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Realistic Multidimensional Optoelectrical Modeling Guide
for Copper Indium Gallium Diselenide Solar Cells

Jan Lucaflen, Setareh Sedaghat, and Martina Schmid*

Herein, an optoelectrical model is presented for copper indium gallium diselenide
(CIGSe) solar cells in COMSOL Multiphysics, capable of multidimensional
simulations, and it is applied to ultrathin (500 nm absorber thickness) solar cells.
First, the modeling approach is shown. Special attention is paid to back contact
materials, interface states, and defect application and their impact on the cur-
rent-voltage (/-V) characteristics. To address whether the back contact is
Schottky or Ohmic, the influence of the Schottky barrier height, recombination
velocity, and interface states is shown. Then, the additional application of an
acceptor defect gradient at the absorber back and a donor defect density dis-
tribution at the p—n junction is investigated. The results of these parameter
adjustments are discussed, and the trends are shown to enable fast fitting of
experimental J-V curves. Finally, the results are compared to the experimental
J-V curves for indium tin oxide and Mo back contact, and challenges encountered
are discussed while fitting. The optoelectrical model for CIGSe solar cells,

lowering the absorber thickness from
2microns to 0.5microns shows great
potential. It reduces the material consump-
tion by 75% compared to a thick absorber.
The record efficiency of an wultrathin
(<500 nm absorber thickness) CIGSe solar
cell is 15.2%.? Semitransparency is
another technique for widening the field
of application and increasing efficiency.
For this purpose, the standard molybde-
num back contact can be replaced with
indium tin oxide (ITO). For further optimi-
zation of the ultrathin solar cells and to
offer insight into the underlying physics,
simulations yield a valuable and cost-effec-
tive tool. 1D simulations are sufficient for
optical and electrical modeling of planar

established in two dimensions here, paves the way for comprehensively
describing 2D and 3D solar cell structures, e.g., nanotextured or microsolar cells,

as well as for considering different absorber thicknesses.

1. Introduction

With a growing demand for solar energy, cost and sustainability
play a significant role in research and industry. Chalcopyrites,
like copper indium gallium diselenide (CIGSe), with their tun-
able bandgap and high absorption coefficient, are one of the
promising thin-film technologies. They are suitable for many
applications, such as car roofs, windows, and facades, because
they are lightweight and can be semitransparent. However,
the scarcity of indium and gallium influences the production
costs for CIGSe absorbers.!!! To save material, speed up the pro-
duction process, and reduce CAPEX costs, the opportunity of
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cells using platforms like SCAPS,"! but
2D and 3D models are indispensable if
nanostructures, point contacts, or different
geometries (e.g., microabsorber islands)
are of interest.*® COMSOL Multiphysics
enables multidimensional optical, electri-
cal, and thermal simulations based on
the finite element method (FEM). It was used here to develop
a base parameter set capable of modeling ultrathin CIGSe solar
cells on Mo or ITO back contact. There are multiple research
works showing numerical simulation on the effect of layer thick-
ness,"”) the rear surface passivation mechanism,”! Al,Os-rear-
passivated,®! and interdigitated back contacted absorbers."!
Recently, an updated baseline model for 1D modeling of thin
film and ultrathin absorbers in SCAPS has been proposed.”’!
All of the named publications used a Mo back contact.
We intended to investigate the difference between Mo and
ITO back contact and find out the reason for the similar behavior
in the experimental results. Moreover, the parameter sets of the
simulations differ slightly from each other. Therefore, we show
the effect of different material parameters on the multidimen-
sional simulation and how to adjust the simulation parameters
to fit experimental results. We demonstrate the development of
the model in 2D here for the sake of computational resources and
the capability of cross-checking with realistic material properties
on a planar reference structure. The implementation in more
than 1D is, however, the base for a straightforward translation
of the model to 3D, where all possible textures can be addressed.

According to the literature, the back contact barrier plays a
pivotal role in optimizing the performance of CIGSe solar cells.
The contacts of Mo/ITO with CIGSe should be considered
Schottky-like contacts due to the metal/metal-like semiconductor
junction. Despite numerous experimental works, it is unclear

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH

8sUB9 17 SUOWILLOD aA a1 a|ged||dde ayy Ag pausenob afe saoiie YO ‘8sn Jo sajnJ 1o} AkeiqlT auljuQ A8]1AA UO (SUOIPUOD-pUe-SLLIB)WOD A8 | 1M ATeiq 1 pUl|UO//SdNY) SUORIPUOD pue SWwid | 8Y} 39S *[zz0z/2T/92] uo AriqiauliuQ /]I ‘Auewses) auelyoo) Ad 298002202 110S/200T OT/I0p/wod A8 IM Arelq puljuo//sdny woly pepeojumod ‘0 ‘X86T.L9EZ


mailto:martina.schmid@uni-due.de
https://doi.org/10.1002/solr.202200867
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.solar-rrl.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsolr.202200867&domain=pdf&date_stamp=2022-12-25

ADVANCED
SCIENCE NEWS

; ;RRL

www.advancedsciencenews.com

whether the back contact behavior is Ohmic, quasi-Ohmic, or
Schottky, resulting from different fabrication techniques.!'®™"*
For instance, the formation of MoSe, has been correlated to
the Ohmic contact behavior of the Mo/CIGSe interface.**'*13)
The formation of the MoSe, layer is not the exclusively determin-
ing part of the Ohmic behavior, but also sodium doping and the
MoSe, orientation play crucial roles in forming an Ohmic
contact.'**® For the CIGSe/ITO interface, the formation of a
GaO, layer has been proven. Nevertheless, there is a contradiction
about the influence of this layer on the back contact behavior
depending on its thickness and the sodium doping.!**2°! To obtain
a deeper insight into the CIGSe/back contact junction, it is essen-
tial to investigate the back contact behavior theoretically. In this
regard, publications on numerical modeling of CIGSe solar cells
with different back contacts exist.?'??! However, they have
neglected the concurrent impact of back surface recombination
velocity (Sp) and interface states on the solar cell parameters.

