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The Influence of Absorber Thickness on
Cu(In,Ga)Ses Solar Cells With Different
Buffer Layers

Jonas Pettersson, Tobias Torndahl, Charlotte Platzer-Bjorkman, Adam Hultqvist, and Marika Edoff

Abstract—This study investigates the interplay between the ab-
sorber layer of Cu(In,Ga)Se, solar cells and the other layers of
these devices. Cu(In,Ga)Se, devices with absorbers of different
thicknesses and different buffer layers are fabricated. Absorber
layers and finished devices are characterized. Good efficiencies are
obtained, also for devices of substandard thickness down to 0.3 psm.
Best open-circuit voltages and fill factors are found for cells with
half the standard absorber thickness, but the highest efficiencies
are found for cells with the standard thickness of 1.6 pum due to
their higher short-circuit current density. Cu(In,Ga)Se, cells with
Zn(0,S) buffer layers are more efficient than CdS reference devices
for the same absorber thickness due to a higher short-circuit cur-
rent. For cells with thin absorber layers, a part of the higher current
is caused by higher quantum efficiency at long wavelengths. Elec-
trical simulations indicate that the loss in the open-circuit voltage
for the thinnest devices is due to recombination in the back con-
tact region. The difference in long-wavelength quantum efficiency
between the buffer layers is attributed to a difference in the CIGS
band bending. Acceptors at the Cu(In,Ga)Se,—CdS interface are
proposed as an explanation for this difference. A low-quality back
contact region enhances the effect.

Index Terms—Photovoltaic semiconductor device

modeling.

cells,

I. INTRODUCTION

HIN absorber, Cu(In,Ga)Se,, CIGS, solar cells with CdS

buffer layers have been studied experimentally by a num-
ber of authors [1]-[5]. The common conclusion of these studies
has been that the cell efficiency stayed on a high level down to a
CIGS layer thickness of about 1 pm. Below this thickness there
is a severe degradation of the efficiency due to sharp losses in
short-circuit current density Jg., open-circuit voltage V., and
in some cases fill factor (FF). These reductions were attributed
to optical losses, increase in recombination due to the degra-
dation of the CIGS material, back contact recombination, and
shunting problems. An electron reflector due to more Ga close
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to the back contact was found to give some improvement of the
devices [1], [3]. In some studies, optical [3], [6]-[9] and electri-
cal [10] modeling have been applied. These studies suggested
different ways to improve thin CIGS cells. The back contact
could be improved by increasing the total optical reflection as
well as by increasing the diffuse reflectance using texturing.
The introduction of an electron reflector at the back contact to
avoid recombination was also suggested. Other proposals were
to texture the front contact in such a way that an antireflective
layer is created and to use a buffer layer with a higher band gap
than CdS to minimize light absorption there. The main objective
of previous studies was to investigate the potential of thinner,
less material consuming, and thereby cheaper devices. In this
study, devices with CIGS thickness between 0.3 and 1.6 pm are
fabricated and characterized in order to understand more about
the interplay between the different layers and interfaces. The
experimental work is accompanied by device modeling in solar
cell capacitance simulator (SCAPS) [11]. An important part of
this study is the comparison of cells with chemical bath de-
posited CBD—CdS buffer layers with devices that have Zn(O,S)
buffer layers from atomic layer deposition (ALD) [12]. The fab-
ricated cells have a continuously increasing Ga/In+Ga ratio in
the CIGS-layer, toward the back contact. This band gap gra-
dient is accounted for in electrical modeling that is based on
compositional measurements.

II. EXPERIMENTAL SETUP

A. Sample Processing

The solar cells have a soda-lime-glass/Mo/CIGS/buffer
layer/undoped ZnO/ZnO:Al/metal grid stack and an area of ap-
proximately 0.5 cm?. An in-house developed baseline recipe
was followed for the glass cleaning, the dc-sputtering of molyb-
denum, the radio-frequency sputtering of ZnO, and the electron-
beam evaporation of the Ni/Al/Ni metal grid [13]. In this study,
both CBD-CdS and ALD-Zn(O,S) are used as buffer layers.
The CdS layer thickness is usually between 50 and 70 nm,
while the Zn(O,S) buffer layer thickness has been estimated to
25 nm [14].

