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We report in this paper the use of ZnInS, films deposited by atomic layer
deposition as cadmium free buffer layer in Cu(In,Ga)Se, (CIGS) solar cells. Buffer
layers with different In/(In+ Zn) ratios over the whole composition range were
prepared on glass substrate and characterized optically by transmission and
reflection measurement and electrically by steady state photoconductivity and
modulated photocurrent. CIGS solar cells were prepared with the different buffer
layers and characterized. A compromise between the properties of In,S; and ZnS
was found for intermediate compositions as aimed for this study. Best efficiencies
were obtained for intermediate composition (In/(In+ Zn) close to 28 at. %) which
also allows a higher open circuit voltage. Solar cell simulations allowed to point
out the major role played by interface defect states in these devices. © 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906912]

I. INTRODUCTION

In copper indium gallium diselenide (Cu(In,Ga)Se, noted CIGS), solar cells with a struc-
ture consisting of aluminum doped zinc oxide (ZnO:Al)/intrinsic zinc oxide (i-ZnO)/buffer
layer/CIGS/molybdenum/glass, the electron transport through the conduction band depends on
the conduction band offset (CBO) at the interface between the buffer layer and the absorber
layer (defined as the difference between the conduction band minimum of the buffer layer and
the one of the absorber layers). Optimal performance should be obtained for a conduction band
offset from 0 to +0.4eV ' which is the case at the cadmium sulfide (CdS)/CulnSe, interface.”
CdS films present an n-type doping and allow an excellent passivation of the absorber thanks to
a good lattice matching (2% of mismatch for Culng;Gag3Se,). The main drawback of CdS is
its optical bandgap of about 2.4eV which causes photocurrent losses as holes photo-generated
in the buffer layer are not collected. In spite of this weakness, CdS is still the buffer layer
offering the highest efficiencies (20.8%).®

From all binary compounds, none present better properties than CdS for application as
buffer layer in CIGS solar cells. Thus to find buffer layers better than CdS, mixed materials
with tunable electronic properties have been investigated and allowed very high efficiencies.
For example, an efficiency of 18.5% was reported for the addition of oxygen to ZnS giving
Zn(0,5)* and an efficiency of 18.1% was reported for the addition of magnesium to ZnO giv-
ing (Zn,Mg)0.°

We have reported previously the growth of ZnIn,S, (ZIS) films by Atomic Layer
Deposition (ALD) with a good control of film thickness and composition.” The optical bandgap
of the film varies with the composition from an indirect transition of 2.1 eV for pure In,S; to a
direct transition of 3.6eV for pure ZnS. We expect the CBO at the interface with

®Authors to whom correspondence should be addressed. Electronic addresses: pascal-genevee@chimie-paristech.fr and
frederique.donsanti@edf.fr.
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Culng;,Gag 3Se, to follow the same trend and to vary from —0.4eV for pure InZS38 to +1.2eV
for pure ZnS.® Moreover, ZnS based buffer layers and In,S; buffer layers allow good efficien-
cies* %! and may form a suitable surface passivation of the CIGS layer.

The aim of this study is to use ZIS buffer layers in CIGS solar cells and to observe its
influence on the optoelectronic properties of the device. The influence of buffer layer composi-
tion and deposition temperature will be studied. As the buffer layer/window layer interface has
been reported to impact the cell properties, the influence of the i-ZnO layer has also been
investigated.'>"?

Il. EXPERIMENTAL CONDITIONS

ZIS layers were synthesized by ALD on an ASM Microchemistry F-120 reactor with a
Scm X 5cm reaction chamber. Sources used were diethylzinc (Zn(C,Hs), noted DEZ) and tri-
methylaluminum (AI(CH3); noted TMA) Optograde from Rohm and Haas, indium acetylaceto-
nate (In(CH;COCHCOCH;); noted In(acac);) (98%) from ALFA AESAR GMBH & CO KG,
H,S (99.5%) from Messer and deionized Millipore water. Nitrogen (N,) (99.9999%) from
Messer was used as carrier and purge gas. In(acac); was heated at (125 =5) °C while other
sources were kept at room temperature.

