

influence of all the processes on rear contacting.

Such distributions of the influencing factors x; can be used as an input for the metamodel
for deriving the distributions of the cell parameters. Figure 13 shows the cell efficiency
distribution caused solely by the distribution of Sg.m, Wwhich is the assumed normal

distribution N(3.000, 0.886) for log(Sgam)-
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Figure 13: Left: Normalized efficiency distribution derived by the metamodel (see Figure 10) assuming
a normally distributed Sg,,, (see Figure 12). The efficiency bins are similar to the sorting of solar cells
after production; and right: Normal probability plot of the same efficiency distribution. The line is a
guide to the eye to check normal probability as it is pinned to the 25™ and 75™ percentile of the
distribution. Due to the non-linear dependence of the efficiency on Sy.,, the resulting efficiency

distribution is skewed towards higher efficiency.

Only the 10" to 90" percentile range is taken into account which is the valid range for the
metamodel. Due to the non-linear dependence of the efficiency on Sgam, the resulting

efficiency distribution is skewed towards higher efficiency.

The variation of cell efficiency caused by all input factors can be closely approximated by
considering the most important influencing factors within the 10" to 90™ percentile range,
which are Sgam, pw and p.. For Sgam and p. I use N(3.000, 0.886) and N(2.005, 0.884),
respectively; for py, I use a broad case, py(1) - N(1.500,0.443), or a narrow case pw(2) -
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N(1.157, 0.044), which applies if similar wafers of one ingot with a similar p,, are used.

The normal probability plot of their distributions is shown in Figure 14.

T

-

normal theoretical quantiles
o

2k Sgam N(3-000,0.886)
Pu(1) N(1.500,0.443) e
Pl N(1.157,0.044) ==
pe N(2.005,0.884)
3 10/90-Egntile
0 1 5 6

2 3 4
109(Sqam [cm/s]), py, [Qcm], p. [mQcm?]

Figure 14: Normal probability plot of the variation of Sy,,,, pw and p.. All parameters are normally
distributed N(u,6) with the mean value # and the standard deviation &, while only the 10™ to 90™
percentile range is taken into account. Two different distributed wafer resistivities are shown p,(1) and
Pw(2), which accounts for the fact that a wafer resistivity specification is broad in case of p,(1), but

during experiments usually similar wafers of one ingot with similar p,, are used, as described by p,(2).

The variation of d; and S, is typically small during solar cell fabrication, so these
parameters are set to the optimal values of scenario 3 of the optimization (see Table V).
The impact of the variation of S4am, pw and p. on cell efficiency is shown as red bars and
red dashed lines, respectively, in Figure 15. The hashed green bars and solid green line in

Figure 15 is similar to Figure 13 and added for comparison.

Going from case 1, the variation of the sole input factor Sg.m, to case 2 (blue), the
combined variation of the input factors Sgam, pw and p., it is apparent that the mean
efficiency remains similar, but the efficiency distribution broadens and the skewness
decreases. The reduction in skewness follows from the central limit theorem in probability
theory. This implies that, if the efficiency distribution were very close to a normal
distribution, one could assume that the several main influencing factors have only a linear
influence and do not interact with each other. However, this is usually not the case in real-
world fabrication. In the example, the shape of the efficiency distribution is skewed

because it is predominantly influenced by Sgam.
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Figure 15: Left: normalized efficiency distributions, derived from the metamodel of Figure 10; and
right: normal probability plot of the same efficiency distributions. Either only Sy, is distributed
(case 1 in green), or the most important influencing factors (Sqam, pw and p.) with various index values

(cases 2—4) are distributed.

With this kind of analysis, the efficiency distribution in a running cell production may be
explained, and/or the efficiency variation of a future cell concept may be predicted.
Additionally, this analysis may be used as a tool for manipulating the efficiency
distribution. For example, the efficiency distribution may be made narrower by using a
smaller wafer resistivity distribution and a higher index, as shown in Figure 15 as case 3
(brown). There are higher efficiencies at the lower end of the distribution because the
metallized area at the rear side is reduced, as is its influence. The lower efficiencies at the
higher end of the distribution are caused by the increased spreading resistance in the bulk
and the reduced rear contact area. While the efficiency distribution is narrower, the mean
efficiency decreases from 18.53 %gps to 18.50 %aps, although the narrower py,-distribution
is centered on py, = 1.157 Qcm, where maximum efficiencies are reached (see Table V,
scenario 3). This strategy may still be economically beneficial because a smaller number of
cells with an efficiency lower than a defined minimum are fabricated, so defective goods

are reduced.

Another purpose in adjusting the broadness of the efficiency distribution may be to
increase the number of fabricated cells that have a very high efficiency level. This may be

reached in case 4 by decreasing the index (see red bars and red dashed dotted line in Figure
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15). While the efficiency distribution broadens, a larger number of very efficient cells may
be sold for a higher price. This strategy may also serve to produce a record cell from a

minimal number of specimens.

D. Planning of experiments

The strategy so far has been, firstly, to analyze an improved cell design with the
metamodel; secondly, to predict the input parameters for the maximally attainable cell
efficiency; and, thirdly, to calculate the expected cell efficiency distribution at this
maximum. In a further step, the metamodel can now be used for planning the initial
experiments. Knowing the optimum starting point speeds up the experimental development

work.

To find the optimum starting point, it is crucial to know (i) the interaction between factors,
and (i1) the variation of the cell output parameters that these factors are causing. For
example, Figure 8 indicates that there is a strong interaction between the index d; and the
laser damage Sg.m. This indicates that, to set up an experimental series to investigate the
variation of the laser damage, the index should be minimized, as this increases the impact
of the laser damage [77]. While this may seem trivial here, finding optimum starting points

may be far from trivial for other experimental series.

23 Application and validation of metamodeling on mc Al-BSF solar cell

production

In solar cell mass production, the mean cell efficiency is not the only important
parameter, but also the variation of the cell efficiency [19]. It is shown how the cell
efficiency variation of an Al-BSF cell production can be understood, predicted and reduced
by changes to specific process steps. The main influencing cell parameters are identified
from the SolarWorld quality management. Again, the variation is modeled in a
combination of numerical device simulation and advanced statistical analysis and a

metamodel is derived.



Chapter 2.3 33

2.3.1 Production monitoring

The SolarWorld quality management of the mc solar cell production considers all
available optical and electrical parameters. In particular, it is the parallel and lumped series
resistances, the deviations from the ideal I-V-curve (Jp;), the quantum efficiency at
different wavelengths, emitter and base doping, the characteristics of the reflectance curve
and metallization properties such as contact resistivity and finger line resistivity, etc. A
subset of randomly chosen cells from production is created and in-depth characterized.
From this data set, the in-depth production monitoring is carried out doing statistical
modeling [19] to identify the main influencing factors for the I-V parameter variation, i.e.

for the variation of #, FF, Jsc and Voc.

These are (i) the wafer SRH lifetime 7, which is derived from wafer lifetime distributions
measurements of Al,O; passivated lifetime samples which are produced of former cells
etching off metallization, emitter and BSF [66], (ii) the wafer resistivity py, which is
measured at the mc ingot, (iii) the concentration of aluminum—oxygen complexes (Al-O
complexes) in the back surface field (BSF), which is taken from the interstitial oxygen
concentration O; measured at mc ingots, (iv) the emitter saturation current density Jo.,
which is measured applying the method of Kane and Swanson on textured Jy. samples
[22], (v) the silicon-nitride ARC thickness wsing, Which is derived by ellipsometer
measurements, (vi) the contact resistivity p., which is determined by TLM measurements,

and (vii) the finger line resistivity priine, Which is measured with a h.a.l.m. I-V-tester.

The distribution of pgjine 1S shown in Figure 16 as an example. The I-V parameters are
measured also with a flash I-V-tester from h.a.l.m. such as short-circuit current density Jsc,

open-circuit voltage Voc, fill factor FF and efficiency 7.
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Figure 16: Variation of the finger line resistivity psji,. of a mc AI-BSF solar cell production.

2.3.2 Metamodeling

A. Device model

For the numerical solution of the semiconductor differential equations in the drift-
diffusion approach, the software TCAD Sentaurus Device [39] and state-of-the-art physical
models [36] [61] [62] are used. The photogeneration profile is obtained with the ray-
tracing software SUNRAYS [41], and the front metallization is included with LTspice [63],

as shown schematically in Figure 17.

The simulation model for a multicrystalline Si solar cell is set up, following the approach
in Ref. [66], where the benefit of a lifetime averaging procedure is described. All dopant
profiles are independently measured with the -electrochemical capacitance-voltage
technique (ECV) using the CVP21 profiler [78] and the procedure described in Ref. [79].
The front surface recombination velocity Sgont 18 adjusted such that the saturation current

density Jy. of the emitter is reproduced on independently fabricated Jy. samples.
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Figure 17: Simulation approach for a mc-Si cell: a 2D TCAD model (top) is combined with a circuit

(SPICE) simulation (middle) to represent the entire solar cell (bottom).

The wafer SRH lifetime is derived from wafer lifetime distributions of Al,Os-passivated
lifetime samples which are produced of former cells etching off the metallization, the
emitter, and the BSF (for details see Ref. [66]). The recombination losses of the Al-BSF are
considered in a similar study to Ref. [62]. For the correct reproduction of the Fill Factor
FF, additional influences are lumped, e.g. from the edge recombination, in a lumped series

resistance ARg. The simulated I-V-curve is finally corrected for this ARs.

B. Variation of parameters in the device model

To incorporate the influence of variations into the device model, seven input
parameters (factors) are varied in a systematic, Central Composite Faced Design of
Experiments (DoE), as exemplified in Figure 18 for three dimensions. The Central
Composite design is appropriate for a second order (quadratic) response model, where two-

factor interactions are considered.
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Figure 18: Central Composite Faced Design of Experiments (DoE) for three influencing factors: axial
points are marked in green, cube points are marked in blue and the center point is marked in red. The

DoE is used to apply variations into the TCAD model.

The variations of the seven identified parameters are taken from the SolarWorld quality
management, i.e. (i) the wafer SRH lifetime 7 variation, which is derived from wafer
lifetime distributions of Al,O; passivated lifetime samples of former cells, which are
chosen by their Voc and ingot position, (ii) the wafer resistivity py, variation, which is
derived from the resistivity measurements of the mc ingot production, (ii1) the variation of
the concentration of aluminum—oxygen complexes in the back surface field (BSF), which
is derived from the variation of the interstitial oxygen concentration O; measured over mc
ingots, (iv) the variation of the Jy., which is taken from the Jy. distribution over a POCL3
diffusion boat, (v) the variation of the silicon-nitride ARC thickness wsinx, (Vi) the contact
resistivity p., which is determined by the print and firing process, (vii) the finger line
resistivity pgline, Which is determined by the print and firing process. In Figure 16, the

variation of pgjine 1S shown as an example.
C. Evaluation of the DoE — response surface methodology (RSM)

Each influencing parameter is varied again within its measured 10" — 90"
percentile range in the DoE and 144 numerical device simulations are carried out. The
simulation results are analyzed with the response surface methodology (RSM) [45], which
is applied to the simulated efficiencies to derive the metamodel [35]. For that, a least-
square fit is carried out again using the software JMP from SAS [65] to determine the

coefficients of the metamodel. The derived metamodel is based on the second-degree
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polynomial equation (6) with linear, quadratic and two-factor interaction terms. The
influencing factors x are 7, py, Oi, Joe, WsiNx, Pc and priine While the response E is 1, Jsc, Voc

and FF, respectively.