Similarly, defects are a crucial point in optimizing the perfor-
mance of the CIGSe solar cells. Wei et al. calculated the possible
defect types and their energetic depth.”?! Nevertheless, defects
applied in simulations were pure Shockley—Read—Hall recombi-
nation centers in midgap without investigating different distribu-
tions.[**#! Yet, a more detailed and realistic implementation of
defects could benefit our understanding of the CIGSe solar cell
performance.

Our work aims at developing a realistic model for CIGSe solar
cells on Mo and ITO back contacts concerning, in particular,
the influence of doping density, Schottky barrier, back surface
interface states, and different defect densities and distributions.
The parameters are adjusted to fit our experimental results.
Moreover, the resulting trends for parameter changes are shown
to enable fast adjustability for fitting other experimental config-
urations. First, the model structure and our modeling approach
are shown. Then, the optical and electrical simulation setup is
explained, showing the parameter set. It follows the explanation
of the theoretical background for the two back contact materials
and settings for the defect distributions. Then, the back contact
behavior is confirmed without the influence of bulk defects.
It follows the investigation of parameter variations in the full
model, leading to a fit for the experimental current—voltage
(J-V) curves on Mo and ITO back contact.

2. Modeling Approach

We established a 2D optoelectrical simulation model of a CIGSe
solar cell in COMSOL Multiphysics, which we will cross-check later
with experimental results for ultrathin absorbers. In the following,
we present the layer stack corresponding to the realistic structure,
the optical and electrical simulation setups, a list of parameters,
and details on the Schottky contact and defect distributions.

2.1. Structure

Our lab’s CIGSe solar cells with a PVD-fabricated absorber on Mo
or ITO back contact inspired the geometry. Details on the fabrica-
tion process for specifically the ultrathin solar cells with ITO back
contact can be found in ref. [24]. The process used for cells with
Mo back contact is comparable. In Figure 1, a schematic of the
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Figure 1. Layer stack consisting of 3 mm/700pm glass, 800/300 nm
Mo/ITO, 500 nm CIGSe including a 15nm ODC layer, 50nm CdS,
80 nm i-ZnO and 300 nm AZO.

simulated structure is shown. The structure starts with a 3 mm
soda-lime glass substrate plus 800 nm Mo (with sodium diffusion
barrier) or a 700 pm barium-borosilicate alkali-free glass substrate
plus 300nm ITO. A CIGSe absorber layer of 500 nm thickness,
with an ordered defect compound layer (n-type ODC) of 15 nm
thickness included at the absorber front interface, is placed on
top. The ODC is inserted to better model the CIGSe/CdS interface
and the present defects.[**%! On top of the ODC layer, the 50 nm-
thick CdS buffer layer, followed by the intrinsic zinc oxide (i-ZnO)
and the aluminum-doped zinc oxide (AZO) layers with 80 and
300 nm thickness, respectively, is added.

2.2. Optical Simulations

For the optical simulations, the wave optics module in COMSOL
was applied to the 2D cell stack introduced above. Additionally,
perfectly matched layers (PMLs) were added at the top and bottom,
and periodic boundary conditions were applied for the side walls.
The required complex refractive indices of the different layers were
derived via a mathematical approach based on the transfer matrix
method. For this purpose, transmission and reflection spectra of
the individual layers were measured by UV-Vis spectrometry in
the Multioptix Group at the University of Duisburg-Essen or
at the Helmholtz Zentrum Berlin*® Then, the software
RefDex””! was used to extract the refractive indices taking the
thickness of the individual layers into account. Additionally, the
roughness of each layer can be applied to refine the data.

The derived complex refractive indices were inserted into
COMSOL to calculate the electric field distribution in the solar
cell stack by solving the time-harmonic Maxwell equations with
the finite element method.

From the field distribution, the CIGSe absorption and the total
carrier generation rate were calculated in the simulation range
from 350 to 1200 nm."®! The CIGSe absorption spectra on Mo
and ITO can be found in the supplementary (Figure SI,
Supporting Information). The generation rate implies the
electron-hole pair generation in the solar cell due to photon
absorption. For the simulations, the standard test conditions
(STCs) were applied using the AM1.5G sunlight spectrum with
1000 W m 2 of input power density at a cell temperature of 25 °C
to match the measurement conditions for the experimental
results.
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2.3. Electrical Simulations

For the electrical simulations, the semiconductor module in
COMSOL was used. The before calculated generation rate for
AZ0, iZnO, CdS, and ODC/CIGSe was imported. Based on
it, the module solves the drift and diffusion equations under
illuminated conditions.

To develop our own parameter set, we started with published
parameters and identified the most affecting ones. Then, we
added defects and adjusted the parameters to fit our experimental
data. Furthermore, we investigated the effects of parameter
variations. The used parameters are summarized in Table 1.
There are three categories of parameters: 1) Inherently fixed
parameters such as bandgap (E,), electron affinity (y), and rela-
tive permittivity (e;) of layers are chosen according to the values
in the literature.*>#?%3% Moreover, the values for electron and
hole mobility (un, up) Were set to the numbers used in most pub-
lications. The ODC, being the boundary layer of CdS/CIGSe,
shares the electron affinity and lifetime with CIGSe and the
doping density with CdS. Due to the electron-hole pair genera-
tion in the CIGSe (the absorber layer) and the specified GGI
(Ga/(Ga+In)) ratio in our experiment, the density of states
(DOS) in the valence and conduction band (VB and CB) of
CIGSe were calculated.®" Therefore, knowing the effective mass
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of electrons and holes is essential. The effective electron and hole
mass (mg/)m; in CIGSe can be tuned by the GGI (Ga/(Ga + In))
ratio’? For our case of GGI=0.31, m:=0.1m* and
m; = 0.3 m* where m* is the effective mass of a free electron.
As two different back contact materials were used in the simu-
lations, the neutrality energy level was considered constant at
0.2 E; for Mo and 0.8 E; for ITO. The energy level of traps
(Eqer) was fixed at 0.1 E, for acceptor defects and 0.8 E, for donor
defects according to values calculated by Wei et al,;**! 2) Several
parameters did not show any significant effects on the simulation
results; therefore, they were considered as fixed parameters and
set to common literature values: doping densities, VB DOS, and
CB DOS in the ODC, CdS, i-ZnO, and AZO, the lifetime of elec-
trons and holes in all layers as well as electron and hole capture
cross sections of traps in the CIGSe and ODC; and 3) In the third
category of parameters are the ones of interest. These were iden-
tified as core parameters whose impact on the simulation results
was investigated. The doping density (N,) in CIGSe, as one vari-
able parameter, was changed in the range of 10°-10'°cm™,
according to the ranges found in the literature.*”2>%
Additionally, defect densities (Ngef) are of interest, which signif-
icantly impacted the cell performance. An acceptor defect density
(Naefiay), with a half Gaussian distribution from the back contact,
was considered for the absorber in the range of 7 x 10'° to

Table 1. COMSOL simulation parameters of the standard CIGSe solar cell (VB DOS, density of states in the valence band; CB DOS, density of states in
the conduction band; A, acceptor; D, donor; (Mo parameter/ITO parameter)).