Substrate temperatures for ZIS depositions were (180 = 5) °C, (200 = 5) °C, or (220 = 5) °C.
The growth consisted in the repetition of the following pulse and purge sequence (with their re-
spective durations):

A x DEZ pulse/N, purge/H,S pulse/N, purge = 1/3/1/2s,
B x In(acac); pulse/N, purge/H,S pulse/N, purge = 1/3/1/2s,

where A =1 except for films of pure In,S;. For this study, six couples of parameters (A, B) were
chosen and are given in Table I. The corresponding compositions for films grown at 200 °C were
determined previously by energy-dispersive X-ray spectroscopy (EDX) on thick samples. The in-
dium content in these films is low compared to the content expected from the rule of mixtures as
discussed in a previous paper.'* Thus, the growth of mixed films requires to use parameters B
larger than A. In this paper, we will name buffer layers with the ratio In/(In+ Zn) in the thick
film. For example, the couple (A:B) = (1:50) leads to a ZIS layer with a ratio In/(In + Zn) =34%
which is named “ZIS 34%.” Both In,S; and ZnS depositions exhibit a slightly decreasing growth
rate with increasing temperature around 200 °C. We expect no composition change and a negligi-
ble thickness change in the layers within the temperature range of 180 °C-220°C.

The Cu(In,Ga)Se, layers used were coevaporated at Wiirth Solar GmbH & Co. KG and at
IRDEP. These absorber layers are of industrial quality with conversion efficiencies in the range of
12%—13%. Buffer layer depositions were done directly after a potassium cyanide (KCN) etching
of the absorber surface. Once buffer layers are deposited, samples are kept under vacuum.

Buffer layers were coated with an ALD i-ZnO layer, a sputtered i-ZnO layer, or no i-ZnO
layer. The sputtered i-ZnO layers with a thickness of 80nm were deposited by Radio
Frequency Magnetron Sputtering (RF Sputtering) and present a high resistivity (>10° Q-cm).

TABLE I. Composition of the different layers determined on thick samples.

Sequences in Sequences in In Zn S In/(In+ Zn)

A B thick layers buffer layers (at. %) (at. %) (at. %) (at. %)

1 0 745 70 0 58.7 413 0

1 11 186 28 6.1 49.2 44.7 11

1 28 116 18 14.5 36.9 48.6 28

1 50 80 11 17.1 334 49.5 34

1 120 40 5 33.0 124 54.7 73

0 1 5000 948 41.8 0 58.2 100




013116-3 Genevée et al. J. Renewable Sustainable Energy 7, 013116 (2015)

The ALD i-ZnO layers were deposited in a Picosun SUNALE R-200 ALD reactor using the
growth cycle DEZ pulse/N, purge/H,O pulse/N, purge =0.1/2/0.2/3 s at (160 = 5) °C. The films
were deposited performing a total of 250 growth cycles giving a thickness of about S0nm and
were unloaded without cooling. The resistivity of this material is close to 1 Q-cm.

To complete the cells, 500nm of ZnO:Al were deposited by ALD at (160 =5) °C in the
SUNALE R-200 reactor. As presented in a previous paper, long purges (>4s) during the
growth of ZnO:Al films improve the material conductivity.'> Thus, the growth consisted in
repeating the following sequence 150 times:

19 x DEZ pulse /N,purge /H,O pulse/Nypurge = 0.1/6/0.1/4s,
1 x TMA pulse/N,purge /H,O pulse /N,purge = 0.1/4/0.1/6s,

giving a sheet resistance in the range of 50-60 Q/[].

For each absorber batch, reference cells with a CdS buffer layer (30—40nm) deposited by
chemical bath deposition (CBD) and i-ZnO (80 nm)/ZnO:Al (400 nm) deposited by RF sputter-
ing were synthesized.

Samples were mechanically scribed to delimit twelve square cells with a surface of
0.1cm? Cells were air annealed for 10 min at 200°C and light soaked during 30 min under
AML1.5 to stabilize their response. J-V measurements were done in the dark and under AMI1.5
illumination. External quantum efficiencies of some solar cells were recorded.

