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Indium sulfide thin films deposited via thermal evaporation from compound source material have

been successfully utilized as a cadmium free buffer layer for Cu(In,Ga)Se2 based solar cells.

However, high efficiencies are only reached after an additional annealing step. In this work, the

annealing behavior of Cu(In,Ga)(S,Se)2 based indium sulfide buffered solar cells is compared to

the annealing behavior of similar cells, which were submitted to wet chemical treatments partly

containing cadmium ions. Upon annealing a significant improvement of the initial solar cell

characteristics is observed for the untreated cell and is related to the increase of activation energy

for the carrier recombination process and a decrease of the ideality factor within the one diode

model. It is shown here that this improvement can also be achieved by wet treatments of the

absorber prior to buffer layer deposition. Upon annealing these treated cells still gain in collection

length but lose open circuit voltage, which is explained here within a model including a highly

p-doped absorber surface layer and supported by simulations showing that a decrease in doping

density of such a surface layer would lead to the observed effects. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4914080]

I. INTRODUCTION

In the recent past Cu(In,Ga)Se2 and Cu(In,Ga)(S,Se)2

(CIGSSe) based solar cells have reached high verified effi-

ciencies up to 21.7%.1 Most high efficiency CIGSSe solar

cells still utilize a thin chemically deposited cadmium sul-

fide layer as buffer layer between p-type absorber material

and n-type window layer. But apart from being a highly

toxic material, cadmium sulfide also has the disadvantage

of limiting the current due to its absorption in the blue part

of the spectrum. In the search for less absorbing, cadmium

free materials that can be used as buffer layers, indium sul-

fide thin films deposited via thermal evaporation from com-

pound crystals has been one of the more successful

approaches. Efficiencies above 16% were achieved recently

on cell and small module level.2,3 A potential advantage of

indium sulfide evaporation would be the possibility to

incorporate this process in a completely dry process line,

avoiding vacuum break after absorber formation and the

negative side-effects of chemical bath deposition such as

high use of toxic chemicals that have to be disposed of.

However, best solar cell efficiencies are only reached when

indium sulfide films are grown with little or no substrate

heating and then need an additional annealing step after cell

completion.4–6 Initial cell efficiencies are usually poor and

the cells lack most notably in open circuit voltage and fill

factor. The increase of these parameters upon annealing is

commonly attributed to necessary interdiffusion of copper

and sodium between buffer and absorber in order to create a

better interface and reduce recombination at this inter-

face.4–6 The optimum time for this annealing step varies in

our experience and also in literature between 10 and 40 min

and seems to depend on absorber material and buffer layer

thickness.4,5

Recombination at the interface can in theory also be

reduced by ensuring a higher degree of surface inversion.7

Such an inversion realized by the introduction of donor

impurities at the surface is the aim of partial electrolyte

treatments containing cadmium ions.8–11 In a previous pub-

lication,11 we described the particular annealing behavior

of wet treated cells with an indium sulfide buffer layer.

Here we use a new set of samples treated in the same way

and showing the same trends to conduct a more detailed

analysis of the annealing effect on indium sulfide buffered

cells in comparison to cells that were submitted to partial

electrolyte treatment containing cadmium ions or a refer-

ence treatment with deionized water. This comparison ena-

bles us to propose a two-part explanation for the effect of

annealing.

II. EXPERIMENTAL PROCEDURE

Cu(In,Ga)(S,Se)2 absorber was deposited on molybde-

num coated soda lime glass in a large area sequential process

as described elsewhere.12 Out of the center several
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neighboring pieces were cut and submitted to different wet

chemical treatments before deposition of the buffer layer,

namely, a water treatment, a cadmium solution treatment or

no treatment. The water treatment consists of a bath of

deionized water at a temperature of 80 �C, and the absorber

material was immersed for 20 min and dried with nitrogen

afterwards. The cadmium treatment, inspired by B€ar et al.,9

consists of a solution of 1.5 mM cadmium acetate and 1.3 M

ammonia in deionized water. After immersion of the

absorber material, the solution is heated up to 70 �C in

10 min, at which point the absorber material is taken out of

the solution, rinsed with 2.5% ammonia solution, and dried

with nitrogen. An indium sulfide buffer layer was deposited

on top of untreated and treated samples by thermal evapora-

tion of ground crystalline In2S3 source material at 750 �C
without additional heating of the sample holder. The buffer