Again, the significance of each term of the polynomial function is tested as a predictor for
cell parameters by means of a multivariate regression analysis, applying a rather strict
significance level of less than 0.01 as the criterion for inclusion. The normal probability
assumption is tested for the residuals, and this ensures that the model is consistent. Finally
the model with only the highest coefficient of determination (adjusted R-squared) is

chosen.

For the study of the variation of the mc cell production a period of time of more than one

month is considered, where the crystallization and cell processes are not changed.

2.3.3 Studentization

The influencing parameters x and the response E is studentized because the focus is
on the variation of the parameters. The studentized quantity z; of a variable y; is derived

subtracting the estimate of the mean , of its distribution and dividing by its estimate of the

standard deviation sy:

L= ©)

The studentized distribution of pjine i1s exemplified in Figure 19.
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Figure 19: Studentized variation of the finger line resistivity pyj,. of a me Al-BSF solar cell production.

For the not studentized distribution see Figure 16.

2.3.4 Response surface

The adjusted response graph in Figure 20 shows the 28 correlations between the individual
factors x and the [-V parameters E such as cell efficiency. The red [-V parameter curves
are the adjusted response of the metamodel setting the other factors to their mean (central)
value, while the blue crosses are the adjusted simulated data. Each subgraph is a cross-
section of the seven-dimensional response surface holding six dimensions at their mean
value. Alternatively, one could have an interacting graph with adjustable input parameters
changing the 28 subgraphs at the same time. The influencing parameters x and the response
E are again studentized because the focus is on the variation of the parameters. The two-
factor interaction terms have only a minor influence on cell parameters, i.e. within the
metamodel the linear and quadratic dependencies are dominating. As the wafer lifetime is
assumed and modeled to be independent of the wafer resistivity, the known interaction due
to the boron—oxygen complex [72] [73] [74] is not considered. For better multicrystalline
material quality, which might be limited by the B-O-complex, the interaction between

wafer lifetime and wafer resistivity might be more significant.
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Figure 20: Adjusted response graphs for the response of the I-V parameters such as cell efficiency #
influenced by the following factors: wafer SRH lifetime 7, wafer resistivity p,, wafer oxygen
concentration forming Al-O complexes in the Al-BSF, emitter saturation current density J., thickness
of the SIN ARC wyg;n, contact resistivity p. and finger line resistivity pgjin.. Some subgraphs are empty
because the influencing parameter is not significant within the metamodel (polynomial expression),
which is derived by the RSM. All quantities are studentized according to Eq. (9). The red curves are
the adjusted response of the metamodel (while the other factors are set to their mean value). The blue

crosses show the adjusted studentized simulated data points.

2.3.5 Validation of the metamodeling strategy

From Figure 20, I derive how strongly each parameter influences the variation on
cell efficiency (by the difference of their maximum and minimum efficiency). The
resulting parameter pareto graph for the variation of efficiency is shown in Figure 21. Note
that Figure 21 does not show a pareto of a loss analysis, but does show the main reasons

(influences) for cell efficiency variations in production.
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Figure 21: Pareto graph: normalized strength of each influencing parameter on the variation of the cell
efficiency. The wafer lifetime currently influences the variation in the efficiency in a mc solar cell

production the most.

In order to compare the simulated parameter distributions with the distributions observed
in production, all input parameters are varied at the same time in the metamodel, i.e. |
create again a normally distributed parameter by random number generation. By definition
of a normal distribution N(u,o), two standard deviations +o include approximately 68.3
percentiles, and the 10™/90™ percentile is approximately +1.28xa. Figure 22 exemplifies
the variation of the finger line resistivity p¢jine Within the 10™ and 90" percentile. I apply
the normally distributed variation to all input parameters within the 10" to 90™ percentile
range and calculate an efficiency distribution from the metamodel, which is shown in
Figure 23 (red line). The blue circles in Figure 23 show for comparison the studentized cell
efficiency distribution from the SolarWorld quality management. Both distributions are
studentized according to Eq. (9). The mean value as well as the shape of the distribution
are reproduced very well with the model. This indicates that this model contains all the
relevant variations in the cell fabrication and therefore points to the main causes for the
cell output variations. This is expected, because the model does not contain other root
causes for very bad cells such as shunting, strong firing problems, etc. Those defects are

not considered within the model and/or in its 10™ — 90" percentile range.
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Figure 22: Random numbers generated distribution of the finger line resistivity p¢jine by 20000 trails.
The distribution exemplifies the variation for one input parameter, whereas the concurrent variation

of all parameters as an input of the metamodel yields the efficiency distribution shown in Figure 23.
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Figure 23: Comparison of the experimental and the simulated efficiency distribution in a normal
probability plot. Both studentizations are carried out with Eq. (9), while the estimate of the mean and
the estimate of the standard deviation are taken from the production cell efficiency distribution. The
simulated distribution matches the observed distribution very well, except at efficiencies that are lower

than about one standard deviation from the mean value.
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2.4 Conclusion

A method is presented to quickly evaluate a significantly reduced set of time-
consuming numerical simulations on the example of industrial multicrystalline PERC
silicon solar cells. It is successfully applied to multicrystalline AI-BSF solar cells for
validation. The method is based on a Design of Experiment approach, which is evaluated
using the response surface methodology, deriving an analytical description of the response
surface, called metamodel. The advantage of such a metamodel is that it includes the
mutual non-linear interactions between device parameters. It is shown that the metamodel
can be extended in hind-sight by linear and non-linear terms, e.g. to consider finger
shading or lifetime degradation. Metamodeling allows for an accurate and comprehensive
overview of the response surface and for a quick calculation of a modeled distribution, e.g.
by the Monte Carlo method, which incorporates the influencing parameter variation into

the metamodel.

For the multicrystalline PERC solar cell analysis, the metamodel is applied (i) to maximize
cell efficiency; (ii) to perform a sensitivity analysis, where the local impact of each input
parameter is quantified; (iii) to compute and manipulate the variation in cell efficiency due
to variations in fabrication processes; and (iv) to plan experiments more strategically. It is
inferred from the shape of the efficiency distribution that one important influencing factor
is the damaged dielectric layer around the contacts. Additionally, I may deliberately adjust
the broadness of the efficiency distribution by choosing certain device parameters. This
may reduce the number of cells with low efficiency, and/or increase the number of cells

with a high cell efficiency class and enable selling them at a higher price.

For the multicrystalline AI-BSF solar cell production, I could validate the metamodeling
strategy by modeling successfully the observed production variations. The data analysis
shows that the wafer lifetime 7 is the biggest influence on the efficiency variation in a mc

solar cell production.

In short, the metamodeling strategy offers a way to do optimization, e.g. efficiency
maximization, to reduce the variations in -V parameters, and to improve the production

yield.
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3. Methods and models for the front side characterization of

solar cells with selective emitters

3.1 Front side contact resistance measurements on solar cells with selective

emitter

3.1.1 Introduction

The transfer length method (TLM) [52] [80] is most successfully applied when
measuring the resistances of metal-semiconductor contacts placed on a thin conductive
sheet layer. It was originally proposed by Shockley in 1964. A typical example is the front
contact fingers on the emitter layer of solar cells. The applied current is flowing through
each contact and through the conductive sheet layer. The voltage drop between two
contacts is measured varying the contact distance d (see Figure 24). It allows the separation

of the contact resistance Rc v in Q from the sheet resistance pgp in /0.

Umxd)

A/v'vidth )

Figure 24: Schematic of a transfer length method (TLM) test stripe. The selective emitter is not

obligatory but shown here as it is of interest for the investigated structures in chapter 3.1.
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Unfortunately, the same abbreviation TLM is used for the term transmission line model
[81]. The idea behind the word is that the current within the sheet layer entering the contact
from one side partly transfers into the contact and proceeds flowing beneath the contact
depending on the contact resistivity. The transmission line model accounts for current
crowding [82] below the contact. But the same holds true for the transfer length method
(TLM). The difference between the two notions turns out to be that the transfer length
method (TLM) test structure has more than three contacts compared to the transmission
line model test structure [83]. The TLM test structure is also called /adder structure (see
Figure 24). The name of TLM is based on the transfer length L. Lt is the distance beneath
the contact where the voltage drops to 1/e of the voltage at the edge of the contact due to
the contact resistance. The transfer length could be described by the idea that all current
travels the distance of Lt within the sheet layer and then enters the contact abruptly and
completely [80]. For solar cells, the contact width wc is typically in the same order of
magnitude as the transfer length. A good introduction and overview about contact

resistance and its measurement may be found in chapter three of Ref. [83].

As shown in Figure 24, solar cells may be fabricated with different emitters, i.e. different
sheet resistances, underneath and between the contacts. The standard TLM theory does not
take account of such structures called selective emitter. Within this chapter, I develop a test
structure and its theory to separate homogenous emitter sheet resistance, selective emitter
sheet resistance and contact resistivity within a TLM measurement. Additionally, I focus
on the influence of intermediate, not contacted fingers on a TLM measurement of TLM test

structures made of solar cells (see Figure 24), which is typically not accounted for.

3.1.2 Standard TLM measurement on solar cells

For transfer length method measurements, a special layout of the test structures is

necessary. Standard TLM test structures are shown in Figure 25.
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Figure 25: Schematics of the TLM test structures with contacts in grey and emitter area in orange. (a)
Structure with varying contact distance d; and (b) with constant contact distance d. The case (b) is

often used for solar cells as it may be cut out of fabricated solar cells.

Two different types are distinguished here. One structure is with varying contact distance
d;, where only two neighboring contacts are contacted during a measurement. The other
structure is with constant contact distance d. This TLM test structure is contacted and
measured at all contact combinations. This case is often used for solar cells as it may be cut
out of manufactured solar cells by e.g. laser processing and breaking. Below it is called
solar cells TLM test structure. A major advantage of this solar cell TLM test structure is the

identical firing conditions in the belt furnace.

The series resistance network of a TLM test structure describes

Rrim(d) = 2Rcrim + Ruomem(d) = 2Re iy + dpSTH , (10)

where / is the width of the structure. The distance independent contact resistance Rc v (in
Q) is separated from the emitter resistance Rpomem (in ), which depends on the distance d.
The contact resistance Rc rom (in ) depends on the sheet resistance under the contact (in

/o) and the contact resistivity (in mQcm?). Rc v is defined by [52]

L
Rerim = PsHhomEm TTCOth (‘Z_TC) ) (11)
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where psunomem 18 the emitter sheet resistance of the homogeneous diffusion (in /0) and

the transfer length Lt is defined by

_ 4
Ly = [F==— . (12)

PSH,homEm

For the evaluation of TLM measurements the following assumptions are typically made.

1. The semiconductor sheet thickness is assumed to be zero, which is in general
fulfilled as typical emitters are below 1 um depth and industrial emitters even
below 0.5 um depths, compared to contact distances of about 2000 um.

2. Fingers/contacts, typically containing mostly silver, are assumed to have an infinite
conductivity, which allows the current and voltage probes to be at the same fingers
(see Figure 24).

3. The assumption of constant electrical and geometrical contact parameters is made.

4. The sheet resistance under the contact is assumed to remain constant during contact
formation.

The latter assumption is not necessarily fulfilled for solar cells with screen-printed contacts
by industrial pastes, because an emitter etching may occur during contact firing. The sheet
resistance under the contact may change and the TLM method has to be adjusted. The
derivation of the contact resistivity in this case is not possible in general. A separation of
the contact resistivity and the sheet resistance under the contact may be possible [80] [84].