Buffer layer thicknesses were estimated from the thickness of thick samples using the
assumption that in an ALD process, film thickness is proportional to the number of growth
cycles. However, during the first cycles, the growth rate is lower due to a nucleation period.
This nucleation period was estimated using a quartz crystal microbalance (QCM) as shown in a
previous paper for the growth of zinc oxide.'® We found that the growth rate is constant after
70 growth cycles for ZnS while 300 cycles are needed for In,S;.

Optical characterizations were conducted wusing a PerkinElmer lambda 900
Spectrophotometer with a PELA-1000 integrating sphere. Absorption coefficients of films were
determined from the transmittance (T) and the reflectance (R) spectra using the formula
a=—1/t x In (T/(1 —R)), where t is the film thickness.

For transport measurements (Steady-State PhotoConductivity, SSPC, Modulated PhotoCurrent,
MPC), we have used several samples, with different composition (shown in Table I) and a thickness
of about 100nm, built in coplanar configuration, consisting of ZIS films deposited on a glass sub-
strate. Subsequently, two silver paste strips were deposited to form ohmic contacts 1cm long and
I mm apart. SSPC were measured every 10K between 110 and 350K on samples fitted onto the
cold finger of a dynamically pumped cryostat. Depending of the band gap value, light emitting diode
(LED) with the corresponding wavelength serves for illuminating the sample. The photoconductivity
was measured with the sample being illuminated by a constant flux (Fdc = 10" or 5 x 10" or 10"
or 10" cm™%s™"). The same light was used to perform MPC experiments to determine the Density
Of States (DOS). MPC data were measured every 20K between 110 and 350K. The amplitude of
the modulated flux was 4 times lower than the average flux Fdc and the modulation frequencies
were in the range from 12 Hz to 40kHz. Each measurement was the average of 20 acquisitions of
the phase shift and modulus of the alternating current and resulted in an error of the order of 10%.

Solar cells simulations were done using SCAPS v3.2."” The basic simulation parameters used
are summed up in Table II. CIGS, ordered vacancy compound (OVC), i-ZnO, and ZnO:Al pa-
rameters are casually used parameters for simulation. Buffer parameters were chosen to be con-
sistent with experimental results.

Ill. RESULTS AND DISCUSSION
A. Optical properties of ZIS films deposited on glass substrates

The optical properties of the films deposited on a glass substrate are shown in Figure 1.
Figure 1(a) presents the absorption coefficient of the different films and the absorption
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TABLE II. Basic parameters used in solar cells simulations with SCAPS.

Layer CIGS ovC Buffer i-ZnO ZnO:Al
Thickness (xm) 2 0.015 0.015 0.05 0.3
Bandgap (eV) 1.15 1.35 3 3.3 3.3
Electron affinity (eV) 4.5 4.5 4.5 4.55 4.55
Dielectric permittivity (relative) 10 10 10 10 10
CB effective density of states (cm ) 6.7 x 10" 6.7 x 10" 2% 10" 5x10'® 5% 10"
VB effective density of states (cm ) 1.5%x 10" 1.5%x 10" 2% 10" 5x10'® 5% 10"
Electron thermal velocity (cm-s ") 1 %107 1 %107 1% 107 1x107 1x 107
Hole thermal velocity (cm-s ™) 1 %107 1 %107 1x 107 1x 107 1 x 107
Electron mobility (cm*V s ") 50 50 50 50 50
Hole mobility (cm*V~"s™") 20 20 20 20 20
Shallow uniform donor density ND (cm ) 0 1x10" 5% 10™ 1x10' 1x10™®
Shallow uniform acceptor density NA (cm ) 5% 10" 0 0 0 0
Absorption constant A (cm ™ Lev™d) 1x10° 1x10° 1x10° 1x10° 1x10°

coefficient of a CdS film deposited by CBD on a glass substrate. In this figure, it can be seen
that ZIS films with an indium content lower than 73 at. % are more transparent than the CdS
film. The absorption coefficient of the layer ZIS 28% exhibits a straight edge consistent with a
material with a high defect concentration. This was expected as ZnS and In,S; have different
crystal structures so that a mixture should exhibit a high concentration of defects.