Layer property Symbol [unit] Back contact CIGSe ODC Cds i-ZnO AZO
Thickness d [nm] 800/300 485 15 50 80 300
Bandgap Eg [eV] 1151 1.451%1 2.489 3.480 3,512
Electron affinity 7 [eV] 430 4.3 4. 2129 4,551 4,657
Relative permittivity & 13.6l458:29:30] 13.61 1089 gl458,29,30] gl45:8,29,30]
VB DOS N, [em 3] 4.12:x10'® 2 x 10823 1.5 x 1019 9 x 108139 9 x 10863
CB DOS Nc [em 3] 7.96 x 107 2 x 1083 2 x 10" 4% 10839 4% 10839
Electron/hole mobility e Hp [cm?V7's7T] 100, 2519 1, 1129 100, 251 100, 2519 100, 251
Electron/hole lifetime Tp, 7p [NS] 12, 13002 12, 1300 0.005, 0.005%%  0.005, 0.0052%  0.005, 0.005%%)
Doping Na, Np [em ™3] Variable 5x 10" (D) 5x 107 (D)FN 1% 10" (D) 1 x10%° (D)
(1x10"/1x10"%) (A)
Density of defects Ngef Variable Variable - - -
(9x10"/2 x 10" (3% 1082 x 10"
(A) [em ™ (D) [em™’]
Energy level Eqer [eV] 0.1E 0.8 £, - - -
Electron/hole capture e, O [cM?] 3x1073,1x107 7B 3%107"3, 1 x 107 P - - -
cross sections
Work function @m [eV] Variable - - - - -
(4.9/4.9)

Decay length of acceptor
back gradient

dbackgrading [nm] -

Variable (100/25) - - - _

Interface properties

CIGSe/back contact

Back electron/hole surface recombination velocity Sbr Sbp [cmM s
D; [cm™?

%o [eV]

Interface state density

Charge neutrality level

8 x 10% 4 x10°
Variable (7 x 10"") (A)
0.2 £, (Mo), 0.8 £, (ITO)
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9 x 10" cm 2 The distribution is modified by a decay length
(packgrading) from 25 to 200 nm, determining how far the defects
reach into the absorber. For the ODC, a uniformly applied donor
defect density (Ngegp)) Was considered. Typical density values
for defects range from 10" to 10® cm™ depending on the
material. =7 Furthermore, the acceptor-type interface state
density (D;) was varied from 10'° to 10™*cm ™ due to
10" cm™? being the maximum density of dangling bonds in
Mo as a body-centered cubic crystal.?* In addition, the work
function of the back contact (¢,,) ranged from 4.6 to 4.95eV.
The range stems from the work function range of Mo and
ITO from 4.2 to 5.24eV depending on treatment approaches
(e.g., annealing, etching). Further details can be found in the sup-
plementary (Table S1 and S2, Supporting Information). As the
back surface recombination velocity (Sp) indicates the number
of recombination centers at the semiconductor/back contact
interface, S, was varied from 10* to 107 cm s~ 1. However, there
is an interconnection between Sy, and D; as a consequence of the
recombination current density. S, as a variable was assumed
to be the same for the back surface recombination velocities of
electrons and holes (Sp, and Sy;,). However, Sy, was fixed to the
calculated value after investigating its impact. Further informa-
tion on the calculation of S}, can be found in the supplementary.
Table 1 states the values at which they were finally fixed to fit our
experimental results for Mo/ITO back contact.

2.4. Schottky Barrier

To elucidate the impact of the back contact barrier on the J-V
characteristics of the CIGSe solar cell, Figure 2 illustrates the
general model for the junction of CIGSe (p-type semiconductor)
and metal/degenerate semiconductor (Mo/ITO) as the back con-
tact by considering interface states at the semiconductor surface.
Interface states are introduced due to dangling bonds caused by
breaking the periodicity of the bulk crystal or by surface
contamination.*!

. f Vacuum
t !
! / ? Ec
1 1
Gm | H !
I ! \ E
: d)Bn: : J
# i lfQi i EF
1| > F Ev
$o ¢B": / Lavo
v v
Back Contact CIGSe

Figure 2. Schematic band diagram of the CIGSe/back contact interface
with interface states.
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As defined in Figure 2, the required material properties for
assessing the Schottky barrier are: the bandgap energy of
CIGSe Eg, its energy levels of conduction and valence bands
Ec and Ey, respectively, and the electron affinity y of CIGSe with
respect to the vacuum level; the work function of the back contact
(Mo or ITO), ¢y, i.e., the energy required to transport an electron
from the Fermi level Ef to the vacuum level; the charge neutrality
level ¢, below which the interface states are filled. ¢, is measured
from the edge of the valence band of the semiconductor. The
surface charge density Q; (Q; = qD;(Er — @) where q is the ele-
mental charge), residing at the semiconductor interface, results
from the interface state density D; (cm ?). Furthermore,
the interfacial layer of thickness t has not been shown in
Figure 2 because of its atomic scale.

By assuming the interface state density is independent of the
metal properties and the atomic-scale thickness of the interfacial
layer, the hole barrier height at the p-type CIGSe/back contact
junction ist®

Pap = 7[Eg = (om — 2)] + (1 = 7)oo (1)
where y is the interface state parameter, expressed as!*®!

1

= S 2
1 +tDi/K,'€O ( )

4
where K; is the dielectric constant of the interfacial layer.