A changing sheet resistance under the contact is not considered in this chapter.

Below I will show the TLM evaluation on the example of a solar cell TLM test structure,
as shown in Figure 25 (b). An example of a TLM measurement with a finger distance

dr = 1.94 mm is shown in Figure 26.



Chapter 3.1 47

220 ————————————— s
200 ' x  Exp. data /3(-:
180 F [--—--- Linear fit e |
160 | X ]
140} ]
120 F X ]
100 . ]

80 x ]
60 | ]
“wor X R?=0.9999 1
20¢ y = (20.86£0.05) x + (2.730.25) -

0 M 1 2 1 " 1 " 1 2
0 2 4 6 8 10

Ry, [0

distance d [mm]

Figure 26: Example of a TLM measurement for a test structure as shown in Figure 25 (b). The results

of a linear regression are shown in the lower right corner.

Carrying out the linear regression, i.e. applying Eq. (10), I derive Rcrim = (1.37+0.13) Q
and psphomem = (208.6+0.5) Q/o. For a finger/contact width we = 93 um, I determine
pc = 7.46 mQcm? applying Eq. (11) and Lt = 59.8 um applying Eq. (12).

3.1.3 TLM measurement on solar cells considering intermediate fingers

Unfortunately, the influence of the intermediate fingers between resistance
measurements of not neighboring contacts is not considered in the previous section. Those
fingers allow additionally a current flow through the contact into the metal at one side and
back into the emitter at the other side of the contact. Thus the resistance beneath
intermediate contacts is decreased compared to the resistance arising only from the emitter
sheet resistance. An additional series resistance component below intermediate fingers Rt
[85] is introduced into the series resistance network of the TLM measurement. This
component depends on emitter sheet resistance beneath the contact and the contact

resistivity. It is described by [85]
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L
Rinet = 2PsH,nomem TTtanh (:/TCT) . (13)

Below I set up a new series resistance model depending on the number of fingers ng
involved in the measurement. E.g. four fingers involved in the measurement, mean probes

at the first and the fourth fingers/contacts and ng = 4. The model is described by

Rriy(mg) = 2Re + (g — DRpomem + (Mg — 2)Rpper (14)

where the resistance contribution of the homogeneous emitter Ryomem changes from Eq.

(10) to

R _ dr—W¢
homEm — PSH,homEm ] . (15)

Note that the model is fitted by the least-square method to the experimental data. For a
better understanding of the new TLM model, I carry out a parameter study for input values
close to the shown TLM measurement example, i.e. we = 93 um, psphomem = 210 Q/0. The
behaviors of the resistances relevant for the contact, i.e. Eqgs. (11),(13),(15), are shown in
Figure 27, varying the contact resistivity from 0.1 to 20 mQcm?. Note that Eq. (15) is only

considered beneath the contacts with the contact width wc, 1.€. Rpomem = PsH homEm %

Rt saturates towards Rpompm fOr increasing pc, i.e. contact resistivity limits the conduction
paths through the finger. R 1s in the same order of magnitude as Rc rom, 1.e. well worth
considering. The difference of Ryomem - Rmet for each intermediate finger is now
incorporated into the emitter sheet resistance within a measurement. This results in an

increased sheet resistance.
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Figure 27: Comparison of the different resistances relevant for the contact in dependence of the contact

resistivity pc and L, respectively. The relation between pc and Ly is described by Eq. (12).

The increased sheet resistance leads to a reduction in Rcrim = Rrim(d = 0 mm), i.e.
decreased contact resistivity. Applying the model, given in Eq. (14), to the TLM
measurement example, as shown in Figure 26, results in Rctim = 1.180 Q. psuhomem =
210.6 Q/o, pc = 5.87 mQcm? and Lt = 52.8 um. As expected, the emitter sheet resistance is

slightly increased and the contact resistivity decreases considering intermediate contacts.

3.1.4 TLM measurements on solar cells with selective emitters

For the efficiency improvement of solar cells the concept of selective emitters (SE)
is applied, i.e. the emitter is highly doped under the front metal contacts and rather lowly
doped elsewhere (see Figure 24). The concept benefits from the decoupling of the emitter
recombination properties from the contact resistance and contact recombination properties.
The lowly doped emitter benefits from decreased recombination and the highly doped,
selective emitter mitigates contact resistance. An option to fabricate a selective emitter is

laser-doping [86] directly after the phosphorus diffusion from phosphor-silicate glass
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(PSG) and before phosphorus glass removal (PGR). To obtain a laser-doped selective
emitter, the phosphorus glass is heated by a laser, leading to additional local phosphorous
diffusion with a selective emitter width wsg which is typically wider than the contact width
wc (see Figure 24). For solar cells including a selective emitter the TLM model (Eq. (14))
needs to be adjusted for the TLM test structure shown in Figure 28.

Y - € >

Wc Wgg dy

Figure 28: Schematic of a solar cell TLM test structure including a selective emitter beneath the

contacts (dark orange) with the width wgg which is wider than the contact width wc.

The emitter resistance of a standard TLM test stripe (see Figure 25 (b)) is split for a
selective emitter test stripe (Figure 28) into two resistances in series: the homogeneous
emitter resistance and the selective emitter resistance. The selective emitter resistance Rsg

(see red areas in Figure 28) is associated with (compare Eq. (10))

Wsg—W¢

Rsg = psu.se ) . (16)

The homogeneous emitter resistance Ryomem changes from Eq. (15) to

R _ dr—WsEg
homEm — PSH,homEm 1 . (17)

Additionally, the contact resistance considers now the selective emitter sheet resistance

psu.se and Eq. (11) is adjusted to

L
Rerim = Psu,se TT coth (‘2/_:) s (18)
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with

LT — Pc . (19)
PSH,SE

The series resistance driven voltage drop below intermediate fingers considers psusg as

well and Eq. (13) is adjusted to

L
Rimet = 2psu sk TTtanh (Z_i) : (20)

The TLM model of Eq. (14) changes to

Rriy(mg) = 2R + (g — 1) (Rpomem + Rsg) + (g — 2)Ryper 1)

considering a selective emitter. The model of Eq. (21) including a SE is applied to the
example above mentioned by a least-square fit. [ assume a contact width we =93 pm and a
psuse = 45.0 Q/o, which may be measured separately. I derive Rcmim = 0.589 Q and
PSH.homEm = 238.7 Q/0, pc =4.25 mQcm?, and Lt = 97.2 um. The shown example TLM
measurement is derived from a passivated emitter and rear cell (PERC) [4] which has a
selective emitter. To compare the results of the standard TLM evaluation with the

improved TLM evaluation for selective emitters see Table VIII.

Table VIII: Comparison of the results of the TLM evaluation using three different models.

dr We PSH,SE | PSHhomEm Rc Pe Lt
Case Eq.

[mm] | [um] | (O] | [@O] | [Q | [mQem?] | [%]

1 (10) 1.94 93 — 208.6 1.364 7.46 59.8

2 (14) 1.94 93 — 210.6 1.180 5.87 52.8

3 (21) 1.94 93 45 238.7 0.589 4.25 97.2

Rel. deviation o o o N
between cases 1 & 3 144% | -56.8% | -43.0% | 62.5%
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The derived homogeneous emitter sheet resistance deviates about 14 % and the contact
resistivity about -43 % comparing cases 1 and 3. The improved TLM evaluation scheme is

recommended when evaluating solar cell TLM stripes with selective emitters.

Unfortunately, the selective emitter width wsg and the selective emitter sheet resistance
psu.se has to be determined separately. The selective emitter width wsg may be concluded
from the laser parameters or laser test structures, respectively. The selective emitter sheet
resistance psysg may be derived by four-point probe (4pp) measurements of the selective
emitter created by laser stripes which are placed very close to each other. To partly
overcome this disadvantage, I will present a test structure in the next section where both

homogeneous and selective emitter sheet resistance may be derived at the same time.

For a better understanding of the series resistance model including a selective emitter (Eq.
(21)), I calculate three measurements of the TLM resistance Rty where the first and the
third contacts are probed with the current probes. The calculated resistance in dependence
of the distance d is derived if the voltage could be probed at any distance d. The calculated
resistances for the three cases are shown in Figure 29: (1) TLM series resistance network
without selective emitter and intermediate finger resistance (Egs. (10),(11),(12)), (2) TLM
series resistance network with intermediate finger resistance, but without selective emitter
(Egs. (14),(11),(12),(15),(13)), and (3) TLM series resistance network with selective
emitter and intermediate finger resistance (Egs. (21),(16),(17),(18),(19),(20)).

For the calculation, the parameters of Table VIII are used. Comparing cases (1) and (2),
one may conclude that the difference between both models is comparatively small. But I
would like to note that only the comparatively high contact resistivity masks the effect of
the intermediate finger (see Figure 27 where for high pc, Rt saturates towards Rhomgm)-
Comparing cases (1) and (3), the influence of the selective emitter sheet resistance next to
the contacts leads to a weaker increase of the calculated resistance R and to a stronger
increase in the range of the homogeneous emitter. It explains the derived values shown in

Table VIII.
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Figure 29: Comparison of the different TLM series resistance networks. The Standard TLM model is
without the influence of the intermediate finger and without the selective emitter (Eq. (10)), the model
‘with R’ includes the influence of the intermediate finger (Eq. (14)), and the model ‘with R and

Rgg’ includes both the influence of the intermediate finger and the selective emitter (Eq. (21)).

3.1.5 TLM structure separating homogeneous and selective emitter sheet resistance

The idea to separate homogeneous and selective emitter sheet resistance is to use
the 2" dimension of the width of the ‘stripe’. I propose to vary the stripe width within
either just the homogeneous emitter area or the selective emitter area. The proposed TLM
test structure is shown in Figure 30, which I call ‘dragon stripe’. It could be fabricated by

laser cutting and mechanical breaking.

The variation of the stripe width is made only in the homogeneous emitter parts (orange).
Thus the separation of homogeneous and selective emitter sheet resistance is now possible.
For that a new model of the TLM series resistance network is built. The homogeneous
emitter resistance Rhomem depends now on the stripe width /;, i.e. the stipe width /y and the

altitude of the added triangles.
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Wce WsE

Figure 30: The solar cell TLM stripe with selective emitter (see Figure 28) is extended by triangles on

one or both sides with increasing altitude.

Rhomem 18 derived solving the following problem assuming a constant current density at any

distance d within the test structure:

dx
dR = psy o (22)

where /(x) is defined in Figure 31

Figure 31: Schematic of a subsection of the solar cell TLM test structure as shown in Figure 30 for the
resistance determination of the homogeneous diffusion Ryomem;. Note that x; remains constant for

constant contact distances.

and can be expressed by



Chapter 3.1 55

I(x) =1 + —;"))(x—xo) : (23)

The resistance R in Eq. (22) can be obtained by solving the integral

LdR _ R fxl dx f dx
. = Ry; =~ PsH,homEm Xo 10x) = PsH %o —((l 10))(x—x0)

= PsHhomEm [(xl xO)l (lo + ((9::_;?) (x— xo))] :;
= pstnomem G2 (l )) (i = x0) (24)
RhomEm 1S NOW
Ruomems = 2Rt = 2Psi pomem (l;)) (drese)
= PSH,homEm (ll (l)) (dr —wsg) . (25)

For a better understanding of the impact of Eq. (25), it is compared with Eq. (17) in Figure

In(z;)

(I-lo)

32 while l() =1 cm, 1.€. RhomEm(l)/RhomEm(lo) lO
For a TLM ‘dragon stripe’ in the section with maximum altitude, i.e. =2 cm (/=1 cm), a
decrease in the resistance of the now wider homogeneous emitter resistance to 69 % is

observed.
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Figure 32: Comparison of the resistance of the homogeneous diffusion for a standard stripe (/p =1 cm)

and a ‘dragon stripe’ TLM test structure with increasing altitude of the triangles, where Egs. (25) and

(17) are applied.