Figures 1(b) and 1(c) present the curves a%° =f(E) and o’ =f(E) exhibiting, respectively,
indirect and direct optical transitions in the films.'®> We can identify an indirect optical transition
in indium rich samples which varies from 2.0eV for pure In,S; to 2.7eV for ZIS 11%. The
bandgap widening can be attributed to the addition of zinc in indium sulfide forming a compound
optically close to ZnIn,S, with a bandgap reported between 2.5eV (Ref. 19) and 2.86eV.* Two

T T T T T T T T T 600 (b)
a
@) ol
1x10°
400
— s
" T 300}
§ 1x10* 5
3 © 200}
3
1x10° 100
) . L . . . X 0 =71 s i L L s L L
20 22 24 26 28 30 32 34 36 38 20 22 24 26 28 30 32 34 36 38
E (eV) E (eV)
2,0x10" 38— - T
—~ 36 Z:rl{sﬁ ° Transition : 1 (d)
10 % 34F --o-- Direct ZnS ]
1.5x107F 5 32 ~-o-- Direct E,(In)
(L [ --4-- Indirect Znin S, ]
‘?‘A 10 2 30r AR --o-- Indirect In,S, ]
£1,0x10" G 28l 1
O Kol ’ A
o e 26} ]
o
5,0x10° - g 24} a ]
o 22} a ]
< IS,
0.0 / 20 [ o A
22 24 26 28 30 32 34 36 38 0 20 40 60 80 100
E (eV) In/(In+Zn) (at%)

FIG. 1. Evolution of optical properties with the In/(In 4+ Zn) ratio. (a) o =f(E), (b) «%3 =f(E), (c) o*> =f(E), and (d) appa-
rent bandgap.
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direct transitions are found in zinc rich samples. The first one at 3.65eV corresponds to the fun-
damental band to band transition in ZnS. The second one at 3.0eV can be attributed to optical
transitions between the valence band of ZnS and the donor level of indium impurities in substitu-
tion of zinc atoms. The indium donor level in ZnS has been reported to lie at about 0.5eV
beneath the conduction band which is in good agreement with our measurements.>!

Finally, the optical transition energies identified are summed up in Figure 1(d) as a func-
tion to the ratio In/(In 4 Zn).

B. Electrical properties of ZIS films deposited on glass substrates

As shown by optical measurements, the addition of zinc in indium sulfide can lead to a for-
mation of defect state within the ZIS films band gap. These defects can also affect electronic
transport properties of ZIS buffer layers, and thus the resulting solar cells electrical properties.
Depending on the disorder level introduced by the addition of zinc in indium sulfide, these
defects can be a simple level like the donor level of indium impurities in substitution of zinc
atoms or band of defects. We have used SSPC technique to determine ZIS electronic transport
properties and MPC to probe defect state density within the ZIS films band gap.

1. Dark conductivity

Figure 2 shows the temperature dependence of the dark conductivity (od) for ZIS samples
with different values of In/(In + Zn) ratio.

In the temperature range 300 K < T <450K, the data follow a temperature dependence of
the form

04 = 00 eXp {_kEB—;"]’ ey
where E, is the activation energy and o, a pre-exponential factor. Values of E, and o, at 300K
are reported in Table III.

o4 at 300K is observed to increase with In/(In+Zn) ratio, while the activation energy
decreases with In/(In + Zn) ratio. Assuming that the activation energy gives the position of the
Fermi level at 0K with respect to the conduction band edge and considering the values of the
optical band gap, we can give the image of the evolution of the band edges with respect to the
Fermi level in our ZnIn,S, alloys shown in Figure 3.