The CIGS films in this study were deposited by co-
evaporation in an inline evaporator, where the substrates passed
in front of three stationary sources of gallium, indium, and cop-
per, respectively [15]. During film deposition, the three sources
delivered a constant rate of evaporated material together with
a nondirectional selenium source that provides a background
partial pressure in the evaporator. As a result of the positioning
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TABLE I
SOLAR CELL SAMPLES STUDIED IN THIS STUDY
Sample Buffer type  CIGS thickness GGI CGI
(Profilometer) (XRF) (XRF)
[um] [%] [%]
ZnOSx1 Zn(0,S) 1.5-1.7 45 92
CdSx1 CdS 1.5-1.7 45 92
ZnOSx1/2 Zn(0,S) 0.8-0.9 46 90
CdSx1/2 CdS 0.8-0.9 46 90
ZnOSx1/6 Zn(0,S) 0.3 46 87
CdSx1/6 CdS 0.3 46 87

of the metal sources the CIGS films are graded with an increas-
ing [Ga]/([In]+[Ga]), GGI, content toward the Mo back contact.
During CIGS growth, the substrates passed three regions in the
evaporator, one heat-up zone, one deposition zone, and one cool
down zone, where the substrate time in the deposition zone was
approximately 20 min for a standard CIGS process. For this se-
ries, three samples were made, one with the standard process and
two thinner samples by increasing the speed of the substrates
in the deposition zone by two and six times while leaving the
substrate speed in the other zones unchanged. The deposition
temperature was estimated to be around 550 °C at the end of the
deposition zone by measuring the temperature at the backside
of the soda lime glass substrates by two pyrometers.

The deposition of the Zn(O,S) buffer layers was performed in
ahomebuilt ALD system at 120 °C using H» O, H» S, and diethyl
zinc (DEZ), as the precursors for O, S, and Zn, respectively [14].
In this study, a DEZ/Ns/H5O/Ny growth cycle was employed
with corresponding pulse times of 250/5000/500/5000 ms where
every seventh growth cycle was modified to replace the HyO
pulse with a 500-ms-long HsS pulse [14], [16]. The thickness
of the undoped ZnO was 20 nm for the Zn(O,S) devices, while
it was 100 nm for the CdS cells.

No further post-processing of the devices was performed.

B. Measurements

The average CIGS film composition was measured by means
of X-ray fluorescence (XRF), using a Spectro X-Lab 2000 spec-
trometer with calibration against a standard of known compo-
sition. Each measurement was recorded over a circular sample
area with a diameter of 1 cm. The resulting values of the average
GGI and [Cu]/([Ga]+[In]), CGI, ratios are listed in Table I.

Compositional depth profiling was performed using Ar ion
sputtering with 0.5 keV energy in an XPS Quantum 2000 scan-
ning ESCA Microprobe (from Physical Electronics, Inc.) with
monochromatic Al Ko radiation. The calibration of sensitiv-
ity factors, taking into account preferential sputtering effects,
was performed by measuring the same profile on a nongraded
CIGS sample with metal compositions determined by XRF. The
selenium content was assumed to be 50 at.%.

CIGS film thickness was determined at a few different posi-
tions on each sample that uses a profilometer. Thicknesses are
displayed in Table I.

Cell samples do not show any significant metastabilities with
regards to performance. Room temperature current voltage J—V
curves were acquired in darkness and in light under a Newport
Oriel Sol2A solar simulator. The output power of the lamp was
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calibrated separately for each sample that uses the J. value
from external quantum-efficiency (EQE) measurements on one
of the cells of this sample. EQE measurements were performed
in ambient light at room temperature and were calibrated by
means of reference cells with known spectral response. EQE
measurements were performed at bias voltages from 0 down to
—-05V.