The TLM series resistance network is described by

Rrpy(ng) = 2R + (np — DRse + Z?:I:;thomEm,i + (Mg — 2)Rper - (26)

Note that the Eq. (26) needs the first contact to be always probed, but Eq. (26) could be
adapted for all possible contact probe combinations. The model would be fitted again by
the least-square method. The comparison between a calculated TLM measurement of the
stripe test structure and the ‘dragon stripe’ test structure with /y=1cm and
/(d=10 mm)=1.2 cm is shown in Figure 33, whereas Eq. (21) and Eq. (26) are applied

respectively.
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Figure 33: Comparison of calculated TLM measurements of a standard and ‘dragon’ stripe test
structure for input parameters similar to the previously used example. The stripe width /is /=1 cm for

the standard test structure and varied from /y=1 cm to /(d =10 mm) = 1.2 cm for the ‘dragon stripe’.

The highest deviations occur, as expected, for the section of the stripes with the highest
stripe width /i Note that the linearity is no longer a measure for the quality of the

measurement.

The main benefit of the ‘dragon stripe’ TLM test structure is the applicability to fabricated
solar cells as the shape could be cut out of it, deriving pc, psunomem and psgse with one

single TLM measurement.
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3.1.6 Conclusion

For solar cell TLM test structures, the consideration of the influence of
intermediate, not contacted fingers is favorable. Especially it is recommended if the contact
width is wide, the emitter sheet resistance beneath the contact is high and the contact
resistivity is low. For solar cell TLM test structures with a selective emitter, the standard
TLM evaluation is not sufficient. It shows deviations of about 14 % lower emitter sheet
resistance and about 43 % higher contact resistivity in a typical example. An improved
model which accounts for the sheet resistance of the selective emitter is presented, but the
sheet resistance and the width of the selective emitter have to be known or to be
determined separately. This disadvantage may be partly overcome by a new design of the
TLM test structure, called ‘dragon stripe’, where the corresponding TLM model is
presented. It allows the separation of the sheet resistance of the homogeneous emitter and
the selective emitter, and the contact resistivity during a TLM measurement. The ‘dragon

stripe’ test structure could be cut out of fabricated solar cells.



Chapter 3.2 59

3.2 Method for imaging the emitter saturation current density with lateral

resolution

3.2.1 Introduction

For the electrical characterization of silicon solar cells, it is very valuable to
quantify the saturation current density of the emitter Jy., or of other dopant-diffused
regions. Presently, great effort is being put into the development of selective emitters for
crystalline Si solar cells, meaning that the emitter is highly-doped at the front metal
contacts and rather lowly doped elsewhere. So far, it has been possible to measure the Jo.
of homogeneous samples only, most notably using the procedure of Kane and Swanson
[22] in combination with the quasi-steady state photoconductance (QSSPC) method [48].
To determine the two Jy.-values associated with a selective emitter, it has therefore been
necessary to fabricate two distinct homogeneous test samples: one sample rather lowly-
doped, the other highly-doped. I developed an imaging method for measuring Jy. with
lateral resolution, e.g. of inhomogeneous samples such as selective emitters. I use
photoluminescence (PL) measurements combined with photoconductance measurements to
derive calibrated images of the effective excess carrier lifetime. At least two images under
two different high-injection conditions are taken. The Jy. image is then derived, applying
the method of Kane and Swanson [22] for each pixel. Figure 34 shows a schematic of the
measurement principle, which is similar to a simultaneously developed method proposed in

Refs. [87] [88].

image 2
3? image 1 l
71
{% slope ™~ Jy,
— >
(high injection) An

Figure 34: Measurement principle of the J,. determination following the method of Kane and Swanson

[22], applied for each pixel of at least two calibrated images of the effective excess carrier lifetime 7.
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As an application of the method, the Jy. dependence on laser-doping with different laser

intensities is shown.

3.2.2 Experimental method

In the method of Kane and Swanson [22], the effective lifetime of excess carriers
T.fr 1S measured as a function of the injection density Az on a lightly doped wafer (see
Figure 34). A sample contains the highly-doped region on one surface at least (but
optimally on both surfaces, to avoid any uncertainties in the recombination on the non-
diffused surface). The wafer is optimally [89] [90] in high-level injection conditions
because the recombination rate in the emitter is proportional to the square of An, and this
recombination rate can then be separated from the linear recombination rate in the wafer
(and from its other surface, if there is no highly-doped region). The inverse 7. can be

expressed as [22]:

1 1 1 dop +AN)

(N,
—_— = +
Torf  Tau Torm (]Oe(front) ]Oe(rear)) qnl-ZW (27)

where Ny, 1s the wafer doping density, g is the elementary charge, W is the wafer
thickness, and »; is the intrinsic carrier density. The Auger lifetime 75, of the wafer needs
to be accounted for only if the wafer is so highly injected that Auger recombination
contributes significantly to its total recombination rate (this occurs often at An > 2x10'
cm™). 7au may be calculated from [91]. It is not necessary to know the Shockley-Read-Hall
lifetime zsry as long as it is not strongly injection-dependent, because to determine Jy. only
the slope of (1/zer— 1/74y) versus Am is of interest. Luckily, this slope is practically
insensitive to the sample temperature, so no temperature stabilization is necessary during
the measurements. However, a value for n; needs to be decided for when converting the
measured slope to Jy., and this value should be stated when publicizing J;. measurements. |
use ; = 8.31x10° cm™ according to Ref. [92], referring to 25°C, which is the reference

temperature of the Standard Test Conditions (STC). Another possibility is to refer to 300
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K, where 7; is 9.65x10° cm™ [93], which is a standard for device simulation. The choice of
n; 1s not an issue as long as it is stated, because any Jy. value may be referred to another #; >

by using Joe. = Joe (1:/ 1;2)".

The lateral determination of Jy. is based on photoconductance calibrated PL lifetime
images, where two evaluation schemes to derivez. are used: firstly [94] [95] [96] and
secondly [97] [98]. PL images show the radiative recombination rate R;,q of the sample

under illumination, i.e. the PL intensity /p;, can be expressed in general [98] by

ra

IPL o« R d = Brad (An)np ~ Bmd (An)An(Ndop + An) s (28)

where Bp,q(An) is the radiative recombination coefficient, which is injection-dependent
[43]. The first scheme assumes [96]

I, =Cq, -B(An)-An-(N,, +An)

dop

(29)

where Cg, 1S a calibration constant. The second method assumes a calibration function

Ipi(a,C) [98]

]PL (Al’l) =alAn+ CAn2 , (30)

which has to be found, where a and C are calibration constants. Cc, or a and C are derived
by comparing the area averaged PL intensity with the QSSPC signal over the coil at the
same injection level, for one or several Anm values, respectively. For calibration, a
homogeneous part of the sample is used in order to reduce the uncertainty. The PL image is

converted using Egs. (29) or (30) to an image of An, and 7. is then derived from
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_n
7 =G (31)

2

T

where G is the average carrier-generation rate per volume. Under high injection conditions

in the base, the PL signal is dominated by its quadratic dependence on An.

A Jo. image can be calculated using Eq. (27) if at least two 7. images are taken under two
distinct high-injection conditions: the inverse lifetimes at each pixel of at least two lifetime
images are linearly fitted, and Jy. is calculated using the slope (formulated here in

differential terms):

e
T (X,)/) 4 (x’y)
L 2y N A -
J 0o (5 7) = 2" e d(An(x, y))

The factor 2 is due to the symmetrical sample preparation, where two identical emitters
are diffused at the front and rear surfaces of the sample. If only two lifetime images are

used, Eq. (32) reduces to

2| Ve G Vg0 ) (e -y )
2 Anhlgh(x’y)_AnZOW(x’y) Anhlgh(x’y)_AnlOW(x’y)

Joe(:) = (33)

The uncertainty of the derived Jy. at each pixel depends on the uncertainties of 7. and An
at each pixel, and may be calculated using the Gaussian propagation of uncertainty of Eq.
(33). However, the uncertainty is significantly reduced because Jy. is not extracted at a
single pixel from the image but as an average <Jy.> over an area of interest. Therefore, the
random-error contribution u(Jo.) to <Joo> is estimated using the standard deviation o

(assuming a normal distribution of the Jy. values within this area of interest).

As the An-calibration of the PL images is done with an area-averaged QSSPC signal, the

uncertainty due to the QSSPC signal must also be considered. Experience shows that, in
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homogeneous samples measured with QSSPC [48], u(Jye) is about 10% of <Jy> and is
dominated by the uncertainty in W and G. It is shown below that, within the area of

interest, o is considerably smaller than 10%.

The calibrated lifetime images are derived using the LIS-R1 system from BT Imaging [99],
which contains a Sinton Instruments photoconductance set-up [47]. The optics for the laser
light allows for illumination levels of up to 10 suns. A schematic illustration of the set-up is

shown in Figure 35.
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Figure 35: Schematic of the combined photoluminescence (PL) and photoconductance (PC) setup to

derive calibrated lifetime images.

The optical reflectivity, required by the LIS-R1 system, is derived using a PerkinElmer
UV/VIS spectrometer [100], while the wafer thickness is measured with a Kéfer digital-
dial gauge [101]. The emitter sheet resistance psy is measured after phosphorus glass

removal (PGR) using a four-point probe (4pp) setup.
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3.2.3 Example of an J,, image derivation

The following example is shown to clarify the method. On the right side of the
resulting Jo. image shown in Figure 36, rectangles due to different emitter formation are

visible. Details of the content and artefacts are discussed later in Section 3.2.6.

For the determination, two PL intensity images under two different high-injection
conditions are taken, which are shown in Figure 37. The PL images are calibrated by the
QSSPC measurement and the excess carrier density images An are derived, applying Egs.
(29) or (30), which are shown in Figure 38. They are converted to calibrated images of the
effective excess carrier lifetime z¢ using Eq. (31), knowing the generation rate G, and are
shown in Figure 39. An image of the emitter saturation current density Jy. is calculated

from the two 7 and the two An images using Eq. (33), which is shown in Figure 36.

Figure 36: Example of a derived image of the emitter saturation current density Jy, [fA/cm?].
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Figure 37: PL intensity images [a.u.] at 4 suns (left) and 8 suns (right) illumination.