Though the activation energy decreases with In/(In 4 Zn) ratio, one can note that the alloys
get more doped. To gain a better insight on the evolution of the edge of the conduction band

5L 1
-10 X x X
T = -
(&)
2
<] AN
= 20O , AAAAAA A AT
= O ZIS11% g aea
A ZIS 28% IS = s'<lvlolole)
251 % ZIS 34% u
& ZIS 73%
30 K _In2Ss | L +
2.0 25 3.0 35 4.0

1000/T (K™

FIG. 2. Evolution of the layers conductivity as a function of the temperature.
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TABLE III. Activation energy and conductivity at 300 K determined from the measurements.

Thickness Ea od @ 300K Characteristic energy
Samples (nm) €eV) Q tem™h from MPC Eu (meV)
ZnS 95 0.75 4.77x 107"
ZIS 11% 135 0.74 6.07 x 107"
ZIS 28% 120 0.42 2.10x 1077 43
ZIS 34% 137 0.34 1.10 x 1077 34
ZIS 73% 183 0.25 8.80x 10°° 17
In,S; 100 0.2 2.45x107* 17

with increasing the In/(In+ Zn) ratio, we have investigated the trap state density within the
band gap for different ZIS alloys via MPC.

2. Defects spectroscopy

In MPC experiments, the sample is illuminated by a monochromatic light flux modulated
with angular frequency w, while the induced alternating photo current is measured in a coplanar
geometry. From the modulus of the alternating photocurrent and its phase shift ¢ with respect
to the excitation light, one can deduce the quantity N(Ew).C,-pt, ' that we shall call the MPC-
DOS according to the following equations:***

N(E,)C, 2 i
ECr_ 2_ G, S08) @)
U, nkgT |Gac]|
with
C,Nc
Ec—szkBTln< - ‘), 3)

where N(E,,) is the density of states at an energy E,,, C, is the capture coefficient of the states
trapping the free carriers (electrons in ZIS), and |o,| is the modulus of the alternating photo-
conductivity resulting from the modulated generation rate G,.. Figure 4 shows an example of
spectra calculated by applying Egs. (2) and (3) to the MPC data obtained at various tempera-
tures and angular frequencies for ZIS films with 28% of In/(In 4 Zn) ratio.

1 T T T T T
I: ) Ec
(
@ ° °
0
~ Ero
>
[0
> A -
=
[0)
c
w
)= O o) O Q
(@) Ev
30 _
&N I I I I 1
0 20 40 60 80 100

In/(In+Zn) ( at%)

FIG. 3. Evolution of the band edges with respect to the Fermi level.
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FIG. 4. Example of MPC density of states spectra for sample with ZIS of 28%.

By using a LED light source of wavelength 2= 385nm, the photocurrent generated by ZIS
samples with low values of the In/(In 4-Zn) ratio (large band gap) is not enough for performing
MPC measurements. As is shown in Figure 4, and for most of the studied samples, it can be
seen that the parts of the spectra obtained at high frequency, i.e., the parts closest to the con-
duction band edge, are all converging in a single, well defined envelope describing an exponen-
tially decreasing conduction band tail (CBT). The characteristic energy (E,) of the exponen-
tially decaying conduction band tail decreases with increasing the In/(In+ Zn) ratio, indicating
the decrease of the disorder. Values of E, are reported in Table III.

The highest value of E, is obtained with the ZIS 28% sample in accordance with optical
measurements (see Table III). The higher disorder in the buffer layer may involve more defect
states and thus recombination in this layer or at its interfaces in the solar cells.

C. Solar cells properties
1. Effect of the buffer layer composition

All buffer layers were used in solar cells and tested with a sputtered i-ZnO layer and an
ALD ZnO:Al layer. Buffer layers thicknesses were about 15 nm except for pure ZnS which was
only 5nm thick because a thicker layer would block the photocurrent through the solar cell as
it has a very low conductivity (see Table III).”**

Figure 5 shows the J-V curves of solar cells with six ZIS layers of different compositions.
A seventh curve shows the J-V of the reference cell with a CdS buffer layer. Table IV sums up
the corresponding solar cells parameters.