J-V curves were also obtained in a nitrogen-cooled cryostat at
temperatures from 150 to 330 K, in 10 K steps. During light J-V
measurements, cells were illuminated with the Sol2A simulator.

Capacitance voltage (CV) profiles were recorded in darkness
in the cryostat at the same temperatures. During measurements
an ac-signal with a frequency of 500 kHz and an amplitude of
30 mV was applied on the device under study. The dc-voltage
was swept between 1 and —2V.

The optical characterization of solar cell stacks, which in-
cludes all layers except the contact grid, was performed. The
total reflection of six samples, one for each absorber—buffer
layer combination, was measured by a Perkin-Elmer 2900 dual
beam spectrophotometer that is equipped with an integrating
sphere. Additionally, reflection and transmission of stacks that
consists of all layers except the molybdenum back contact and
the front contact grid were measured. In this case, samples of
the two thinner CIGS thicknesses were studied.

C. Electrical Modeling

The starting point for simulations was the baseline model es-
tablished in previous modeling works [17]-[19]. The existence
of a wide-gap surface defect layer (SDL), in the CIGS-layer
close to the absorber—buffer interface, is a much disputed issue
(see [20] and refrences therein). In our previous work, we found
that measurements on cells could be well reproduced in simu-
lations regardless of including an SDL. Only a few parameters,
among them the interface defect density, had to be changed be-
tween the two cases. Therefore, for simplicity, no such wide-gap
defect layer is included in this study.

Optical absorption data of the CIGS and CdS layers is based
on optical constants measured by Orgassa et al. [21], [22]. Ab-
sorption data of ZnO (see Ref. [23]) and Zn(O,S) are obtained
from reflectance-transmittance measurements conducted in the
group.

Some adjustments of the model were needed to reproduce the
characteristics of the devices fabricated here. Important electri-
cal parameters used in the simulations of this paper are displayed
in Table II. CIGS doping was chosen so as to give a depletion
width of about 0.2 pm, similar to what was found in CV mea-
surements (see Table 1V). For all three CIGS-thicknesses, the
GGlI-ratio is modeled as linear functions between the extreme
values of 0.2 at the front surface to 0.56 at the back contact.
These values correspond to band gaps of about 1.1 and 1.3 eV
with the bandgap calculated as

E, = 1.01 + 0.6262 — 0.167z(1 — z) (1)

where x is the Ga/lll ratio [24], [25]. The gradings in SCAPS
(see Fig. 1) are based on XPS depth profiling data.
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TABLE II
SOME IMPORTANT MODELING PARAMETERS USED IN THIS STUDY

Layer Properties

CIGS Zn(0,S) Zn(0,S) CdS
Thickness [pm] 1.6 0.005 0.02 0.07
0.85 « « «
0.3 « « «
Eg [eV] 1.11-1.32 3.0 2.7 2.4
Doping [cm~3] 3 x 1016 (a) 3 x 108 (d) 3 x 1018 (d) 5 x 1017 (d)
Properties of Deep Defects
N [cm—3] 7 x 1013-7 x 1017 (D) 1078 (A) 1078 (A) 3 x 10T7 (A)
o [em?] 10~13 10—15 1015 10—15
op [em?] 10~15 5 x 10713 5x 10713 5x 10713
Interface Properties
CIGS/Zn(0,S) Zn(0,S)/Zn(0,S) CIGS/CdS CIGS/CdS
(S-rich/S-poor) (Acc. model)
CBO [eV] 0.25 0.4 0.24 0.24
N [em~2] 10! (D) - 3 x 101° (D) 1013 (A)
o [cm?] 10-13 - 10-13 10-18
op [em?] 10~15 - 10715 1018
Et-EV(CIGS) [CV] 0.59 - 0.59 0.35