4.000E15

3.000E15 |

2.000E15

Figure 39: Calibrated images of the effective excess carrier lifetime [us] at 4 suns (left) and 8 suns

(right) illumination.
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3.2.4 Simulation method

The lateral behavior of Jy. is analyzed by means of numerical device simulations in
two dimensions. For this purpose, TCAD (Dessis) from Synopsys [39] is used to solve the
fully coupled set of semiconductor equations, and the physical models and parameters
described in Ref. [36] are applied. In device simulations, Jy. is not an input but a result
from choosing a dopant profile, a surface recombination velocity S, and models such as
Auger recombination, mobility etc. There are two main ways to extract Jy. from device
simulations. One is to assume that all the current ; that enters a dopant profile is caused to
supply the recombination occurring within the dopant profile, i.e. j, p and n is probed at the

base side of the space-charge region. Hence, there is

‘ pn-n?"' 34)

Please note that the local j is not accessible to experiment [102]. Thus a second simulation
method is used, that reproduces Kane and Swansons’s experiment [22], which means that

the photo-generation density G is ramped while

;o o An_An
T R TG (35)

tot

1s monitored, where the total recombination rate Riyt = RsputRautRiad, 1.€. the sum of all
recombination included in the simulation. The lateral derivation of Jy. in the simulation is
done by averaging all values over an array with widths of 50 um. No optical simulation is
carried out of rays according to the spatial distribution of R;aq. This implies that all rays are

detected where they are generated.
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3.2.5 Sample preparation

To determine Jy., wafers which are diffused and passivated identically on both
sides, have a high resistivity p and a high 7., are used, so that high-injection condition can
be achieved. I use saw-damage etched p-type 6’ Cz material with a resistivity p = 6 — 12
Qcm. The wafers receive a HF-dip followed by POCI; diffusion for forming a
homogeneous n' region. To obtain a laser-doped selective emitter (LD-SE), the phosphorus
glass is heated by a laser, leading to additional local phosphorous diffusion and activation,
and thus forming the n'" region. The processing is finished by applying phosphorus glass
removal (PGR) and SiN deposition by PECVD on both sides of the wafers.

Two different test structures are produced, which are schematically shown in Figure 40.

Figure 41

Figure 40: Test structures — left: symmetrical four square-shaped n"* regions with a size of 40 mm by
40 mm; and right: one-sided rectangular-shaped n™" regions with a size of 10 mm by 30 mm with

different laser intensities.

The left structure has four square-shaped n™" regions with a size of 40 mm by 40 mm
symmetrically on the front and back side. The size accounts for the possibility to calibrate
on the n'" regions neglecting edge recombination effects [103]. The right structure
investigates the Jy. dependence on the laser intensity for the laser-doping process. For that,
rectangular-shaped n"" regions with a size of 10 mm by 30 mm are produced on one wafer

with different laser intensities, but just on one side. The latter sample is investigated before
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and after firing in a standard industrial belt furnace for screen printing. These structures are
produced by laser-doping, where laser stripes are placed very close to each other, possibly

with overlap due to positioning accuracy, causing double diffusions.

3.2.6 Validation and application of the method

To calculate experimental Jy. images, two calibrated lifetime images with a
resolution of 403 pixels by 363 pixels are taken at approximately 4 and 8 suns. This
corresponds to an injection level of about 4x10" ¢cm™ and 8x10'° ¢cm™ in the n* region,

denoted as “2” in Figure 41 (left).
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Figure 41: Left: Emitter saturation current density image where two selective emitter structures on the
left and right side are visible (Jy. in fA/cm?). The round structures are artefacts. And right:

Comparison of experimental (from area “1” to “2”) and simulated (z.;; method) linescans of J..

Also in Figure 41 (left), two small parts of square-shaped n™" structures with a size of 40
mm by 40 mm are partly visible on the left and right edges of the image as bright areas. In
the area “2” of Figure 41 (left), an area-averaged Jy. of 238+15 fA/cm? is derived for the
homogeneous n' emitter. For the area “17”, it is 419+19 fA/cm?, which is the n'" region.
The uncertainty is the standard deviation of the area-average and it is smaller than 10%, as

discussed above. I deliberately made the n"™" regions larger than the coil of the QSSPC in
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order to directly compare a QSSPC measurement of a n' region with the Jy. image. I
observe a deviation in Jy. between the two measurement techniques that is smaller than

10% in relative terms.

Some artefacts are visible in Figure 36 and Figure 41 (left). The round structures in the
center are due to the difference between the optical reflectivity of the QSSPC coil and the
rest of the QSSPC stage. The brighter stripes at the edges of the images are due to effects

in the optical system.

For validation of the derived J,. image, I compare a linescan going from the area “1” to “2”
in Figure 41 (left), with numerical simulations in Figure 41 (right). In experiment, a
saturation of Jy. is achieved within 2 mm, while the simulation (7. method) shows a

3 similar to the

saturation within Imm under a generation rate of G = 5x10" cm’
experiment. It is assumed that this is so because the detected rays are generated at various
lateral positions due to different optical paths caused by reflection at the rear surface,
sample stage and scattering at the front surface. The reason for the rather wide Jp.
transition between the abrupt change from n"" to n" is mainly due to lateral currents in the
base, causing a blurring of the electron and hole density » and p in the base, which is
measured by PL. It is found that at G as high as 5x10°° cm™, the simulations show a lateral

resolution of about 0.5 mm for the abrupt transition from n'" to n’, which is due to the

reduction of the diffusion length at higher injection levels.

By means of the Jy. imaging method, I analyze the Jy. dependence on laser-doping with
different laser intensities. For that, Jy. of the rectangles of the second structure in Figure 40
(right) are determined with the described method on a single wafer as exemplified in
Figure 36 for three rectangles. In Figure 42, the derived Jy. and the psy for each square is
shown depending on the relative laser intensity before and after firing the sample in a belt

furnace.
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Figure 42: Measured dependence of Jy. and psy on the relative laser intensity of the laser-doping

process. Jy. is shown before/after firing in a belt furnace.

For increasing laser intensities the Jy first increases up to a relative laser intensity of 42%
and then decreases, while the psy decreases from about 95 Q/o to 26 Q/o. Qualitatively
similar results can be found in [104], which confirms the applicability of the method. Note
that the benefit of the increased SiN passivation quality due to firing in the belt furnace is
higher for the homogeneous emitter than for the laser-doped emitters with a high pgsy. E.g.
the Jo. of the homogeneous emitter drops from 234+14 fA/cm? to 83+7 fA/cm?, while Jy. of
the selective emitter of psy = 26 Q/o drops from 240+13 fA/cm? to 136+6 fA/cm?. The
second structure is suitable for investigating the recombination activity of a laser-doped
emitter, which can be used for the optimization of selective emitter solar cells. However,
the influence of the metallization step is not considered, i.e. additionally introduced

recombination and the contact resistance Rc of the contact formation are not taken account

of.
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3.2.7 Conclusion

A method is presented for measuring the emitter saturation current density Jy. with
lateral resolution by using a combination of PL and QSSPC measurements. The method is
successfully applied to selective emitters for crystalline Si solar cells. The measurement
uncertainties due to the PL imaging are smaller than the uncertainties inferred from the
QSSPC calibration. The method of imaging Jy. is investigated experimentally and by
numerical simulations. By comparison, a limited resolution of a feature size of an
inhomogeneous emitter is determined to be theoretically between 0.5 — 1.0 mm and
experimentally about 2 mm. It is found that the reason for this is the lateral current in the
base blurring the charge carrier densities » and p, which are experimentally observed by PL
measurements. The successful application of the method used to investigate the influence
of laser power to squared selective emitter structures shows that the psy decreases with
increasing laser power, while the recombination activity of the emitter characterized by Jy.
increases when increasing laser power from zero to a certain threshold level and then

decreases as reported.
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4. Determination of the rear side contact resistance of screen-

printed PERC solar cells

4.1 Introduction

The passivated emitter and rear cell (PERC) [4] has been transferred from lab scale
to mass production [105] and cell efficiencies exceed 20 % today [16]. This cell concept
benefits strongly from improved optical properties and reduced recombination losses at the
rear side. The local rear contacts may be produced by laser fired contacts (LFC) [106] or
laser contact openings (LCO) [107] [108], i.e. local rear contacts are fabricated by laser
processing and Al-sheet layer screen-printing. This produces an Al-Si alloy as rear local
contact. During laser alloying (LFC) a local Al back surface field (BSF) is created [109],
and during the high temperature firing step (LCO) silicon gets dissolved in the aluminum
paste creating an Al-Si eutectic layer and an epitaxially grown BSF [29]. In this chapter, I
exemplify my improved analysis for the determination of the local rear contact resistance

on LCO line contacts (see Figure 43).

Local line
contact

Eutectic ~<J& " T5\«—BSF

O

SE 20kV 1000x

Figure 43: Scanning electron microscopy (SEM) image of the cross-section of a typical rear local line
contact of a PERC solar cell where the contact forms an elliptically shaped Al-Si eutectic and a

comparatively narrow local back surface field (BSF).
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The determination of the rear contact resistance is an important parameter for further
optimization of the cell concept. Especially, the route to lower the metallization fraction
fmet 18 strongly affected by the contact resistance, which is one of the key optimization

parameters, e.g. for producing segmented line contacts [110].

Typically series resistance losses at contacts are described by the specific contact resistance
(contact resistivity) pc in mQcm?, because then pc only depends on material properties.
Note that p¢ is normalized to the contact area. However, pc is difficult to derive for alloyed
line contacts for two reasons. Firstly, the contact area is difficult to determine, even though
it may be approximated by the circumference of an ellipse. Secondly, the BSF is difficult to
describe in regards to depth and doping density (compare Figure 43 for the geometrical
uncertainties). However, geometry strongly influences a pc determination, e.g. by the
transfer length method [80] (TLM), as the BSF distributes the current very evenly. I
therefore propose that the series resistance per rear contact, Rcontaet in 2, as the most
relevant and reliable measure of contact resistance. In case of a line contact, the series
resistance per rear contact has units of Qcm and is denoted Rc, because there is one

‘infinite’ lateral contact dimension. Their relation is:

Pc = ReontactAcontact = Rea 36)

where Acontact 1 the contact area, which has a lateral dimension of 1 cm by definition for a

line contact and a contact width a.

Both R¢ or Rcontaet may be deduced from current-voltage characteristics (I-V-curves).
However, the following two features need to be taken into account. Firstly, cell current is
typically stated as current density J(V) normalized to the area of 1 cm?, so one extracts a
(weighted) lumped series resistance rg in units of Qcm?. Secondly, s accounts for all series
resistance contributions of the various cell regions, such as emitter, base, and rear contacts.
Because these regions are distributed over large areas, it is generally impossible to separate
clearly between contributions from series or parallel connection, so rs is defined by the

power loss Pj.ss caused by the series-resistance-driven voltage drop in the region of
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interest, which is rg= PlosS/Jz. However, the separation of the series and parallel
contributions may be achieved by dividing the distributed J into symmetry elements of the
cell, which are obtained by the condition that no currents flow through their borders of the
semiconductor material. Then, one is able to connect the symmetry elements strictly in
parallel (they are ‘laid out like tiles”). This corresponds in effect to an area weighting. In
the case of the weighted rear contact resistance contribution r¢, it means that the generated
current restricted to the symmetry element of the contact, needs to be considered, hence I

have:

R —Tc ___Pc
Contact ASE AContact ’ (37)
and for line contacts:
—Te_ Pc
Re=3=% (38)

where Agg is the area of the symmetry element, with 4sg = 1 cm X p, and p is the distance
between two rear line contacts, called pitch. For planar contacts, the metallization fraction
1S fmet = @ / p. Note that pc / Acontact and pc / a requires that the current density is constant

over the contact, which is in general not fulfilled for PERC solar cells.

Also note that pc and r¢ have the same unit Qcm?, but different meaning. An overview of

the used series resistances and their description is shown in Table IX.

