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Spectrally dependent surface photovoltage measurements were performed with repetitive regime

on Cu(In,Ga)S2 absorbers and on Cu(In,Ga)S2/CdS and Cu(In,Ga)S2/In2S3 junctions. The results

are correlated to current-voltage investigations of the respective completed solar cells. The

measurements show the presence of a space charge region in the bare Cu(In,Ga)S2 absorbers due to

a high density of surface states. It is found that deposition of CdS increases the band bending

whereas deposition of In2S3 does not change it. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4807889]

Chalcopyrite solar cells have led to the highest conver-

sion efficiency in thin film photovoltaics. While the highest

efficiency was achieved for low band-gap absorbers,1 wide

band-gap (Eg> 1.2 eV) based solar cells have shown limited

efficiency compared to theoretical predictions. Nevertheless,

the development of wide band-gap chalcopyrites remains

attractive for many reasons: In addition to optimum absorber

band-gap energy and potential of applications in multi-junc-

tions,2 under actual operating conditions they offer the

advantage of minimizing resistive losses.3 Efficiencies of

about 13% were achieved with CdS-buffered Cu(In,Ga)S2

solar cells.4,5 However, the main limitation of such device is

its open circuit voltage (Voc) which did not significantly

exceed Eg/q� 0.7 V;6 Eg denotes the band-gap of the

absorber. The band alignment at the Cu(In,Ga)S2/CdS junc-

tion had been made responsible for the loss in Voc where an

expected cliff (the conduction band minimum of the

Cu(In,Ga)S2 lies above that of the CdS) would induce inter-

face recombination. Using temperature dependent current-

voltage measurements7,8 we have previously shown that con-

sidering previous junction models, a high efficiency

Cu(In,Ga)S2/Zn(S,O) junction, where a spike (conduction

band of the absorber lies below that of the buffer) is

expected, is also controlled by interface recombination indi-

cating that independently of the band alignment interface

recombination is the main recombination mechanism in such

structures.9 Thus, it appears clearly that a better understand-

ing of loss processes at every interface in the device is neces-

sary to develop new junction models and to overcome the

current device limitations.

Surface photovoltage (SPV) can give valuable informa-

tion on charge separation and therefore transport and recom-

bination in solar cells. It has been widely used to study

charge separation in various systems.10–16 Since it is sensi-

tive to band bending and recombination rates, it is used in

this work to investigate the electronic properties of

Cu(In,Ga)S2 absorbers and Cu(In,Ga)S2/buffer interfaces.

SPV measurements in repetitive regime (i.e., two spectra are

measured one after the other to minimize the influence of

slow relaxation processes) were performed in Kelvin probe

arrangement using illumination with a halogen lamp and a

quartz prism monochromator for the investigation of trans-

port in Cu(In,Ga)S2/In2S3 devices. The results are compared

to those of a CdS-buffered solar cell. The Cu(In,Ga)S2

absorbers were grown using the sequential process whereas

the CdS and In2S3 buffer layers were deposited using chemi-

cal bath deposition and ion layer gas reaction (ILGAR),

respectively. Details about the absorber and buffer prepara-

tions can be found elsewhere.4,17–19 Note that the absorbers

were KCN etched prior to the deposition of the buffers and

SPV measurements on bare absorbers.

Table I shows the characteristics of the best

Cu(In,Ga)S2/In2S3/ZnO solar cell and its Cu(In,Ga)S2/CdS/

ZnO reference measured under simulated standard AM 1.5

conditions. The reference cell shows a good Voc of 824 mV

compared with the highest values reported for Cu(In,Ga)S2

solar cells4,5 (Voc¼ 879 mV, efficiency¼ 12.6% and

Voc¼ 835 mV, efficiency¼ 12.9%). While the In2S3-buf-

fered solar cell does not show any light soak effects, it shows

a much lower Voc of 753 mV despite its absorber having a

larger band-gap that results from the higher Ga-content in

the active area of cell. The more Ga-rich region is due to

unintentional temperature variations during the process and

could be confirmed by the quantum efficiency measurements

where a shift in the absorption edge is seen (figure not pre-

sented here). This feature is found to be reproducible on a

large number of investigated cells where CdS-buffered

TABLE I. Characteristics of the best Cu(In,Ga)S2/In2S3/ZnO solar cell and

its CdS-buffered reference measured under simulated standard AM 1.5 con-

ditions. Jsc values were calculated from the external quantum efficiency

measurements and efficiencies are given for active area. Cell area¼ 0.5 cm2.

Device

Eg

(eV)

Voc

(mV)

Jsc

(mA/cm2)

FF

(%)

g
(%)

Cu(In,Ga)S2/CdS/ZnO 1.58 824 21.2 67 11.7

Cu(In,Ga)S2/In2S3/ZnO 1.59 754 21.7 66 10.8
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references show a larger Voc and efficiency in comparison