Back Contact Properties

Dy [eV] Sn [cm/s] Sp [cm/s] Reflection [%]
0.1 108 106 20-58 (\-depend.)
T T T T T T T T T T T T T T T 4 T T T T
0.55 49E18: 2020000 TS
n —— Standard CIGS =
0.50 ) —— Medium CIGS 2
—— Thin CIGS 1E17 § B
0.45 2 g
a w
[
_ 040 1E16 2
(@] (=1
©0.35 2
z
0.30 1E15 'g‘ E
G =
0.25 g
1E14 w ——Zn(0,S)x1/6
0'20 -3 .. UmEmeEmEEmr e T e b e g
00 02 04 06 08 10 12 14 16 00 53 ¥ o3 o o
Position [pum] Position [um]
Fig. 1. Ga-grading (full) and bulk defect profiles (dashed) used in the models ~ Fig. 2. Band diagrams of the three SCAPS models with 0.3 um absorber

with CIGS layers of different thicknesses. The x-axis is defined so that the back
contact lies at 0 ym. The Ga-grading profiles are linear throughout the layers,
while the defect profiles consist of a constant part throughout most of the CIGS
and an exponential part close to the back contact.

Deep defect densities in the CIGS layer and at the CIGS—
buffer interface were modified to reproduce trends in the mea-
surements. Best correspondence to data is obtained when as-
suming a high density of defects for CIGS material with a high
Ga-content. It is known that CIGS with a high Ga-ratio generally
is of lower quality than low Ga CIGS [26], [27]. This degrada-
tion of the material is implemented in SCAPS as an exponential
rise in defect density from 7 x 10'3cm™ to 7 x 10'7cm™>. An
increase in bulk defect density for high-Ga CIGS, that appears
roughly exponential, was previously found by Hanna et. al. [26].
In the models, the rise is implemented to set in at a GGI of 0.5.
As a result of the GGI profile discussed previously, a defect
rich material with GGI above 0.5 is, therefore, found adjacent
to the back contact and it is thicker for the thicker samples. The
resulting bulk defect profiles are shown in Fig. 1.

Additionally a Schottky barrier to holes of 0.1 eV must be
introduced at the back contact to reproduce the trends in V.

layers. In a) the CdS models with and without interface acceptors are shown
while b) depicts the Zn(O,S) model. Diagrams are calculated under illumination
at zero voltage bias. Dashed and dotted lines indicate quasi-Fermi levels of
electrons and holes.

The properties of the molybdenum back contact is process de-
pendent and the existence of a barrier there has been suggested
by some authors of [28]. A wavelength dependent reflection at
the back contact is included in the models. Back reflection was
calculated according to the method of Duerinckx et al. [29] us-
ing the optical constants obtained by Orgassa et al. [21], [22].
All bulk defects are positioned at the intrinsic level, close to
midgap.

Two different models of the CIGS—CdS interface are studied
in this paper. These models are presented in Table II. One model
includes donors, while the other model includes acceptors at the
interface. The interface acceptors reduce the potential drop in
the CIGS layer as seen in the zero bias band diagrams for the
0.3 pm models with CdS buffer displayed in Fig. 2(a).

In simulations, the Zn(O,S) buffer is divided into a higher
band gap sulfur-rich interface layer (S/Zn = 0.7) closest to the
absorber and a less sulfur containing (S/Zn = 0.3) thicker layer
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TABLE III
MEASURED LIGHT-J-V SOLAR CELL PARAMETERS
Sample Voc Jsc FF n Jo A R; (e
JV/IQE Light/Dark Light/Dark  Light/Dark  Light/Dark
[mV] [mAcm™2] [%] [%] [mA cm—2] - [Qcm?] [mSvem—2]
ZnOSx1 680 32.9/36.4 721 161 2.5x 1075/2.6 x 10~ 1.9/1.7 0.6/0.6 1.1/0.8
CdSx1 685 31.0/343 756 161 8.7 x1077/4.6 x 107 1.5/1.5 0.6/0.6 0.8/0.5
ZnOSx1/2 692 301333 742 155 1.6x1076/4.6 x 1077 1.6/1.5 0.4/0.5 1.9/1.1
CdSx1/2 693 26.5/302 773 142 8.6 x1077/8.1 x 10~8 1.6/1.4 0.8/0.9 0.6/0.3
ZnOSx1/6 666 20.7/229 687 95 3.0x1076/3.5 x10°7 1.6/1.5 0.6/0.6 3.4/2.0
CdSx1/6 672 16.7/193 746 83 1.4x107%/1.6 x10°7 1.6/1.4 0.2/0.3 0.7/0.3