According to Equation (1) and (2), special cases are of great
interest. 1) D; — o0, y =0 and then g@g,=¢,; therefore, the
Fermi level is pinned by the interface states at ¢,. In this case,
the model approaches the Bardeen limit where the barrier
height is insensitive to the work function of the back contact;
2) D;= 0, y=1 and then ¢g, = E; — (¢, — x) Which leads to
the ideal Schottky model.

The interface states create interface dipoles, which predomi-
nantly lead to a large electric field at the junction and a change in
the band bending near the surface by shifting the Fermi level.’”
Regarding the energetic position of the charge neutrality level,
the additional electronic charge transfer can be directed from
the back contact to the CIGSe layer or from CIGSe to the back
contact, which affects the space-charge region (SCR) in CIGSe
and consequently the band bending.*® The band bending
describes the contact nature of “accumulation”, “neutral”, or
“depletion”,*! as shown in Figure 3a—c. A good Ohmic contact
requires obtaining the accumulation contact, which allows holes
(majority carriers) to diffuse to the metal (Figure 3a). If the back
potential w, is less than kgT/q (kg is Boltzmann’s constant,
and T is the temperature), the contact acts as quasi-Ohmic
(see Figure 3b). In this case, holes can migrate to the metal
but not as easily as for the Ohmic contact. When the Fermi
energy of CIGSe is larger than the work function of the back con-
tact before contact, y arises, in which the holes in CIGSe should
overcome to transit into the back contact (Figure 3c).

In order to decrease the interface state density, passivation
may be desired. A large passivation area can be achieved by
point-contact structures at the interface of the back contact
and CIGSe.?>*% The passivation not only suppresses the num-
ber of interface states but also affects the charge distribution at
the vicinity of the interface leading to a change in the back
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Figure 3. Band diagram of a CIGSe/back contact junction with different Fermi levels of CIGSe before contact due to the different interface state densities.
a) “Accumulation” nature of the contact when ¢,y is larger than the Fermi level of CIGSe. b) “Neutral” nature of the contact when ¢,,, is equal to the Fermi
level of CIGSe. c) “Depletion” nature of the contact when ¢, is lower than the Fermi level of CIGSe.

surface recombination velocity."**!) In other terms, passivation
can reduce the number of the recombination centers, which
are represented by the back surface recombination velocity.
According to Tu et al. and Yong et al.,*"*? two distinct passiv-
ation behaviors have been observed for Mo and ITO: as
passivation causes a decrease in surface recombination velocity,
passivation of the back interface is beneficial for Mo while it
would be detrimental for ITO due to the different contact nature.

2.5. Defects

To accurately model experimental results and understand what is
the possible cause for certain behaviors, e.g., rollover, we applied
different defect types and distributions to our model and
observed their influence. Initial tests with the four different types
available in COMSOL (acceptor, donor, neutral electron, and
neutral hole traps) as homogeneously distributed defects and
with different discrete energy levels showed that only acceptor
and neutral electron traps take effect in p-type layers while the
donor or neutral hole traps become active in n-type layers.
A detailed explanation of the crystal defects and their respective
trap types can be found in the supplementary (Table S3,
Supporting Information).

Li et al.*!! found experimentally that absorbers grown without
sodium showed a rollover in the J-V characteristics, while
absorbers grown with sodium postdeposition treatment (PDT)
did not.”¥ Furthermore, the element depth profiles obtained
by Li et al. revealed sodium aggregation at the back contact inter-
face. The J-V data we use for fitting were obtained from samples
produced with PDT. Due to the experimental findings, we chose
to investigate a back-graded distribution of acceptor defects in the
absorber bulk as shown in Figure 4. The acceptor defects will act
as docking points for the sodium and will be passivated by
sodium incorporation. For increasing sodium content, the accep-
tor defect density and depth distribution will be decreased.

The grading applied has a half-Gaussian shape with the decay
length given by the width where the acceptor defect density is
reduced to 1/e times its peak value. The shape resembles the
sodium distribution shown by Li et al.**! A shallow acceptor trap
was applied which can be linked to a Cu vacancy, a Se antisite, or
a Se interstitial. These acceptor traps in COMSOL are negatively
charged when unoccupied and are neutral when occupied. The
sodium ions with positive charge will interact with the traps at
the back contact neutralizing the charge. This yields the possibil-
ity to model the effect of sodium PDT with the acceptor defect
density as well as the decay length applied to the distribution.

Sol. RRL 2022, 2200867 2200867 (5 of 13)
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Figure 4. Example acceptor defect density distributions resulting from
decay lengths of 25, 100, and 200 nm.

The earlier mentioned neutral electron traps cause the same
effect; however, due to our hypothesis of sodium ions passivating
the defects and the energetic positions close to the valence band,
we chose the acceptor trap type. For determining the impact of
dbackgrading, it is necessary to fix the surface charge density to keep
the number of traps constant. To achieve this, we defined the
acceptor trap density as surface density, which is divided by
dbackgrading: Then, it yields the necessary volume density with
a constant trap number for the COMSOL input.

For the ODC layer, we chose a homogenous defect distribu-
tion due to the small layer thickness. The deep donor traps
applied can have multiple origins. One possible cause is a higher
density of Inc, and Gac, antisites.”>**** Another reason may
lay in Cd diffusion during the chemical bath deposition process,
as shown by refs. [45,46]. Trap application in the buffer and win-
dow layer showed no effect on the simulation results and are
omitted for this model.

For all defects, Egers are defined from the VB edge and their
depths are based on the calculations of Zhang et al.,**i.e., here
the Inc, antisites are at 0.8 E, relative depth while the V, are at
0.1,

3. Results and Discussion
First, the impact of different back surface recombination veloci-

ties on the J-V characteristics is shown. Then, the impact of
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interface states at the CIGSe/back contact on both hole barrier
height and the PV parameters is demonstrated and discussed
for the two different back contacts of Mo and ITO. After that,
the combined influence of all varied parameters on the J-V char-
acteristics is elaborated, showing how the fitting of open-circuit
voltage (V) short-circuit current density (Js.), and shunt resis-
tance (Rg,) can be adjusted.