layer thickness was controlled with a quartz crystal microba-

lance to be 20 nm. The solar cells were completed at the

Zentrum f€ur Solarenergie- und Wasserstoff-Forschung

Baden-W€urttemberg (ZSW) by sputtering an i-ZnO layer fol-

lowed by a ZnO:Al layer and a Ni/Al contact grid. The cell

area after mechanical scribing is 0.5 cm2. Temperature

dependent measurements of the solar cell characteristics

were performed with these cells without further treatment,

after an annealing step of 10 min at 200 �C in air and after an

annealing step of additional 30 min at 200 �C in air. The

measurements were performed in darkness as well as under

illumination with a 250 W halogen light source (LOT

LS0308) at 75 mW cm�2. The cell was mounted inside a

small vacuum chamber on top of a copper block cooled by

an AIM stirling cooler. Good thermal contact was achieved

by the use of vacuum grease between sample and copper

block. Due to difficulties with this cooler, it was not possible

to cool below 225 K, measurements were therefore con-

ducted between 225 K and 300 K. The cell temperature was

not measured directly but with a PT100 temperature sensor

inserted close to the absorber layer inside the soda lime glass

of a similar solar cell mounted next to the cell to be meas-

ured. This provides the advantage of having a fixed measure-

ment setup without the need of glueing a temperature sensor

on top of every cell to be measured. Before measurement the

cell was cooled down to 225 K in the dark at which point the

stirling cooler is shut off and current–voltage (IV) measure-

ments first without and then with illumination are performed

during warm-up in 3 K steps. This measurement procedure

would lead to problems if metastable states were induced by

illumination, altering subsequent measurements. However,

we never observed metastable changes of solar cell parame-

ters for our indium sulfide buffered cells even after long time

exposure to solar simulator illumination and therefore do not

take this into further consideration.

External quantum efficiency (EQE) measurements were

performed without bias illumination before and after each

annealing step. To extract the ideality factor A and saturation

current J0 the one diode model was fitted to the measured

dark IV curves with an orthogonal distance regression.

Finally, one-dimensional device simulation was performed

with the SCAPS (a Solar Cell Capacitance Simulator) 3.2.01

simulation software.13

III. RESULTS

As shown in Fig. 1 and Table I, the measured solar cell

characteristics of cells built on untreated or treated absorbers

are quite different. The depicted parameters belong to only

one cell each, and there is some deviation between different

cells, especially with different absorber batches, but the

trends discussed here are overall valid as can be seen in

comparison with our earlier publication.11 The cell built on

untreated absorber material shows low open circuit voltage

(Voc) of 505 mV and a low fill factor (FF). Upon annealing,

at first, the dark current at positive voltages decreases and

the open circuit voltage is increasing. The gain in open cir-

cuit voltage is accompanied by an increase in the activation

FIG. 1. IV curves (at 292 K) of indium sulfide buffered cells, prepared on

untreated, water-treated and cadmium-treated absorber material before and

after annealing at 200 �C for 10 and 40 min. Dashed lines denote the dark

current and solid lines denote the current under illumination by a halogen

light source at 75 mW cm–2. The wet-treated cells show higher initial open

circuit voltage and fill factor but lose open circuit voltage upon annealing

whereas the untreated cell continuously gains open circuit voltage.
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energy for the recombination current from 0.99 eV to

1.12 eV made visible by extrapolation of the temperature

dependent open circuit voltage in Fig. 2. The ideality factor

A within the one diode model as displayed in Fig. 3 is

temperature dependent and ranges between 2.5 and 3.2. It is

decreased to values slightly above 2 after annealing for

40 min and loses most of its temperature dependency.