The data for each sample are obtained from one of the best cells of that sample. J values calculated by integrating the measured IQE curves
[see Fig. 3(a)] with the AM 1.5 spectrum are shown for comparison. One-diode parameters fitted from light and dark J-7 measurements on

those cells are shown as well.

with lower bandgap, toward the undoped ZnO layer. Such a
bilayer is applied since a sulfur rich surface has been found
experimentally in the work by Platzer—Bjorkman et al. [30].
The difference in band gap of these layers can be observed
in the band diagram of Fig. 2(b). Total Zn(O,S) buffer layer
thickness was chosen as 25 nm, as estimated in [14]. Zn(O,S)
band gap values and conduction band offsets (CBOs) between
the Zn(0O,S) layers as well as toward the CIGS layer are taken
from [30]. The Zn(O,S) doping level was selected by fitting
the J-V measurements and is similar to what was found by
Hall measurements on ZnO-based ALD buffers in [31]. In order
to reproduce the slightly lower V. of the Zn(O,S) devices in
comparison to the CdS references, a slightly higher interface
donor defect density is assumed in the Zn(O,S) cell models.

III. RESULTS

A. Measurements

Measured J-V parameters, including the efficiency 7, are
shown in Table III. For each sample the table shows data for
one of the best cells.

Vo and FF increase when reducing the thickness of the ab-
sorber to half of its standard value. Further reduction does,
however, lead to a significant decrease in V. as well as FF.
In general, CdS references have higher V. and FF than corre-
sponding Zn(O,S) samples.

There is a consistent decrease in J5, when reducing the CIGS
thickness. This loss in current is associated with a reduction in
spectral response that is most severe at long wavelengths as seen
in Fig. 3(a). The dotted curves represent the internal quantum
efficiency (IQE) calculated from the measured zero bias EQE
and the total reflectance of the solar cell stacks. Zn(O,S) buffer
layers give devices with higher J. than CdS buffers. This is

mainly due to the higher band gap of Zn(O,S) resulting in less
UV and blue light absorption in the buffer. This effect is clearly
seen in Fig. 3(a) as an improved IQE at short wavelengths. For
the thinner samples, there is also a gain in the response at long
wavelengths when exchanging CdS with Zn(O,S) as the buffer
layer. Current density values obtained by integrating the mea-
sured IQE curves are also displayed in Table III. No significant
voltage dependent current collection is seen for reverse bias
EQE measurements.
The efficiency trend is negative when thinning the absorber
layer, but devices with Zn(O,S) buffers outperform the CdS
reference devices at these thicknesses.

100 ——— -
80t + \ 1
o i,
[ "' A
60 - i T (b) “‘ .
3 H L
g o—CdSx1 \
Oyl ! \ || ——Cdsx1/2 \ |
i .f . casxt W i T[{ —cdsx1s T
fy . Cdsx1/2 \\ i —Zn(0,S)x1 \
i CdSx1/6 \ 3 Zn(0.S)x112 \
20} s - Zn(0,8)x1 1]+ Zn(0.8)x1/6 4
;'. Zn(0,S)x1/2 \ ==== CdSx1 - Acc. Model \ |
Fei - Zn(0,S)x1/6 i +]{ =--- CdSx1/2 - Acc. Model |
" ¢ J , \\ -~ -~ CdSx1/6 - Acc. Model.
300 550 800 1050 300 550 800 1050
Wavelength [nm] Wavelength (nm)
Fig. 3. Measured and simulated internal quantum efficiency curves. Mea-

surements are shown as scattered plots in (a) while solid and (b) dashed lines
represent simulated data. Dashed lines show IQE-curves for the CdS models

with acceptor defects pinning the Fermi-level close to the CIGS valence band,
at the buffer—absorber interface.