3.1. Back Surface Recombination Velocity

Recombination current density (j= Sy x D; (for interface) or
Jre = Sp X Nger (for bulk)) is a factor influencing the overall cur-
rent density of the solar cell.**? As Sy, is one constituent of the
recombination current density, examining the impact of S;, on
the photovoltaic (PV) parameters is of great importance.
Figure 5 illustrates J., Vo, fill factor (FF), and efficiency (Eff)
as a function of g, for S, in the range from 10*to 10’ cms™.
As it can be seen in Figure 5a, by an increase of ¢, in the range
from 0 to 0.9, with 0.1eV increment size, there is a general
decrease of J,.. The reason is a lower probability for holes to dif-
fuse from CIGSe to the back contact with increasing hole barrier
height, which effectively reduces the carrier collection at the back
contact. In addition, increasing ¢g, causes a decrease in @g,
(according to Figure 2, the electron barrier height ¢g,, is equal
to Eg — @gp). Therefore, the probability of migrating electrons
from the back contact to CIGSe increases for higher hole bar-
riers. On the other hand, an increase in S, implies that more
charge carriers (electrons and holes) will recombine at the back
interface of CIGSe before they can be collected and J,. reduces.
Therefore, with a higher back surface recombination velocity and
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27 - -
26 —— Sb=104 cm/s -
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704 — d .

60 -
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50 - 3

40 L

30 T T T T T T T T
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sp (eV)
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higher hole barrier, fewer electrons can be transported from the
back contact over the barrier into CIGSe. However, the contribu-
tion of holes to the total current does not considerably change.
Accordingly, Ji increases because the total current density
Jt= linole| + Jetectron| (Jnole: hole current density, jejectron: €lectron
current density). Hence, there is a slight turning point at
@pp=0.7 V.

Figure 5b illustrates that V,. decreases as a function of gp),
for a given Sy; however, the influence of increasing S, affects
Voc negatively first (decreasing, blue arrow), and after that, it
acts as a positive impact (increasing, red arrow). The transition
between the trends is defined as a turning point (@), which
occurs at g, =0.25eV. ¢r arises from the impact of S}, on
the charge distribution and consequently V.. At gg, lower
than @r, higher recombination velocities diminish charge con-
centrations in the SCR. This reduction results from the higher
hole recombination probability at the interface, which builds a
separate SCR in the opposite polarity due to the hole depletion
in the vicinity of the CIGSe/back contact interface.
Accordingly, the effective electric potential in the main SCR
gets lower, and hence V,.. This trend continues up to the
@1 where the space charge density stays constant for all Sps.
However, for gp, greater than ¢r, the negative impact of S,
on the SCR is suppressed;*!! therefore, the increase in S,
results in higher electric potential because of the rise in charge
concentrations which leads to higher V,. The increase in
charge concentration is caused by two concurrent factors:
1) polarity change of SCR at the CIGSe/back contact interface
into the constructive contribution; and 2) extension of this SCR
further to the main SCR.

V. (mV)

200 A F
100 - 3

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Eff (%)

o+
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
#ap (€V)

Figure 5. Photovoltaic parameters as a function of the hole barrier height @g, and back surface recombination velocity Sp.
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The dependency of FF and Eff on S}, and @g,, is presented in
Figure 5¢,d, respectively. The dependency of FF on V. is the fol-
lowing!+*!

Voo —In(Voe +0.72)

FF =
Voo +1

G)

where Vo = qV,/AkgT is the normalized voltage with A the ide-
ality factor of the solar cell. Furthermore, Effis a function of J,
Voo FF, and input power. Therefore, trends of FF (S, ¢gp) and
Eff (Sp, @Bp), Which are similar to J (Sp, @Bp) and Vi (Sp, @gp),
can be observed. However, there is a slight shift in the turning
point to a higher gg;, of 0.3 eV. According to Equation (3), FF and
hence Eff are nonlinearly dependent on V, and J; (affecting A),
which can explain the observed shift.

Investigating the influence of surface recombination velocities
is highly interesting against the background of experimental
structures aiming at their manipulation. For the following
generic simulations without additional interface structures, how-
ever, we set the values of Sy, and Sy, as given in Table 1. These
values originate from the calculation via thermionic emission—
diffusion theory as detailed in Equation (1) and (2) of the supple-
mentary information.

3.2. Interface States

In this part, the influence of the interface state density, as another
constituent of j.., on the hole barrier height (Schottky barrier)
and accordingly on the J-V characteristics is studied.

In order to investigate the correlation between the hole barrier
height and the work function of the back contact, Figure 6 dem-
onstrates the g, variations as a function of ¢,,, by considering
different D; at ¢ s of 0.2 E and 0.8 E,, respectively. As it can be
seen in Figure 6a, for ¢y = 0.2 E,, the interface state parameter

a - .
y= a‘;’)‘*" reduces with increasing D;, and takes values of 1, 0.99,

0.99, 0.96, 0.23, and 0.05 for D; equal to 0, 10'°, 10, 10, 103,
and 10" cm ™2, respectively. It reveals a decreasing dependency
of @g, on ¢ with increasing D;. Figure Gb represents the
insignificant impact of D; on the ¢p,—¢., dependency at
@o=10.8 E;. In this case, y reduces from 1 to 0.98 only with D;
increasing from 0 to 10'*cm ™2 The D; is rendered inactive.
According to Equation (1), the hole barrier is highly dependent
on the work function when y is close to one. Consequently, this
high sensitivity to the work function leads to the ideal Schottky-
like contact (see Figure 3c).

To inspect the impact of the interaction of ¢o and D; on the
nature of the CIGSe/back contact junction, the band diagrams of
the CIGSe solar cell for the three different interface state densi-
ties 10'°, 10", and 10" cm™2 are illustrated in Figure 7.
Figure 7a shows that the different energy band levels consisting
of Ec, Ey, Epy (electron quasi-Fermi level), and (Ep, (hole quasi-
Fermi level) overlap each other at a low D; of 10'®cm™? for the
two distinct charge neutrality levels of 0.2 E; (solid lines) and
0.8 E; (dashed lines), hence are indistinguishable in this plot.
In this figure, @gp, is 0.576eV for both ¢,=0.2E, and
@o=0.8 E;. As it can be seen in Figure 7b, increasing D; to
10" cm ™2 lowers gg, to 0.477 eV for ¢y =0.2 E, while it stays
constant at 0.576 eV for ¢, = 0.8 E,. In Figure 7c, g, decreases
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Figure 6. Calculated hole barrier heights as a function of the work function
of the back contact by considering D; from zero to 10" cm™2 for
a) po=0.2 £; and b) 9o =0.8 E,.

t0 0.15 eV for D; of 10 cm 2 and ¢ = 0.2 E, whereas the reduc-
tion in ¢gp, is insignificant for gy = 0.8 Ej.