Recently, a specific contact resistance (contact resistivity) pc of 8 — 16 mQcm? was derived
in Ref. [111] using the transfer length method [80] (TLM). The samples contained rear
local line contacts fabricated by rear finger screen-printing. A much higher specific contact
resistance pc of 40 — 55 mQcm? was reported in Ref. [112], derived from a series resistance
analysis of PERC solar cells with varying fn.. These two ranges of values for p¢ differ

more significantly than is expected.
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Table IX: Overview of the series resistances used in chapter 4.

Parameter name Symbol Unit Description
Lumped series resistance Accounts for all series resistance
rs Qcm? | contributions of the various regions of
a solar cell

FspL Qcm? | Measured by double light-level method

FSTLL Qcm? | Measured by triple light-level method
Measured by PL-Rg images, area

r S,nearBB QCI’I’I2 y S g

averaged close to the busbars
Measured by PL-Rg images, area

7 Qcm?
S.betweenBB averaged between the busbars

Welghted series resistance Contribution to rs of the front bquarS,
component 7S const Qcm? | front fingers, front contacts, emitter
and the rear Al-sheet
7S base Qcm? | Contribution to rg of the base
re Qcm? | Contribution to rg of the rear contact
. . Absolute contact resistance per line
Rear (line) contact resistance Rc Qcm u p
contact
Specific rear contact resistance Pe mQcm? | Normalized to the contact area

Using Eq. (38), the weighted rear contact series resistance rc has a value of 0.08 — 0.16
Qcm? or 0.40 — 0.55 Qcm?, respectively, assuming a typical fimer = 10 %; this corresponds to
about 10 % or 50 % of the observed total, lumped series resistance rs of a PERC solar cell.
In this chapter, I will show that improved evaluation schemes of both proposed

experiments explain and reduce the uncertainty of determining Rc significantly.

Looking at the rear local line contact geometry, shown in Figure 44, the contact resistance
Rc is separated into four contributions: (1) the resistance of the Al-Si eutectic at the
opening Rc opening With the width wopening; (2) the resistance of the elliptical shaped Al-Si
eutectic layer Rc eytectic With the width @ and the depth b; (3) the Al-Si contact resistance
Rc avsi » where the half circumference of an ellipse 0.5 x C = 0.5 x n(2((a/2)2+b2))1/ 2 is the
contact cross-section, which may be associated with fyn = C/(2 x p); and (4) the

resistance of the local BSF R¢ gsp with depth wgsg.
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silicon wafer
(base)

Figure 44: Schematic of the cross-section of the rear local line contact of a PERC solar cell. The rear
contact resistance is thought to consist of four contributions: the Al-Si eutectic at the opening, the

elliptical shaped Al-Si eutectic layer, the Al-Si contact resistance, and the local BSF.

Those resistance contributions may be summed in series to obtain the rear contact

resistance Rc:

Re = RC,opening + RC,eutectic + RC,Al/Si + RC,BSF . 39)

The contributions of Rc opening and R cutectic may become relevant if voids [113] are formed.
Rcpsr can be neglected due to Al doping densities of typically higher than 1x10" cm™
within the shallow BSF. The contribution of Rcaysi is actually the resistance which is
widely understood as the contact resistance. A separation of some of the contributions
between void-affected contacts and non-voided contacts may be possible, but is not part of

this chapter.

In this chapter, I show my results of a weighted series resistance analysis of PERC solar
cells with varying fi, while the weighted lumped series resistance rs is derived by the
triple-light-level method (TLL) [114] [115] from I-V-curves, and the weighted lumped
series resistance is imaged and averaged by a PL technique [51]. The separation of the
weighted series resistance components of the base 7g s and of the rear contact r¢ from the

weighted lumped series resistance rg is carried out by
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rS(fmet) = Ts,const + Ts base (fmet) +71c (fmet) 5 (40)

where 7sconst 1S the fmer-independent, weighted series resistance contribution of the front
busbars, front fingers, front contacts, emitter and the rear Al-sheet. The analytical
calculation of 7spase follows Gelmont et al. [116] and Saint-Cast [117]. Additionally, I

quantify s pase by numerical device simulations.

As a second method for the R¢ derivation, the rear contacts of two PERC solar cells are
investigated by TLM. In this chapter, I show that, for the evaluation of the TLM
measurement, the perpendicular current flow above the rear contact must definitely be
taken into account. I model the TLM setup by numerical device simulation to derive the
lower limit of the series resistance contributions to the measured TLM resistance Rtim

considering additionally the contact geometry.

All improved evaluations lead to lower Rc¢ than previously reported with a reduced

uncertainty. The TLM method is suggested to be favorable.

4.2 Sample preparation

The 156 x 156 mm? industrial PERC-type solar cells for this experiment are
fabricated with a PERC process sequence [105] pseudo-square 180 pm thick p-type boron
doped Czochralski (Cz) silicon wafer material with a base resistivity variation ppase of 1 — 3
Qcm in the SolarWorld Innovations pilot production line. The cells feature an alkaline
texture, a lightly doped homogeneous and a heavily doped selective emitter. The local back
contacting on the passivated rear side was achieved by laser processes and Al-sheet layer
screen-printing. The contact line distance, called pitch p, is varied from 0.3 mm to 5.0 mm
in 6 groups, i.e. p = 0.3, 0.6, 1.0, 2.0, 3.0, 5.0 mm, so that the weighted series resistance
contribution of the local rear contacts can be investigated. Each group started with 50

wafers. Furthermore, those groups are divided into five subgroups with varying firing peak
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temperatures to ensure optimal contact firing conditions for each line pitch in the used
conventional belt furnace. The optimal firing temperature for highest median efficiencies

for each group is chosen for the evaluations, which is within a range of 30 K.

The solar cell base resistivity ppase 1S determined by capacitance-voltage (CV)
measurements [118] with the pv-tools LOANA solar cell analysis system [119]. For the
determination of the weighted lumped series resistance rs of the PERC solar cells, current-
voltage characteristics (I-V-curves) are measured in the dark and under three different
illumination levels (0.8 suns, 1.0 sun and 1.2 suns) with a h.a.l.m. I-V-tester [120].

Additionally, PL-Rg images [51] are taken with the LIS-R1 BT Imaging tool [99].

The TLM sample preparation of these PERC solar cells requires a separation of the rear
side line contacts, which can be done by rear finger screen-print or by mechanical Al-sheet
structuring after cell processing. The mechanical ablation of the Al-sheet is chosen. The

TLM stripes are prepared by laser cutting and mechanical breaking.

4.3 Modeling

The PERC solar cells and TLM test structures are analyzed by numerical device
simulation. The focus is on series resistance losses. For the numerical solution of the
semiconductor differential equations in the drift-diffusion approach, I use the software
TCAD Sentaurus Device [39] and state-of-the-art physical models described in Ref. [36]
[61][62].

The geometrically irreducible standard domain for the device simulation of the PERC cell
is two-dimensional (2D), assuming front and rear contacts are in line shape. The PERC
domain is as high as the cell thickness, and I choose its width to be half of the rear local
contact distance, i.e. half pitch p/2. At first sight, this may contradict the emitter geometry,
because the front metal finger distance is generally unequal to half pitch. However, I
choose the front surface to be fully covered with a metal contact, and I adjust the contact
recombination velocity to be so low that the measured [22] emitter saturation current Jy. is

reproduced in the model [64] (by using a measured doping profile). In this way, I can
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freely vary the pitch, irrespective of the front finger distance. This choice of the PERC
domain causes a homogeneous electron current flow across the p-n junction into the front
metal and therefore neglects the resistive losses in the emitter arising, in reality, due to
lateral currents flowing towards the front contact fingers. These resistive losses are
neglected in my evaluations, because I only compare differences of the determined series
resistances arising from the base and rear contact series resistance. The Shockley-Read-
Hall (SRH) recombination in the bulk is included with a single defect energy at midgap
having equal SRH lifetime parameters for electrons and holes, 7, = 7,. The SRH surface
recombination at the passivating dielectric layer at the rear is also included, again with a
single defect energy at midgap and equal surface recombination parameters for electrons
and holes, Sy rcar = Sp,rear. The rear contact has a shallow BSF, which I include in the model

via a Gaussian BSF doping profile. The used device parameters are listed in Table X.

Table X. List of device input parameters for numerical simulations.

Parameter Symbol Value Unit
Cell thickness w 150 um
Rear contact width a 60 pm
Front contact resistivity P front 1x10° Qcm?
Rear contact resistivity Pe 1x10° Qcm?
Base resistivity Phase 2.0 Qcm
Measured emitter doping profile:
Peak doping density c(P)peak 6x10% cm”
Junction depth 0.3 um
Gaussian BSF doping profile:
Peak doping density c(Al)peak 3x10" cm”
Junction depth 0.3 pm
Lateral depth 0.3 um
SRH recombination parameters:
Bulk electron T 2x107 S
Bulk hole 7, 2x107 s
Surface electron Sh.rear 25 cm/s
Surface hole Sprear 25 cm/s

The domain for the rear side TLM structure is schematically shown in Figure 45. It
contains similar rear side contacts, but the emitter is omitted and not contacted. The

potential is applied to the two rear contacts and the pitch p is varied.
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Figure 45: A schematic of the standard domain of a rear side TLM structure used for the simulations.

4.4 Derivation of the lumped series resistance

Four methods are used and compared for the determination of the (weighted)
lumped series resistance rs of the PERC solar cells. These are (1) the double light-level
method [114] [121] applied to a dark and a 1 sun [-V-curve, (2) the triple light-level
method [115] applied to the 0.8 suns, 1.0 sun and 1.2 suns I-V-curve, (3) and (4) the area
averaged weighted series resistance of a PL-Rg image [51] close to and between the
busbars, respectively. Figure 46 shows a PL-Rg image and exemplifies the regions which
are analyzed within the images to determine the (weighted) lumped series resistance close

to the busbars s nearnp and between the busbars 7 petweenBB-

The derived lumped series resistance from a dark and a 1 sun I-V-curve rspy is a standard
parameter of a h.a.lL.m. I-V-tester and it is named ‘SserLfDfIEC’ in the software, which
refers to a light-forward and a dark-forward I-V-curve evaluated by the double light-level
method also described in the standard IEC 60891 [121]. The described method allows a
voltage dependent rs pr(V) determination, while I choose for my evaluations the voltage at
MPP Vypp which is most relevant for a solar cell. The (weighted) lumped series resistance

from three different illuminated I-V-curves rs rLr(V) is voltage dependent as well.
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Figure 46: Example of a PL-Rg image [51] of a PERC solar cell where the lateral (weighted) lumped
series resistance rg in Qcm? is shown. The regions close to the busbars and between the busbars are
marked as black and white rectangles, respectively. For an introduction to the concept of (weighted)

lumped series resistances rs see chapter 4.1 and Table IX.