TABLE IV
MEASURED DEPLETION WIDTHS W, AND ACTIVATION ENERGIES, E, .,
OF THE DIFFERENT SAMPLES

Sample w(v=0) Egc¢
pm eV

ZnOSx1 0.20 1.23
CdSx1 0.21 1.18
Zn(0,S)x1/2 0.20 1.28
CdSx1/2 0.16 1.27
Zn(0,S)x1/6 0.21 1.32
CdSx1/6 0.17 1.30

Depletion widths were extracted at zero
voltage bias from CV measurement
sweeps conducted at 300 K. Activation
energies were extrapolated from the
temperature-dependence of Voc.

Additionally Table III show one-diode parameters, of the
same cells, fitted from light and dark J-V curves using the
method developed in [32]. These parameters are the saturation
current density Jy, the shunt conductance Gy, the series re-
sistance Ry, and the ideality factor A. Zn(O,S) cells generally
have higher J; and G}, than the CdS devices. These differences
contribute to the lower FF of the cells with Zn(O,S) buffers.

CV profiles acquired at 150 K indicate doping concentrations
in the range of 1 x 10'%cm? to 1 x 10'7cm?®. Depletion widths
calculated at zero bias from measurements at 300 K are shown
in Table IV. For the samples of standard thickness, widths are
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Fig. 4. Comparison of simulated (line) and measured (points) light curves for

cells with 1.6 pm thick absorbers. CdS and Zn(O,S) buffered cells are shown in
(a) and (b), respectively. Current density data are shown on logarithmic scale,
shifted with Js.. Outliers are due to noise in the measurements.

TABLE V
JV PARAMETERS RESULTING FROM DEVICE SIMULATIONS

Model Voc Jsc(IQE) FF
[mV] [mAcm~2] [%
ZnOSx1 700 38.6 74.4
CdSx1 705 36.3 75.0
Zn(0,S)x1/2 714 36.1 77.1
CdSx1/2 726 33.8 76.9
Zn(0,S)x1/6 709 27.9 72.6
CdSx1/6 720 25.7 78.5

R and Gg, values of Table III are accounted for

in SCAPS.

similar regardless of buffer layer, while for thinner absorbers,
narrower depletion widths are obtained for the CdS devices.

From measured J-V curves at different temperatures, activa-
tion energies were extracted by linear extrapolation of V., at
temperatures of 230 K and above, toward 0 K. Activation en-
ergies obtained from good cells are shown in Table IV. These
values are in the range of the CIGS bandgap and are therefore an
indication of recombination in the CIGS layer limiting V. [33].
There is a trend of increasing activation energy when thinning
the CIGS layer.

B. Simulations

In Fig. 4, simulated J-V curves are compared with J-Vcurves
measured on cells of standard thickness. J-V parameters re-
sulting from the device models with donor interface defects
are shown in Table V. R, and G, values of Table III were
accounted for in the simulations. As seen when comparing
Tables III and V, simulations give higher V,. and Js. values
than measurements. In some cases also the FF is significantly
higher in simulations. Trends in the J-V parameter are rather
well reproduced. As in measurements, V. is higher while Jg.
is lower for cells with CdS buffer compared with cells with
7Zn(0,S) as a buffer layer. In agreement with measurements, the
highest V,. values are obtained with the medium thick CIGS
layer, while there is a loss in V,,. when reducing the CIGS layer
thickness from 0.85 to 0.3um. However, the lower V. for the
0.3 um case as compared with standard thickness seen in mea-
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surements is not reproduced in simulations. This could be due
to a slightly worse material quality of the thin CIGS, not taken
into account in simulations.