As shown in Figure 7c, for @, of 0.2 E,, the quasi-Fermi level
for holes aligns with the zero energy of the metal contact.
Moreover, there is no band bending at the junction visible,
the junction is neutral (see Figure 3b) and shows quasi-Ohmic
behavior. However, the junction behavior is Schottky-like for ¢,
of 0.8 E; because of . The established vy, results from the
depletion of holes in the vicinity of the back interface. The deple-
tion region creates a downward band bending near the interface.
Figure 7a—c confirm that the dependency of ¢g, on ¢, for higher
D;s at g of 0.2 E, gets remarkably lower (Figure 6a) whereas g,
is still highly dependent on ¢y, for ¢, of 0.8 E, (Figure 6b).

To study the impact of interface states on the J-V character-
istics, Figure 8 shows the dependence of J,. and V,. on the D;and
@o for the ¢, of 4.9 V. In Figure 8a, the 3.24 mA cm 2 rise in Jsc
is caused by the increase of D; from 10'° to 10" cm ™2 for a rela-
tive energy position of g = 0.2 E,. The increase in Q; at the back
interface, caused by an increase of D;, leads to a lower hole poten-
tial barrier while increasing the electron barrier, which reduces
the recombination and enhances the carrier collection. In addi-
tion, the increase in space charge density enhances V. consid-
erably from 469 to 679 mV in the aforementioned D; range for
@0 = 0.2 Eg, as shown in Figure 8b. By altering the relative energy
position of interface states to 0.8 E, the influence of D; on J-V
parameters has faded: J,. increases only 0.1 mA cm™2, V,. by
11.4 mV. In this case, the variation in the Q; at the back interface
and the space charge density causing more efficient carrier collec-
tion and more electric potential, respectively, is not noticeable.
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Figure 7. Energy band diagram of the CIGSe solar cell by considering the conduction band (E¢), the valence band (Ey), the electron quasi-Fermi level
(Efn), and the hole quasi-Fermi level (E,) for different concentrations of D;: a) 10" cm ™2, b) 10'*cm ™2, and c) 10" cm™? with two distinct ¢ of 0.2 E,
(solid line) and 0.8 E; (dashed line) (work function ¢, =4.9eV). (BC stands for back contact.).
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Figure 8. Variation of a) Js. and b) V, as a function of D; and ¢o when the
work function is 4.9 eV.
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Therefore, the interface states can be described as inactive due to
the neutral energy level of 0.8 E.

These simulations demonstrate that it is possible to engineer
the height of the barrier at the CIGSe/back contact interface and
hence the behavior of the junction by considering the interface
state density. All in all, regarding the 4.9 eV work function in our
simulations, taken as the average of the work functions of Mo
and ITO, the hole barrier height is 0.6eV for both ITO and
Mo back contact without any interface state density. On the other
hand, the barrier height can be tuned by the interface states and
their neutrality energy level which severely affect the behavior of
the interface of CIGSe/back contact. In our case, the charge neu-
trality levels of 0.2 E, and 0.8 E; were considered to represent Mo
and ITO, respectively. Regarding o = 0.2 Eg and D; of 10" cm ™
for Mo, the hole barrier height lowers to 0.15 eV; accordingly,
the behavior of the Mo/CIGSe interface can be found at the left
hand of the turning point ¢y in Figure 5b. However, the barrier
height for the ITO/CIGSe interface, where the charge neutrality
level lies at 0.8 E,, remains constant for different interface state
densities. Thus, the behavior of this interface is still at the right
hand of . Therefore, the reduction in S;, (equal to reducing the
interface recombination by passivation) results in better perfor-
mance for the CIGSe solar cells with Mo back contact.
Nevertheless, the trend is apparently opposite for the CIGSe solar
cells on ITO.
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3.3. Trends for /-V Parameter Adjustments

After the evaluation of Sy, D, @9, ¢m, and g, without the pres-
ence of other defects, we found that adding D; and changing ¢,,,
are not yet sufficient to fit the experimental J-V results. We fur-
ther investigate the combined effects of D; and ¢,,, with the addi-
tional parameters of doping density in the absorber (Na), an
acceptor defect gradient in the bulk (Ngega)) With its decay length
(dbackgrading), and the donor defect in the ODC (Ngegp)) on the J-V
characteristics. The impact of these will be shown and discussed
in the following for Mo. For ITO the parameters to fit the
experimental results are fixed at different values, which will
be stated for each part. Overall trends for Mo and ITO back con-
tact stay the same.

3.3.1. Open-circuit Voltage

First, the impact on V,c of Dj, @m, Neea), and dpackgrading iS
shown. The other mentioned parameters did not show a
significant impact and were therefore set constant to the values
given in Table 1.

In Figure 9a, the D; sweep from 1 x 10'° to 7 x 10" cm™? is
shown. Here, the other parameters are held constant at the val-
ues indicated by the green dashed lines in Figure 9b-d. Higher
values as shown in the simulation without defects (Figure 8)
stopped the simulation from converging due to a too large dis-
turbance in charge carrier concentration. This sweep raises the
open-circuit voltage from 600 mV to about 630 mV. The interface
states will introduce additional charges at the back interface mod-
ifying the band diagram, as shown in Figure 7a—c. The negative

www.solar-rrl.com

charges enlarge the back SCR and reduce the hole barrier, effec-
tively rising the V,.. For ITO, D; is the same, however, the charge
neutrality level changes to 0.8 E,.