The cell built on cadmium treated absorber material on

the other hand shows its highest open circuit voltage in the

unannealed state and this voltage is with 590 mV signifi-

cantly larger compared to the untreated cell. However, upon

annealing, the open circuit voltage is decreasing, while the

fill factor and short circuit current are rising. This is accom-

panied by a rise in dark current at forward bias and a slight

decrease in activation energy of the open circuit voltage as

displayed in Fig. 2. But this decrease is only minor and the

extrapolated activation energy stays close to its initial value

of 1.1 eV. Fitted ideality factors are below 2 and largely tem-

perature independent. The slight increase upon annealing

visible in Fig. 3 has to be treated with care since the IV

curves develop a significant roll-over, i.e., a decrease in

slope at high voltages (see Fig. 4) that makes it necessary to

restrict the voltage range for fitting to lower voltages which

increases the error below 290 K.

Since all cells, made on treated absorber or not, show an

increase in short circuit current and fill factor upon anneal-

ing, a common mechanism seems sensible. This is supported

by the fact that in addition to a gain independent of the wave-

length all cells gain external quantum efficiency in the red

part of the spectrum as is shown in Fig. 5.

Within the simple model of effective collection length

by Klenk and Schock,14 the increase of external quantum

TABLE I. Parameters extracted from IV measurements at T¼ 292 K and ex-

trapolated open circuit voltage at T¼ 0 K.

Voc (292 K) FF (292 K) Voc (0 K)

Untreated

Not annealed 505 mV 43.5% 991 mV

10 min annealed 572 mV 52.4% 1101 mV

40 min annealed 581 mV 51.2% 1117 mV

H2O-treated

Not annealed 510 mV 56.5% 1100 mV

10 min annealed 499 mV 58.8% 1069 mV

40 min annealed 490 mV 54.6% 1012 mV

Cd-treated

Not annealed 590 mV 58.6% 1132 mV

10 min annealed 586 mV 64.4% 1082 mV

40 min annealed 561 mV 66.0% 1087 mV

FIG. 2. Temperature dependent open circuit voltage of the untreated cell

and the cadmium treated cell before and after annealing. Linear extrapola-

tion (dashed lines) shows an increase of activation energy for the untreated

cell, whereas the cadmium-treated cell’s activation energy is slightly

decreased.

FIG. 3. Temperature dependent results from orthogonal distance regression

fits of the dark IV curves to the one diode model. Closed symbols denote the

ideality factor A and open symbols denote the saturation current J0. The

untreated cell shows high ideality factors above 2 with a slight temperature

dependency, which are reduced upon annealing. The cadmium treated cell

shows ideality factors below 2 with only a minor change upon annealing.

FIG. 4. Temperature dependent IV curves of the cadmium treated cell before

and after annealing at 200 �C for 40 min. After annealing, a distinct roll-over

of the IV curves evolves, which becomes dominant at lower temperatures.
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efficiency in the red part of the spectrum can be attributed to

an increase in either the space charge region (SCR) width or

the diffusion length of electrons in the absorber. But since

we do not have reliable measurement data of the absorption

coefficient of our absorber material it is not possible for us to

directly calculate this increase quantitatively. Instead we uti-

lize the relation for absorption near the absorption edge of a

direct band gap aðh�Þ ¼ Aðh� � EgÞ1=2ðh�Þ�1
, where the

band gap Eg of our absorber material is estimated from the

EQE measurements by analysis of the change in slope at

high wavelengths to be 1.07 eV. Without knowing the mate-

rial dependent parameter A it is still reasonable to assume it

to be constant even after the annealing at 200 �C. This allows

for the calculation of the relative increase of the effective

collection length and from Fig. 5 we calculate it to be 26%

for the untreated sample, 25% for the water-treated sample

(as published previously11) and 24% for the cadmium-

treated sample. Another possible reason for the EQE increase

in the red part of the spectrum is diminished transmission

loss in the window layer. However, this is not likely to be

the case here since we know from other cells with cadmium

sulfide buffer layer that the transmission of the window layer

allows for significantly higher EQE in the red part of the

spectrum without any annealing. Bias voltage dependent

EQE measurements on similar not completely annealed cells

also revealed that the losses in the red part of the spectrum

are reduced at negative bias voltage and can therefore be

attributed to incomplete collection.