In all models, V. is limited by recombination in the CIGS
layer. This is in correspondence with the measured activation
energies of Table IV. When thinning the CIGS layer, the total
recombination decreases, which leads to an improvement of the
Voc. The improvement is stronger than measured for the CdS
cells, while for the Zn(O,S) cells, it is on par with measurements.
A thinner absorber layer does, however, also lead to an increase
in electron density due to more light absorption close to the
back contact. The effect of more recombination close to and at
the back contacts counteracts the positive effect of reducing the
CIGS thickness. The assumption of a defect rich region close
to the back contact strengthens this negative effect. Eventually,
the total recombination increases when thinning the CIGS layer
and this results in a V. loss, which we indeed observe when
the CIGS thickness is reduced from 0.8 to 0.3pm. In the thinner
devices, a larger fraction of recombination occurs in regions
where the band gap is relatively high. In this graded CIGS
layer, the bandgap near the back contact is up to 1.3 eV. This
could explain the increase in the activation energy observed
when thinning the absorber layer (see Table IV). The slightly
lower V,. values observed in measurements on Zn(O,S) cells
in comparison to those of the CdS devices, are reproduced in
simulations.

Fig. 3 shows measured and simulated IQE curves. The shape
of the curves are similar, but the IQE level is generally higher
in simulations than in measurements. This is true even for the
thickest cells. Most prominent are, however, the IQE differ-
ences for thinner samples, especially those with CdS buffers.
These discrepancies correspond to current densities from 20 to
6.5mA - cm~2 as seen when comparing the current values of
Table V with J. values from measured IQE shown in Table III.
Such differences between measurements and simulations were
found in [10], also for the thickest absorber layers, where they
were attributed to inactive areas in the CIGS films.

To model the difference in IQE levels at long wavelengths
between thin CdS and Zn(O,S) devices a significant difference
in the CIGS band-bending is required. This is in correspondence
with the difference in depletion widths obtained from the CV
measurements of Table IV. As briefly mentioned before, the
lower potential drop in CIGS is in this study achieved using a
high density of acceptor defects at the CdS—CIGS interface at
an energy level corresponding to a low level in the CIGS band
gap. Assuming these interface properties while keeping the same
CIGS bulk properties as in the previous model, a relatively good
correspondence to the measured IQE difference can be obtained.
The cross sections of these acceptors are assumed very low in
order to cause pinning of the Fermi level while avoiding inter-
face recombination at the absorber—CdS interface. The adjusted
model is denoted the acceptor model in Table II as well as in
Figs. 2(a) and 3(b). As is clearly visible in Fig. 2(a), a major
part of the band bending occurs in the CdS layer for the acceptor
model. This leads to a better collection from the CdS layer as
seen from the simulated IQE-curves at short wavelengths. No
voltage dependent current collection at long wavelengths is seen



PETTERSSON et al.: INFLUENCE OF ABSORBER THICKNESS ON Cu(In,Ga)Se, SOLAR CELLS WITH DIFFERENT BUFFER LAYERS

for this model, which is in agreement with our measurement re-
sults. A side effect of the acceptor pinning is, however, a slight
voltage-dependent current collection at short wavelengths. We
have observed such a behavior for some CIGS solar cells with
CdS buffer previously.

In contrast with what is seen in the measurements of Fig. 3.(a),
there is in simulations also a clear difference in long wavelength
collection between the acceptor model and the Zn(O,S) model
for the thickest devices. An enhanced EQE at these wavelengths
has previously been observed by us for Cd-free devices of stan-
dard thickness as compared with CdS reference cells. The fact
that we do not observe such a buffer-dependent difference for
the standard devices in this study could be related to their com-
parable depletion widths (see Table IV).

IV. DISCUSSION

CIGS cells fabricated in this study are of high quality. The
efficiencies of the thin CdS buffered cells are in line with those
obtained in other work on CdS cells with thin absorbers [1],
[4]. The thin Zn(O,S) devices processed here have efficiencies
exceeding their CdS references.