Next, Figure 9b investigates a variation of ¢, between 4.6 and
4.95 eV to simulate the different back contact material properties
and show their possible impact. The open-circuit voltage changes
from 360 mV for a work function of 4.6 eV up to 650 mV for a
work function of 4.95eV. This large change is caused by the
direct impact of the work function on the Schottky barrier.
Higher work functions raise the electron barrier. Electrons are
now easier repelled from the back contact, which increases
the electric field that can build up. The choice of back contact
material is crucial for the cell performance; however, minor dif-
ferences in work function might be compensated by the interface
states. The average work function of 4.9 eV proved our previous
statement to be suitable for simulation of ITO and Mo back
contact and therefore it is the value used for the parameter sweep
and fit.

Additionally, Figure 9c reveals the sweep of dpackgrading
between 25 and 200 nm. The V. raises from 525 to 630 mV
for the decay length between 25 and 100 nm, while the -V curve
starts to show a rollover for decay lengths higher than 100 nm
(not shown here). The distribution of defects impacts the accu-
mulation of negative charges at the back barrier. The back SCR is
widened for dhacigrading between 25 and 100 nm changing the
band bending toward the back contact. Above 100 nm, the defects
are reaching further into the SCR, which will affect the electric
field distribution causing the rollover for higher applied bias volt-
age. For the ITO case, dpackgrading iS fixed at 25 nm for the other
parameter variations. For the different contact materials, a differ-
ent back gradient is expected.
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Figure 9. Open-circuit voltage V,,. change by variation of a D; b) ¢, ) dpackgrading: and d) Ngera)- The green dashed lines indicate the values of the

parameters when fixed in another sweep.
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Figure 10. Short circuit current density change by varying a) dbackgrading of the acceptor defects and b) Ndef(D) in the ODC layer. The green dashed

lines indicate the values of the parameters when fixed in another sweep.

Finally, Figure 9d shows the impact of Ngefa) swept between
7 x 10" and 9 x 10" cm ™2 while keeping the decay length con-
stant to change the number of defects in the volume. The
increase in total number of defects causes a rise in negative
charge density; therefore, the back barrier for electrons is
increased influencing the V,. which changes from 330 to
630mV. In case of the ITO back contact, an acceptor defect den-
sity of 2 x 10"* cm ™2 is used as fixed value for the other parame-
ter variations. This is higher than the actual range applied for Mo,
which ended at 9 x 10" cm™2. For ITO, the charge neutrality
level for the interface states changes to 0.8 E; and makes a larger
density possible.

3.3.2. Short-circuit Current Density

The Ji is only significantly influenced by two of the varied
parameters, and the other parameters show only minor effects.
In Figure 10, the effects on the Ji. of dpacigradging Of the acceptor
defects and Nyefp) in the ODC are shown. (The acceptor defect
density itself has no effect only the distribution parameter
dbackgrading) .

Figure 10a highlights the impact of a dpackgrading SWeep from
25 to 200 nm. The J. drops from 29 to 26.5 mA cm ™2 The rea-
son is the defects reaching further into the SCR with longer
decay length, thus increasing the number of recombination
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Figure 11. Shunt resistance Ry, change by varying a) Na, b) duackgrading: and c) @m. The green dashed lines indicate the values of the parameters when

fixed in another sweep.
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centers for the newly generated electron-hole pairs. The
electron-hole pairs will recombine directly in the SCR
consequently reducing J..

Next, Figure 10b shows the Ngegp) sweep from 9 x 101 to
5x 10" cm ™. The J, drops from 29 to 26.8 mA cm™2. The
ODC layer is right at the front interface of the absorber and
builds the p—n junction with the absorber bulk. The position
of defects in direct vicinity of the p—n junction causes the gener-
ated charge carriers to directly recombine and reduce the col-
lected current, without influencing any other J-V properties.
Naefipy for the ITO back contact is fixed to 2 x 10" cm* for
the other parameter variations; the reason is a generally higher
Jsc observed in the experimental results for ITO back contact.

3.3.3. Shunt Resistance

In Figure 11, the effects of parameter variations on the shunt
resistance are shown. From the previously discussed parameters,
only dhackgrading and ¢m have influence on the shunt resistance.
Additionally, N4 affects the shunt resistance without influencing
Jsc or Ve

In Figure 11a, N has been varied from 10"° to 10" cm > and
the shunt resistance drops from 1050 to 620 Q cm? for higher
doping densities. The lower doping of the CIGSe layer enlarges
the space charge region inside the absorber and enhances the
charge separation.

The variation of the decay length from 25 to 100 nm raises the
shunt resistance from 920 to 1050 Qcm? as illustrated in
Figure 11b. After the peak at 100 nm, Ry, drops to 625 Q cm?
at 200 nm. The defects alter the charge distribution inside the
absorber. For the decay lengths up to 100 nm, the position of
the charges enhances the electric field, while for decay lengths
larger than 100 nm recombination centers are introduced inside
the SCR. These will directly influence the resistance; the possi-
bility of recombination in these centers will increase with the
number of passing charge carriers and the electric field breaks
down easier. In Figure 11c, the work function of the back contact
has been varied from 4.6 to 4.95eV and an increase in shunt
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Figure 12. Impact of defect density distribution on the band diagram,
shown for dyacigrading Of 25 and 200 nm. Here BC stands for back contact.
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resistance from 800 to 1050 Q cm” observed. For higher work
functions, the electron barrier will increase causing the electrons
to be more effectively repelled.

Given the trends shown in the previous section compared to our
experimental results, we chose D;=7 X 10" em ™2, pm=49eV,
hackgrading = 100 1M, Ngegay =9 x 10" cm ™2, Ny =1 x 10"° cm’
for the Mo contact and D;=7x 10 ecm™2, ¢,=49¢€V,
Gbackgrading = 25 1M, Ngeay=2 x 10" cm ™, No=1 x 10" cm’
for the ITO contact. These values have been presented in
Table 1 as the final parameter values applied in our simulations.
While investigating the effect of the varied parameters on the J-V
characteristics, we have observed no significant effect on series
resistance R and FF by any of the varied parameters. Therefore,
no evaluation of effects on R, and FF will be shown.

3.4. Effects of Back Grading on the Band Diagram

Given the impact of the decay length on V., Js., and Ry,, we look
at the changes in band diagram between the two extrema
25 (solid line) and 200 (dashed line) nm decay length. The band
diagrams are shown in Figure 12.