An example of rstr (V) of a PERC solar cell with p =2 mm is shown in Figure 47.
Additionally, I plot the rs i evaluation of numerically simulated I-V-curves of a PERC
cell for plausibility. In the simulations, it is assumed that rstLi(V) = rspase(V) and a rs
offset of 0.5 Qcm? is added to account for other resistance contributions, such as within the
emitter or metallization. The experimental and simulated lumped series resistance
decreases from MPP to open-circuit voltage Voc. This originates from changes in the
current-paths [122]. The wider the pitch the stronger the effect is. The deviations between
experiment and simulation arise experimentally from the uncertainties of the I-V-curve
measurements with the h.a.l.m. system and the simulations deviate due to the fact that the
front side geometry of the simulation domain differs from the real PERC cell. Again, I

choose MPP for the extraction of 7s tr..(Vmpp).
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Figure 47: Example of voltage dependent (weighted) lumped series resistance rsr1.(V) determined by
the triple light-level method [115] (TLL) for a PERC solar cell with 2 mm pitch. The simulation is
added for plausibility. Deviations between experiment and simulation arise experimentally from
uncertainties of the rg determination from I-V-curves and the simulations deviate due to the fact that

the front side geometry of the simulation domain differs from the real PERC cell.

The four different (weighted) lumped series resistances rspr(Vmpp), 7stLL(VMPP), 7S nearBB
and 7spetweensp are determined for all PERC cells. The cell groups contain finally 6 — 15

cells. The box-plot in Figure 48 shows their comparison.

As expected, the weighted lumped series resistance rs increases with increasing pitch of
the PERC cells for all series resistance determination methods. In general, the variation of
rs is similar for all methods and can be tracked down for small pitch to an inhomogeneous
front contact resistivity, due to the firing process, and for large pitch to the base resistivity
variation. rspr(Vmpep) 1s lower than rsrir(Vwmpep) for all pitch, but from analytical
calculations (not shown here) I expect rs values closer to rsto(Vmpp). The difference can
be explained by the different solar cell operation conditions in the dark and under
illumination. Again, those differences originate from the changes in the current paths [122].
FsnearBB 18 lower than rspetweenss for all pitch. This is due to the fact that the current
generated between the busbars flows along the fingers and suffers from finger resistance,
whereas close to the busbars it almost does not. For high pitch, the PL-Rg imaging method

shows a high noise and the fingers shade the signal significantly.
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Figure 48: Box-plot of the (weighted) lumped series resistance measured with four different methods:
rs,pL(Vmpp) With the double light-level method applied to a dark and a 1 sun I-V-curve, rs1oL(Vvep)
with the triple light-level method applied to the 0.8, 1.0, and 1.2 suns I-V-curve, rsseargg a0d Fs petweenBB
with the area averaged series resistance of PL-Rg images close to and between the busbars,

respectively.

I therefore decide to use the weighted series resistance determined by the triple light-level

method s rLr(Vmpp) for our further analysis, i.e. in the following rs = rs tLo(Vmpp).

4.5 Evaluation of the rear contact resistance Rc

4.5.1 Evaluation of Rc of PERC cells with varying metallization fraction

It is better to determine solar cell parameters such as the rear contact resistance Rc
on finished solar cells rather than on test structures, if possible. The benefit of such
determination is that the derived cell parameters are as close as possible to the real solar

cell fabrication process.

For the determination of metallization fraction f;,-independent rear contact resistance Rc, I
separate the fne-dependent weighted series resistance of the base rspae and the
fmer-dependent weighted series resistance of the rear contact from the (weighted) lumped

series resistance rg (see Egs. (40) and (38)). The weighted series resistance of the base
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s pase 1S calculated for varying fue, 1.€. p, following Eq. (41) of Gelmont et al. [116], which
was adapted to solar cells by Plagwitz [123] [56],

2(/cosh(ma/4wW)+1
Tspase(0, W, p, @) = Zn ( eoshtra/av) )) +ow (1—exp(="/p)) . @)

cosh(ra/4wW)—-1

which applies if tanh(wa/4W) < 1/v/2, which is fulfilled for all investigated cases of
this chapter. Secondly, 75 pasc 1S calculated by Eq. (42) of Saint-Cast [117] (pp. 56 — 61),

Ts base (,0, w, p, a) =

a 0.3 2.82(2W/a)*88£08k  aZp [ 1 2 (42)
2P (37fmet 2= fmet) + tanh(2.82(2W/a) 88 f06%) 12w (fmet B 1) +Wp .

The maximal error of Eq. (42) is smaller than 5% in a range of W/a< 30 and
0.5 % < fmet < 10. The Eqgs. (41) and (42) consider planar contacts, so that fn. = a/p.
Additionally, I carry out device simulations of PERC cells with varying fme, i.. varying p,
and extract the lumped series resistance by the triple-light-level method (TLL) [115]
evaluated at maximum power point (MPP). For the simulations, the emitter resistance is
neglected by inserting a the full-area front contact; R¢ at the rear contacts is neglected by
setting pc to 1 x 10° Qem? and by applying a shallow BSF. For all calculations and
simulations, I assumed a wafer resistivity of ppase = 2 Qcm, a wafer thickness W = 150 um
and a contact width a =60 um of a planar contact geometry. A comparison of the

determined s = s pase 1S shown in Figure 49.

The calculation of 7gpase, following Gelmont et al., shows high deviations compared to
Saint-Cast and the numerical simulation when the cell has a high pitch, which was found in
Ref. [124] too. This is due to the assumption of Gelmont et al. that there is an equipotential
at the base side of the space-charge region (SCR). Whereas Saint-Cast assumed that there
is a laterally homogeneous minority carrier density and a laterally homogeneous net
current at the base side of the space-charge region (SCR). From my simulations, it turns
out that the assumptions of Saint-Cast are more relevant for illuminated solar cells, when

comparing the results.
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Figure 49: Comparison between the weighted series resistance of the base, determined by the method
of Gelmont et al., Saint-Cast, and numerical simulations. A contact width of 60 pm, a wafer thickness

of 150 pm, and 2 Qcm base resistivity are used for the calculations and the simulations.

The Eq. (41) by Gelmont et al., used in Ref. [112], underestimates the weighted series
resistance contribution of the base 7gspase, Which leads to an overestimation of rc (see

Eq. (40)). It results and explains the comparatively high, derived pc of 40 — 55 mQcm?.

For the determination of the weighted lumped series resistance rs, I choose the triple light-
level method (TLL) applied to the 0.8 suns, 1.0 sun and 1.2 suns I-V-curve [115] for
following evaluation. The TLL method allows a voltage dependent rs(») determination,
while I choose for my evaluations the voltage at MPP Vypp which is most relevant for a
solar cell. The determined (weighted) lumped series resistance rs = rs tLr(Vmpp) derived by
the TLL method is shown in Figure 50. As expected, the weighted lumped series resistance
rs increases with increasing pitch of the PERC cells. The variation of rg can be tracked
down for small pitch to an inhomogeneous front contact resistivity, due to the firing

process, and for large pitch to the base resistivity variation.

For the derivation of the rear contact resistance Rc, I separate the fme-dependent g pase and

7sconst = 0.5 Qem? from rs(Vwvpp) using Eq. (40).
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Figure 50: Box-plot (whiskers extend to the largest value within + 1.5 interquartile range) of the
(weighted) lumped series resistance rs(Vypp) measured with the triple light-level method [115] (TLL)
applied to the 0.8, 1.0, and 1.2 suns I-V-curve.

Note that rspase strongly depends on ppase, SO prase 1S measured with capacitance-voltage
(CV) method [118] for each sample to reduce uncertainties and apply Eq. (42) (Saint-Cast)
to derive 7spase. Figure 51 shows the resulting weighted rear contact series resistance ¢ in

dependence of p.
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Figure 51: Box-plot (whiskers extend to the largest value within + 1.5 interquartile range) of the
weighted rear contact series resistance rc after subtracting rg pase and rg const = 0.5 Qcm?, using Eqs. (40)
and (42). rc still includes all variations of rs occurring e.g. due to firing issues, process variations

during emitter diffusion, etc.
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The weighted rear contact series resistance rc increases with increasing p. Only for high
pitch, the influence of ¢ may be dominant. For small pitch, variations of rg are visible,
which possibly occur due to firing issues, process variations during emitter diffusion, etc. I
apply Eq. (38) to derive the rear contact resistance Rc per line contact which is
theoretically constant after separating all fn-dependent influences. Rc is shown in Figure

52.
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Figure 52: Box-plot of the rear contact resistance Rc per line contact. For small pitch, a high
uncertainty is dominant, which is due to firing issues, process variations during emitter diffusion, etc.

For high pitch, a maximal resistance per contact Rc =2 Qcm is determined.

I could not derive a constant Rc. For small pitch, the high rc uncertainty results in a high
Rc value with a high variation. In the pitch range from 2 mm to 5 mm, the rear contact
resistance Rc is more accurate due to the lower metallization fractions. From the highest

pitch of 5 mm, a maximal resistance per contact of Rc =2 Qcm is estimated.

Figure 52 includes all uncertainties for the evaluation method of the series resistance
analysis of PERC solar cells with varying metallization fraction fie. | summarize that
uncertainties arise from: (1) the choice of the series resistance determination method which
determines the overall rg level, where I prefer TLL, (2) the voltage at which rg is evaluated
for double or triple light-level methods, (3) the rg correction procedure while calculating
rspvase Which introduces uncertainties especially for a higher pitch, where [ observe

deviations between state-of-the-art analytical solutions and between numerical simulations,
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and (4) the derived R¢ value may be most accurate for a high pitch, but those PERC cells
suffer from non-optimized production processes and extreme cell working conditions.
Based on the experimental results and my evaluation, I do not recommend the evaluation

method of the series resistance analysis of PERC solar cells with varying fiet.

4.5.2 Evaluation of Rc using the TLM method

The transfer length method (TLM) [80] is most successfully applied measuring the
resistances of metal-semiconductor contacts placed on a thin conductive sheet layer. For an
introduction to the transfer length method see Chapter 3.1. A typical example is the front
contact fingers on the emitter layer of solar cells (see Section 3.1.2). At the rear of PERC
cells, however, the contacts are placed directly on the base, so no conductive sheet layer is
present, and the current flows during the measurement in a rather curved pattern between
two contacts. The idea to separate the contact resistance Rc v from the sheet resistance
psu by measuring the voltage drop between two contacts is to vary the contact distance d.
The current is flowing through each contact and through the conductive sheet layer. The
series resistance network describes Eq. (10). The TLM method is applied for the
determination of the rear contact resistance Rc of PERC solar cells as proposed in Ref.

[111]. Examples of a TLM measurement are shown in Figure 53.

For the derivation of the resistance R¢ of the rear line contacts of PERC solar cells, the
assumption of a very thin, of optimally zero thickness, conductive sheet layer is violated.
The thickness W of typical solar cells is about 150 — 180 um, i.e. the perpendicular current

flow above the rear contacts has to be considered for the Rc derivation.
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Figure 53: Two examples of a TLM measurement of a PERC solar cell with a pitch of 2mm (blue
crosses), compared with numerical device simulations (red circles). The results of a linear regression

are listed, applying Eq. (10).

The additional series resistance component Rc.pase 1S €xemplified in Figure 45 and should
be considered when carrying out TLM measurement of the rear contact of PERC solar

cells. An adapted series resistance network is described by

R
RTLM(d) =2 (TC + RC—base) + Rbase (d) . 43)

Besides R per line contact, there is a kind of an ‘intrinsic’ Rc component Rc.pase Which
cannot be separated by the TLM method, as it does not depend on d. Rc.pas 18 @ function of
the base resistivity puase, the base thickness W and the geometry of the contact, i.e. the
penetration of the contact into the base (see Figure 43). For a maximum impact estimation
of Rc.base, | may assume that the current flows only perpendicularly in the sections ‘I’ in the
series resistance network of Figure 45, while the lateral current flow is only in the section
‘II’ and the current density is constant there. Assuming a planar contact, Rc.pase may be

estimated by

1 ppaseXW

Re—pase (pbase; W,a) = 3 axicm  ’ (44)



Chapter 4.5 91

while the prefactor 1/3 accounts for the decreasing current density going away from the
contact, which is a similar problem as the analytical determination of the series resistances
of the emitter or finger [125], respectively. Rc.pase 1S 2 Q assuming ppase = 2 QQcm,

W =150 um and a = 50 pm.