IV. DISCUSSION

As shown in Sec. III, all cells, treated or not, show an

increase of the effective collection length upon annealing.

As it is not very likely that the diffusion length of electrons

in the absorber is significantly increased with an annealing

step at 200 �C, this increase can be linked to an increase of

the SCR width. Following this argument leads to the assump-

tion that the untreated cell shows the smallest space charge

region width in the unannealed state, leading to a higher

electric field at the interface. This facilitates tunneling of

charge carriers at the absorber/buffer interface and allows for

the high and temperature dependent ideality factors observed

for these samples. Tunneling enhanced interface recombina-

tion is also effectively reducing the injection barrier at the

interface, resulting in a lower activation energy for the

recombination current. Indeed, the extrapolated value of

0.99 eV is lower than the estimated minimum absorber band

gap of 1.07 eV indicating dominant interface recombination.

Upon annealing the space charge region width is increasing,

lowering the electric field at the interface and thereby reduc-

ing the tunneling current across the interface. This leads to a

higher effective injection barrier and results in the observed

decreasing and less temperature dependent ideality factor.

The cause for this increase in SCR width, i.e., the decrease

in doping near the surface might be found in elemental diffu-

sion or introduction of donor defects at the absorber/buffer

interface, leading to a higher degree of surface inversion.

Regarding elemental diffusion, a common theory explain-

ing the increasing open circuit voltage for Cu(In,Ga)Se2/In2S3

devices upon annealing is that copper diffusion from the

absorber material into the buffer layer leads to a copper defi-

cient absorber surface layer with a lower valence band, lead-

ing to a higher hole-barrier for interface recombination.4–6

However, in our case, the absorber material contains a signifi-

cant amount of sulfur at the surface, which should cause a

lower valence band and higher hole-barrier in the first place.

The treated cells, on the other hand, start out with a

higher SCR width even before the annealing, as can be seen

from combination of external quantum efficiency,

Voc-extrapolation and ideality factors, indicating no domi-

nant tunneling contribution to the current. In the case of the

FIG. 5. Normalized external quantum efficiency measurements of untreated,

water-treated, and cadmium treated cells before and after annealing at

200 8C for 40 min. A change in the shape of all measurements due to more

quantum efficiency in the red part of the spectrum is visible after annealing.

This gain is most pronounced for the untreated cell. Reprinted with permis-

sion from C. H€ones and S. Siebentritt, “Annealing of wet treated

Cu(In,Ga)(S,Se)2 solar cells with an indium sulfide buffer,” Thin Solid

Films (published online 2014), Copyright 2014 Elsevier.
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cadmium treatment this might be understood in the common

picture of cadmium acting as donor impurity at the absorber

surface, leading to a higher degree of surface inversion and

counteracting the acceptor density of the absorber. But in the

case of the water treatment the picture is less clear, espe-

cially since this treatment sometimes leads to significant

improvement in Voc
11 and sometimes not (this publication),

but always changes the annealing behavior. Possible factors

are the change of sodium concentration at the absorber

surface and/or a surface oxygenation as is discussed by

Kronik et al.15

Regarding the unusual annealing behavior of the treated

cells, this was already described in a previous publication11

and a possible explanation compatible with the surrounding

experimental results would be the reduction of acceptor den-

sity near the absorber surface, as was also suggested by

others.16 This model assumes that there initially is a highly

p-doped surface layer (pþ layer), as was proposed ear-

lier17–19 with the possible explanation that the pþ doping is

caused by InCu antisites or VSe/S-VCu divacancies.20,21 If the

initially high doping density was due to VSe/S-VCu complex

vacancies, the decrease is not likely to be caused by a change

of local electron density in this case as this would need a

significant reduction of electron density at the interface.

More likely, sulfur diffusion inside the absorber and from

the buffer to the absorber is decreasing the total density of

VSe/S defects. Apart from these speculations other explana-

tions might be possible.