with In2S3-buffered solar cells. To verify that the

Cu(In,Ga)S2/In2S3 solar cell behaves like the CdS- and

Zn(O,S)-buffered devices in terms of recombination mecha-

nisms, temperature dependent current-voltage I(V,T) meas-

urements were carried out between 150 and 320 K. Fig. 1

shows the curves of the open circuit voltage as function of

temperature deduced for the investigated devices. A Voc of

1.3 V (below the band-gap of the absorbers) at 0 K is extrap-

olated from the plot of the open-circuit voltage as function

of temperature8 suggesting that interface recombination is

the main recombination mechanism in the Cu(In,Ga)S2/In2S3

device as previously observed in CdS- and Zn(S,O)-buffered

Cu(In,Ga)S2 solar cells.9,20,21

Fig. 2 shows the change in contact potential difference

(CPD) spectra for the two measurements of samples 1 and 2

before (a, c) and after deposition of CdS (b) or In2S3 (d). The

spectra are not normalized because the signal is not propor-

tional to photon flux or intensity. The differences in the

spectra between the first and the second measurements are

caused by trap states which do not fully relax within the

measurement time frame. Chalcopyrite thin films as well as

CdS are well known to exhibit some degree of persistent

photoconductivity. The spectra of samples 1 and 2 are very

similar before the deposition of the buffer layers and show a

preferential separation of photo-generated electrons towards

the external surface of the Cu(In,Ga)S2 layer. Starting at low

photon energies, CPD increases with increasing optical

absorption, in particular when approaching the band-gap

energy of the material (about 1.6 eV, in correlation with the

absorption edge seen in the quantum efficiency of the solar

cells) and reaches a magnitude of about 500 mV. At higher

energies, above the band-gap, the signal decreases again.

The latter is caused by lower photon flux at higher energies

and by generating photocarriers closer to the surface where

they recombine at a higher rate than in the bulk. By compar-

ing with Voc values of the completed cells (about

750–800 mV), these results clearly indicate significant sur-

face band bending in Cu(In,Ga)S2 absorbers. The effective

doping of the films is strongly p-type; therefore, we can con-

clude from the magnitude of the CPD that there must be a

high density of donor-type defects at the surface which trap

holes from the bulk resulting in a positive surface charge and

creating thereby a space charge region (band bending), i.e.,

the Fermi-level at the surface is closer to mid-gap than in the

bulk. Illumination reduces the band bending and thereby cre-

ates a surface photovoltage. The maximum CPD measured

here is much larger than the one measured for the surface of

etched Cu(In,Ga)Se2 absorbers16 which is partly due to the

wider band-gap of the sulfide vs. selenide absorbers but also

indicates a much higher density of surface states (more band

bending) of the former. The deposition of buffer layers does

not significantly change the magnitude of CPD spectra.

Sample 1 shows only a slight increase of the CPD up to

about 700 mV and a small feature in the spectrum at the

band-gap energy of the CdS buffer layer (2.4 eV) whereas

sample 2 shows low concentration of light sensitive interfa-

cial states below 1.4 eV after the deposition of In2S3 buffer

layer. These are unexpected findings since it is known that in

chalcopyrite solar cells, and particularly in the low band-gap

Cu(In,Ga)Se2, the presence of the space charge region results

from the deposition of the n-type buffer layer on the p-type

absorber; and the full Voc is usually obtained only after the

completion of the device by the deposition of the ZnO win-

dow layer.

For a baseline corrected comparison, surface photovolt-

age spectra of the absorbers and absorber/buffer structures

are shown in Fig. 3. The spectra measured on the bare

absorbers remain roughly the same after deposition of the

buffer layers. That implies that the signal is still mainly due

to band bending in the absorber. However, it is no longer the

surface states but now mainly the interface states that bal-

ance the space charge in the absorber. The buffer layers

themselves are very thin and therefore presumably contribute

little to the charge balance. Deposition of CdS increases the

band bending slightly whereas deposition of In2S3 does not

change it. This is consistent with the cell open circuit vol-

tages: On one hand, it is known that CdS is more efficient in

positioning the interface Fermi-level closer to the conduction

FIG. 1. Open circuit voltage as function of temperature for the Cu(In,Ga)S2/

In2S3/ZnO based solar cell and its Cu(In,Ga)S2/CdS/ZnO reference.

FIG. 2. Contact potential difference spectra of sample 1 ((a) Cu(In,Ga)S2

and (b) Cu(In,Ga)S2/CdS) and of sample 2 ((c) Cu(In,Ga)S2 and (d)

Cu(In,Ga)S2/In2S3) for the first (filled symbols) and second (open symbols)

runs. The spectra were measured starting from the lower photon energy.
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band edge as required for a good heterojunction solar cell

and therefore results in more band bending and higher open

circuit voltage; on the other hand, we speculate that a strong

Cu diffusion into In2S3 is taking place22,23 deteriorating

thereby the electronic properties of the Cu(In,Ga)S2/In2S3

heterojunction. Again, this is slightly different compared to

the Cu(In,Ga)Se2 case16 where the Cu(In,Ga)Se2/CdS inter-

face seems to carry less charge and more band bending is

established only after the deposition of a ZnO window layer.

At higher photon energy, the SPV drops off faster than with-

out the buffer layer (see Fig. 3). Sample 1 (CdS) shows again

a very small feature in the spectrum at the band-gap of the

buffer layer. Considering that the surface photovoltage of the

buffer layers themselves is presumably small, this is mainly

due to the optical absorption in the buffer layer and hence

reduced photocarrier density in the absorber.

To summarize, although both Cu(In,Ga)S2/CdS and

Cu(In,Ga)S2/In2S3 based solar cells are governed by inter-

face recombination, surface photovoltage measurements

show different properties of the respective heterojunctions.

A strong band bending is observed already in bare

Cu(In,Ga)S2 absorbers. A larger open circuit voltage is

obtained with CdS-buffered solar cells in comparison with

the In2S3-buffered ones. This results from the increased band

bending at the CdS/Cu(In,Ga)S2 interface.
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