Ec and Ey show a similar behavior to the Eg, with a higher and
steeper bending for 200 nm (dashed lines) reaching further into
the absorber bulk. For the Ep, and 200 nm decay length, the
curve does not follow the trend of the other dashed lines and
stays constant over 300nm and then drops steeper as the
25nm decay length line. Due to the sharp bending for
200 nm, the hole barrier is larger. This increase in hole barrier
makes it harder for the holes to reach the back contact, which
increases the probability of recombination, due to reaching their
lifetime, which affects the J,.. Moreover, the V. is affected by
raised barrier height in the Ec, increasing the built-in potential.
However, the steeper slope toward the ODC for 200 nm reaches
far into the SCR, close to the ODC, causing the rollover behavior.

3.5. Challenges in Fitting

One goal has been to understand our experimental results better
and to be able to model cells on Mo and ITO back contact confi-
dently. In Figure 13, the experimentally recorded -V data
obtained from the best cells of representative baseline samples
for each back contact material, plotted as circles, are compared to
the simulation data shown with dashed lines and a simulation
data corrected by Ry (solid lines). The parameter set summarized
in Table 1 is the optimized list for fitting our experimental curves
resulting from the discussed parameter changes in the previous
sections.

For the molybdenum back contact (red), the experimental
result shows a J,. of 27.30mA cm™? and the simulation result
(without addition of R,) differs by only 0.03mA cm™2 In the
experiment V.. is 634.00mV, the difference to simulation
0.25mV. A larger difference can be found for FF, which
is 71.49% in experiment and 80.10% in simulation.
Furthermore, the Ry, can be matched with the experimental data.
The R, cannot be matched by parameter variation and all results
show a lack of R. This R deficit can be adjusted by adding an
additional contact resistance in the COMSOL program. For the
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Figure 13. Comparison of experimental J-V curves for the best cells from
representative baseline samples for ITO and Mo back contact with the
simulated counterparts.

Mo simulation, 0.8 Q R was added, which matches the experi-
mental Ry and reduces the simulated FF to 76.94%.

In case of ITO back contact (blue), the differences in simula-
tion and experiment are similar. . is 29.19 and 29.11 mA cm ™2
for experimental and simulation data, respectively. The V,. for
the experiment has been measured at 618.99 mV while the sim-
ulation shows 616.16 mV. Additionally, the FF is measured with
67.96% for the experiment and reaches 80.48% in the simula-
tion. Moreover, the Ry, matches between simulation and experi-
ment. For ITO, R, has been adjusted to 2.4 Q, which reduces the
FF to 71.19%. A close match with the experimental curve has
been achieved. Nevertheless, the FF remains unmatched for both
back contact types.

4. Conclusion

Our aim was to develop a realistic model capable of simulating
CIGSe solar cells with Mo and ITO back contact. We detail the
influence on the J-V characteristics of the work function of
the back contact (¢,), the interface states at the back contact
(D), the charge neutrality level of D; (o), the acceptor defect den-
sity (Ngefa)) in @ Gaussian gradient distribution defined by the
decay length (dyacigrading), and the donor defects (Ngegp)) in
the ODC layer at the p—n interface as well as the doping density
in the absorber layer Nu. All shown trends enable a fast adjust-
ability of simulations to fit experimental results.

Our model can fit the J-V characteristics of CIGSe solar cells
with Mo and ITO back contact by changing ¢, of D;, adjusting
Ngef(a) and dpacigrading at the back interface and Ngegp) in the
ODC. For Mo, the interface states reduced the barrier; hence,
the interface at CIGSe/Mo acts as a quasi-Ohmic contact. It is
a good description for the presence of MoSe, at the junction
of Mo and CIGSe. Regardless of the density of interface states
at the CIGSe/ITO interface, the higher ¢, causes only a slight
change in the barrier height for holes; consequently, the
Schottky-like contact persists at the interface of ITO and
CIGSe. There is still an open question about which parameters
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experimentally influence the fixed Schottky-like contact or how it
can be altered. The possibilities can lay in the thickness of GaO,
as an interlayer to CIGSe, the sputtering condition of ITO, the
temperature of CIGSe deposition, or diffusion of other dopants
into the interfacial layer.

The dependency of V. on D, Nygega) and dyacigrading as well as
@m was shown. D; influences the V. less profoundly, while ¢,
and Ngefa) have significant impact. The decay length increases
Voc fOr dyacigrading Up to 100 nm, and then it saturates. By fixing
@m according to the back contact material, and adjusting the
defects and the grading parameter to adjust the V,, the ITO
and Mo experimental results can be matched. The V,, as a func-
tion of ¢, and Sy, has a decisive role in characterizing the behav-
ior of the CIGSe/back contact. We show that for barrier heights
lower than 0.25 eV, V,. decreases with the increase of surface
recombination velocity whereas the declining trend converts to
a rising one for barriers higher than this value. This pivotal role
stems from the change in charge distribution depending on the
surface recombination velocity.

The different defect distributions also showed an influence on
Jsc- Especially Ngegpy close to the p—n junction shows a major
impact. Additionally, by rising dyacigrading, Jsc reduces while also
influencing V. and Rg,. An increase in the hole barrier height
causes a lower J;. due to the lower density of holes diffusing to
the back contact. Furthermore, the surface recombination
velocity as a constituent for illustrating the number of recombi-
nation centers in CIGSe has a detrimental impact on J.
Additionally, Ngeqp) close to the CdS interface inside the ODC
has a similar influence on Ji like the decay length, without
affecting other characteristics. The effect for the ODC defects
is mainly due to the additional recombination centers close to
the p—n junction, which can annihilate the newly generated
charge carriers.

Na, Gbackgrading: and @, show impact on Rg,. With higher dop-
ing of the CIGSe layer, the shunt resistance reduces, while for
larger work functions it is increased. The decay length can also be
used to boost or reduce Ry,. Adjustments on the series resistance
and hence the FF can only be achieved via an additional contact
resistance in the simulation.

A final comparison of experimental and simulation results
confirms that the used parameters are a good baseline for model-
ing ultrathin CIGSe solar cells. Moreover, being established in
2D, the model can act as the baseline parameter set for more
advanced 2D and 3D simulations of different absorber thick-
nesses and geometries including microabsorbers, nanostruc-
tures, or point contacts.
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