A SCAPS simulation shown in Fig. 6 verifies that a

reduction of absorber p-doping near the heterojunction can

indeed lead to higher collection length, increasing fill factor

and at the same time reduced open circuit voltage. The main

mechanism behind this is the band up-shift within the highly

doped layer due to band bending at high doping concentra-

tions as depicted in Fig. 7. This up-shift increases the barrier

for electron injection decreasing the recombination current

and thereby increases the open circuit voltage. Lowering the

doping concentration leads to less band bending and

improves the collection, but at the same time, the open

circuit voltage is reduced. Parameters used for the simulation

can be found in our previous publication.11 Another possible

explanation is an initial high concentration of acceptor

defects at the buffer/window interface.22 These defects

would increase the voltage drop over the buffer/window part

of the solar cell, thereby reducing collection and injected

current. However, this device structure leads to roll-over of

the IV curves at larger forward bias, which is not observed

for our unannealed cells. Contrary, as shown in Fig. 4 and

pointed out by others,16 the tendency to show a roll-over is

increased upon annealing. If the voltage drop over the

buffer/window part of the cell is considered, it is probably

rather increasing than decreasing upon annealing.

Summarizing, we propose that there are two underlying

reasons for the changes induced by annealing, which are

present in all cells. First, the interface inversion is increased,

possibly due to introduction of donor impurities, removing

the dominant tunneling current contribution to the recombi-

nation current. This increases the open circuit voltage and

can be achieved either by annealing or wet chemical treat-

ments. Second, the doping density in the pþ layer is reduced,

leading to higher collection length, thus increasing short

circuit current and fill factor, accompanied by a slight loss in

Voc. This loss is smaller than the voltage gain upon anneal-

ing for the untreated cells due to the interface enhancement

and thus is only visible for the treated cells where the inter-

face was already affected by the wet chemical treatment.

This interplay of gain and loss in voltage might also well be

the reason for shifts of the optimum annealing time for

untreated samples.

V. CONCLUSION

In this work, we have presented a comparative analysis

of the annealing behavior of indium sulfide buffered

Cu(In,Ga)(S,Se)2-solar cells based on the differences, which

occur when the absorber material is submitted to wet chemi-

cal treatments prior to buffer layer deposition. This compari-

son allowed us to separate two contributions to the annealing

behavior of these cells and to make a proposal for the

FIG. 6. SCAPS simulation of IV curves within the model incorporating a

highly p-doped absorber surface-layer as described in our previous publica-

tion. 11 The varied parameter is the shallow acceptor density NA in addition

to the midgap acceptor density of 1� 16 cm�3 inside the surface layer. A

decrease in doping concentration results in a higher fill factor but also a

decrease in open circuit voltage. Reprinted with permission from C. H€ones

and S. Siebentritt, “Annealing of wet treated Cu(In,Ga)(S,Se)2 solar cells

with an indium sulfide buffer,” Thin Solid Films (published online 2014),

Copyright 2014 Elsevier.

FIG. 7. Band diagram in short circuit conditions for the conduction band

(CB) and the valence band (VB) corresponding to the simulation shown in

Fig. 6. High doping in the pþ layer leads to an upshift of the energy bands

increasing the barrier for charge carrier injection and extraction.

094503-5 H€ones et al. J. Appl. Phys. 117, 094503 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

158.64.77.38 On: Tue, 24 Mar 2015 10:09:47



underlying mechanisms: first, an initially dominant contribu-

tion of tunneling enhanced interface recombination to the

dark current, second, a pþ layer at the absorber surface. The

former can be reduced by annealing or by the means of wet

chemical treatments, especially the cadmium partial electro-

lyte treatment, leading to higher open circuit voltages. The

latter can only be resolved by annealing, leading to higher

short circuit current and fill factor. But since a reduction of

the pþ layer doping is accompanied by a loss in voltage the

annealing time has to be carefully adjusted in order to reach

maximum efficiencies. This, again, emphasizes the need for

interface optimization prior to buffer layer deposition and

wet chemical treatments are promising in this regard.
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