This idealized model does not hold for the real case. A TLM evaluation method was
recently proposed, considering a thick sample [126]. The second dimension of the
thickness is accounted for in an analytical solution to derive Rctimep for planar contacts.
Remimop = Rebase 18 1.16 Q  assuming  ppase =2 Qcm, W =150 um, a =50 pm and

pc = 1x10" mQem>.

I propose to determine Rc.pase by numerical device simulation to account for
inhomogeneous current densities in the base, current crowding close to contacts/BSF and
additionally to Ref. [126], the elliptical contact geometry. For two PERC solar cells with a
pitch of 2 mm from the same experiment as discussed before, TLM measurements and
device simulations are carried out. The full-area rear Al-sheet contact is structured in lines
by mechanical ablation. The results of the measurements are shown for the samples 4.4.6

and 4.4.7 in Figure 53.

Additionally, I carry out simulations of the TLM test structures where the rear contact
geometry (see Figure 43) is accounted for, i.e. the elliptical shape is measured by optical
microscopy and transferred, in order to model the elliptical shaped contact in the
simulation (see Figure 44 and Figure 45). A shallow BSF of 1 um depth is assumed. The
results of the simulations assuming pc sim = 1x10° mQcm? as well as the results of the
linear regression of the experimental and simulated TLM measurement are shown in
Figure 53 applying Eq. (10). A comparison of the input and the resulting parameters is
shown in Table XI.

The comparison of pp,sc between experimental four-point probe (4pp) measurements and
TLM measurements are in good agreement. The deviations are below 0.1 Qcm, which are
due to the small temperature differences between the measurements, or measurements

uncertainties of 4pp or the thickness.
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Table XI. Comparison of the input and the resulting parameters of the TLM measurements and

simulations.
Parameter Unit Sample 4.4.6 Sample 4.4.7
input Prase. Qcm 2.73 2.46
w pm 151 154
a pm 57 54
b pm 24 24
Results Rehase’ Q 2.41 2.34
calc. Rermep [71] Q 1.52 1.40
Results exp. sim. A exp. sim. A
TLM 2XReqim’ Q 2.49 1.84 0.65 2.61 1.68 0.93
Rcim Q 1.25 0.92 0.33 1.30 0.84 0.46
rc Qcm? 0.25 0.17 0.07 0.26 0.17 0.09
slope® Q/mm 17.65 17.92 -0.26 16.09 15.84 0.25
Phase Qcm 2.67 2.71 -0.04 2.48 2.44 0.04

“Determined by four-point probe (4pp) measurements on the back-etched wafers,

" see Eq. (44),

¢ see Figure 53.
For the derivation of Rc, I calculate Rc / [ = Rc um(exp.) — Rerom(sim.) (see Egs. (10) and
(43)), as I assume that Rc rpm(sim.) equals the ‘intrinsic’, distance independent, component
Rcvase Of Rrim. The derived Rcerim per contact of the TLM measurements are
(0.33+0.12) Q and (0.46+0.12) Q higher than the values from the simulations, which is
expected, as I just simulate the ‘intrinsic’ Rc. Note that the ‘intrinsic’ component of R¢ in
TLM measurements is about 2 — 3 times higher than the derived Rc. For the investigated
two PERC solar cells with p =2 mm, only a weighted series resistance contribution of the
rear contacts ¢ of 0.07 —0.09 Qcm? is determined, which is below 10 % relative to the
(weighted) lumped series resistance rs, considering Figure 50. Note that the analytical
solution of the 2D TLM evaluation [126] shows higher Rc values than experimentally
determined. This is due to the perpendicular extension of the Al-Si eutectic layer, i.e. the

elliptical shape of the contact.

The TLM determination method of Rc leads to much lower uncertainties than the
evaluation method of the weighted series resistance analysis of PERC solar cells with
varying fme. The most challenging aspect of the TLM determination method is the
description of the contact geometry, i.e. lateral and perpendicular extent of the Al-Si

eutectic layer during firing and the formation of the BSF in doping density and depth. For
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an estimation of the impact, I perform device simulations of TLM measurements with the
parameters of sample 4.4.7, varying the contact depth of an elliptical shaped contact with
and without BSF. The results are shown in Figure 54 and are compared to the

experimental, simulated and analytical values of Table XI.
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Figure 54: Simulation study of the TLM experiment with a PERC-like test structure with an elliptical
contact as shown in Figure 43 varying the contact depth 5. The experimental and simulated values of

Rc v and Re rvzp of sample 4.4.7 are added from Table XI as horizontal lines for comparison.

Firstly, I can confirm the derived analytical solution from Ref. [126] for planar contacts
(b =0 um) without BSF to be valid with an uncertainty below 2 %. Secondly, the
‘intrinsic’ Rc component of the TLM measurement decreases comparatively strongly with
the contact depth b, as expected. The small differences between the simulations with and
without BSF can be explained by broadening of the effective contact in depth and width
due to the highly conductive BSF. It is concluded that the impact and the knowledge of the
contact geometry is important for evaluating TLM measurements and for the derivation of
an accurate Rc.pase- In comparison to the evaluation method of the series resistance analysis
of PERC solar cells with varying fne, the uncertainty of R¢ is reduced significantly. I
recommend deriving Rc of PERC solar cells from TLM measurements, optical microscopy
or scanning electron microscopy (SEM) of the contact geometry, and numerical device

simulation.
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I can confirm the observation of Urrejola et al. [111] that the contact resistance Rc
remained constant in their experiments. However, the calculation of the contact resistivity
pc, which was found by Urrejola to be apparently decreasing due to a decreasing contact
width, is misleading as the ‘intrinsic’ Rc component and the local BSF was not considered
in their evaluation. In the Ph.D. thesis of Urrejola [28] (pp. 63), I find the experimental
confirmation of my numerical simulations shown in Figure 54 above. In Urrejolas Ph.D.
thesis in Figure 6.2 on page 64, a decreasing R¢ with increasing Al finger width is shown.
However, I propose a new interpretation. As shown in the SEM images of the same figure,
the increasing Al finger width increases the contact depth, which accounts for the

decreasing Rc as shown in Figure 54.

4.6 Impact of the rear contact resistance on the solar cell performance

For the estimation of the impact of the rear contact resistance on the performance of PERC

= % = £€ (compare

solar cells, I show on the example of sample 4.4.7 the validity of R, =1

2

Eq. (38)) by comparison of simulated TLM experiments varying the rear contact resistivity
pc. For the elliptical shaped contacts the contact cross-section is assumed to be half the

circumference of an ellipse C(a,b) / 2 =80 um. The comparison is shown in Figure 55,
where pc cqic = %CRC = %Cl (RC,TLM(pC,sim) - RC,TLM(l,uQcmZ)). For the example of

sample 4.4.7, a good agreement between simulated and calculated contact resistivity is
derived. Small deviations occur due to the geometrical influence of the shallow BSF. I
conclude for typical PERC solar cells that the assumption that the current density is almost
constant over the contact is justified for Eq. (38). The assumption may become uncertain

for contacts without BSF and/or much lower base resistivity ppase.

The determined Rc = (0.46+0.22) Qcm per line contact is used now to carry out a simple
estimation on its influence on the weighted rear contact series resistance rc, the change of
the fill factor AFF and the change of the cell efficiency Az. For that, I vary the
metallization fraction fyee from 1% to 10 % and determine rc by Eq. (38) assuming a
contact width of 60 um. AFF, Ay are determined by AFF = (rc X Jupp®) / (Jsc X Voc) and
An = (rc x Jupp?) / E, respectively.
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Figure 55: Comparison of the derived rear contact resistivity pc ... from TLM simulations varying the

input rear contact resistivity pcsm. The input parameters equal the TLM simulations of sample 4.4.7
(see Table XI).

I assume a current density at MPP Jypp = -36 mA/cm?, Jsc = -39 mA/cm?, Voc = 660 mV
and the irradiance under standard test conditions (STC) at £=0.1 W/cm?, which are

typical values for PERC solar cells [105] [108]. The results of the estimations are shown in
Figure 56.
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Figure 56: Impact of a variation of f,,. on the weighted rear contact series resistance rc(Rc), AFF(Rc)
and An(Rc) assuming a contact resistance of Rc = (0.46+0.22) Qcm (proposed TLM evaluation) and
1.30 Qcm (standard TLM evaluation) per line contact (see Table XI), a contact width of 60 pm,
Jmpp =-36 mA/cm?, Jgc = -39 mA/cm? and Vo = 660 mV.
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For a metallization fraction below 3.5 % the rear contact resistance becomes important and
results in a FF drop higher than -0.3 %,ps and a # drop higher than -0.1 %,s. Using the
standard TLM evaluation, a drop in efficiency of -0.3 %.,s would be estimated for

fmet =3.5%.

4.7 Conclusion

For the determination of the rear contact resistance of PERC solar cells, two
experimental determination methods are carried out, analyzed and improved. The
evaluation schemes may be applied to LFC and LCO contacts, while here LCO line
contacts are investigated as an example. The method proposed in Ref. [112] for the series
resistance analysis of PERC solar cells with varying metallization fraction f,e shows a
high uncertainty due to: (1) the choice of the series resistance determination method which
determines the overall lumped series resistance rg level, (2) the voltage at which rg is
evaluated for double or triple light-level methods, (3) the rg correction procedure while
calculating the weighted base series resistance rspase Which introduces uncertainties
especially for a higher pitch where I observe deviations between state-of-the-art analytical
solutions and between numerical simulations, and (4) non-optimized production processes
and extreme cell working conditions for PERC solar cells with high pitch, even though the
derived rear line contact resistance Rc value may be most accurate for a high pitch. For my
evaluations, I used the TLL method of three illuminated I-V-curves for the rg
determination at MPP, the analytical base series resistance model of local line contacts
proposed by Saint-Cast. An upper limit of R¢ is determined to be about 2 Qcm, but I do not
recommend this determination method. In Ref. [112], the weighted series resistance
contribution of the base rgpase 1S underestimated, which leads to an overestimation of r¢
(see Eq. (40)). It results and explains the comparatively high, derived pc of 40 — 55

mQcm?.

The second method to determine Rc is to carry out TLM measurements of the electrical
separated rear line contacts [111]. For the determination of R¢, the series resistance loss in
the thick base has to be considered due to perpendicular current flow above the contacts. It

introduces an ‘intrinsic’ series resistance component Rc.pase t0 the contact resistance Re tim
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determined by TLM. R¢.pase may be well determined by numerical simulations considering
the base resistivity, the thickness of the base, and additionally the rear line contact
geometry. Accounting for Rc.pase, the Rc determination from TLM measurements is
significantly improved. Rc is determined to be below (0.46+0.22) Qcm, which is half of
Rcpase. The impact on series resistance losses on PERC solar cells is an efficiency drop
below 0.1 % for metallization fractions higher than 3.5 %, i.e. the rear contact resistance is

currently no significant loss mechanism in SolarWorld PERC solar cells.
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