J-V parameters are in almost all cases higher in simulations
than in measurements. This indicates that the models are more
ideal than the real cells. The largest relative differences are for
Jse of the thinnest cells, especially for those with a CdS buffer.
The same holds for the J,. values obtained from integrating the
IQE-curves, shown in Tables III and V. It is fairer to compare
the simulated values with the measured IQE values of Table III
than the J-V values of the same table. The J-V values arise
from EQE-calibrated measurements. The large loss in Jg. for
the thin devices could be due to consistently worse and more
inhomogeneous electrical properties, which is not accounted for
in the models. From 4 to 11 mV of the observed V. differences
could be explained by the difference in J,. between simulated
and measured J-Vcurves. The rest of the V. difference must be
due to some other limitation of the models.

We observe that the depletion region widths for the cells with
CdS buffer layers vary with respect to CIGS thickness. The
interface acceptors, proposed to reduce the CIGS band-bending
of the CdS cells in this study, might be related to the air exposure
prior to the CBD process as well as to the CBD process itself.
The ALD of the Zn(0O,S) is performed without breaking vacuum
after the CIGS deposition. Furthermore, based on the varying
depletion width, there seems to be a dependence on the CIGS
thickness for these defects. We propose two thickness related
factors that perhaps could affect the defect distributions. These
factors are that the steepness in the Ga-grading inherent from
the in-line deposition process varies with CIGS thickness and
additionally that the time in the deposition zone varies with the
process speed and thereby the layer thickness.

A positive CBO between the CIGS and the CdS could function
as a barrier to the light-generated current. However, the positive
CBO of the acceptor model, visible in Fig. 2(a), does not cause
such an effect in the simulations. This barrier is thin enough to
let electrons pass by tunnelling. The value of the offset is not
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well defined. Everything from a negative CBO to high positive
one has been measured for CIGS—CdS interfaces (see [20]).

Another possible source of the higher IQE-level measured
on the thin Zn(O,S) cells could be a higher optical absorption
in these samples. Reflection and transmission measurements on
the stacked films without back contact do, however, not give any
indication of a buffer related difference in optical absorption.

In order to increase the understanding of the devices, it might
be useful to study material variations in two or three dimen-
sions. Furthermore, material and device characterization could
be combined with optical and electrical modeling in more than
one dimension. It would also be good to know the real depth
composition as well as the doping of the Zn(O,S) layer. The
sulfur gradient is in reality continuous but exactly how it varies
is not clear. One way to improve the Zn(O,S) devices might be
to lower G, by using a slightly thicker undoped ZnO layer.

V. CONCLUSION

CIGS solar cells with absorbers of three different thicknesses
and buffers of two types, Zn(O,S) and CdS, are fabricated. De-
vices are characterized by optical and electrical measurements
and the results are compared with 1-D device simulations.

High efficiencies are obtained for standard (1 =~ 16%) as
well as thinner than standard devices, with a thickness down
to 0.3 um (n ~ 9%). Cells with 0.8 to 0.9 um thick absorber
layers show the highest V,. and FF while, due to the high J,.,
the highest efficiencies are found for standard devices with 1.6
pm absorbers. For absorbers of this thickness Zn(O,S) and CdS
devices are of comparable efficiency. Thinner Zn(O,S) cells are
significantly more efficient than CdS reference devices of cor-
responding thickness, due to the much higher J.. Trends in
measured J-V and IQE curves can, to a large extent, be re-
produced in simulations. Devices are limited by recombination
in the CIGS layer. Recombination at the back contact gains in
importance when thinning the absorber layer.

A better IQE is observed both at short and long wavelengths
for the thinner Zn(O,S) devices. Below 500 nm there is less light
absorption in Zn(O,S) than in CdS. We propose that the differ-
ence at longer wavelength is caused by a difference in CIGS
band-bending and a poor back contact region. The difference
in band-bending may be associated with acceptor defects at the
CdS—CIGS interface.
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