We note that the In,S; buffer layer gives a J-V characteristic close to the one of the CdS
buffer layer. Its short circuit current density (Jsc) is close to that with CdS but its open circuit
voltage is lower by 20mV. The fill factor (FF) is also weaker than with CdS. As shown in
Table III, In,S3 buffer layer is relatively doped with a small characteristic energy, thus, a nega-
tive band offset together with defect states at the CIGS/buffer interface may be responsible for
an increase of interface recombination, and therefore a lower Voc and FF as it was shown by
Minemoto et al.' This result is in good agreement with the negative band offset measured by
Sterner et al. at the CIGS/In,S; interface.®

We note that the lowering of the In/(In 4 Zn) ratio down to 34% does not strongly change
the cell response. It mainly decreases the FF and slightly improves the Jsc but the Voc is
unchanged.

The ZIS 28% buffer layer leads to a different solar cell behavior. The corresponding solar
cell has a Jsc equivalent to those of indium rich buffers and presents an improved Voc up to
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FIG. 5. Current density versus voltage (J-V) characteristics of solar cells as a function of the buffer layer composition with
a sputtered i-ZnO layer. Tllumination AM1.5 100 mW-cm 2,

0.64V, which is 30mV higher than that of the reference cell. The efficiency is limited by a
weak FF.

The J-V curve corresponding to the ZnS buffer layer exhibits an S shape which is typical for a
solar cell with a high recombination rate of photo-generated electrons at the interface buffer/CIGS.

The same behavior is observed with the ZIS 11% for which the Jsc is a bit lower.
However, the difference between the two Jsc is low if we consider that the ZIS 11% layer is
three times thicker than the ZnS one.

Figure 1(c) evidenced indium impurities in substitution of zinc atoms in ZnS. Given the
quantity of indium in the material, we can explain the improvement of the solar cell by the for-
mation of an impurity-induced band in the gap of ZnS allowing a satisfactory electron transport
with a reduced barrier height by 0.5eV.

To explain the evolution observed between pure In,S; and ZIS 28%, series of solar cell
simulations were done using SCAPS. Different parameters allowed to explain the increase of
Voc together with the reduction of the fill factor. As we physically only change the buffer
layer, we focus on the buffer layer properties and its interfaces. We consider:

— A negative CBO at the CIGS/buffer interface.
— A positive CBO at the CIGS/buffer interface.

— Acceptor defects at the CIGS/buffer interface.
— Acceptor defects at the i-ZnO/buffer interface.

Figure 6 shows the simulated J-V responses under illumination and the evolution of Voc.

The first hypothesis to explain the experimental evolution is the formation of a cliff (negative
CBO) at the interface CIGS/buffer. Mixed ZIS layers are very complex and may be composed of
several phases as shown in the optical study. We can deduce from the study of Vigil er al.? that

TABLE IV. Parameters of solar cells as a function of the buffer layer for a sputtered i-ZnO layer.

In/(In + Zn) (at. %) Voc (mV) Jsc (mA-cm™?) FF (%) Efficiency (%)
0 380 124 114 0.5
11 587 8.6 9.6 0.5
28 646 29.4 34.6 6.6
34 595 31.0 47.7 8.8
73 597 29.8 56.2 10.0
100 595 29.1 60.1 10.4

Reference CdS 615 30.3 70.7 13.1
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FIG. 6. Simulated J-V characteristics. Insets show the evolution of Voc. (a) J-V characteristics of solar cells simulated with
different negative conduction band offsets. (b) J-V characteristics of solar cells simulated with different positive conduction
band offsets. (c) J-V characteristics of solar cells simulated with different densities of acceptor at the CIGS/buffer interface
(without conduction band offset). (d) J-V characteristics of solar cells simulated with different densities of acceptor at the i-
ZnO/buffer interface (without conduction band offset). (e) J-V characteristics of solar cells simulated with different den-
sities of acceptor at the i-ZnO/buffer interface with positive conduction band offsets.

ZnIn,S, exhibits an electron affinity close to 5.0eV which is higher than that of In,S; (about
4.65¢eV). This indicates that such mixed materials can lead to the formation of either a spike
(ZnS crystallites) or a cliff (ZnIn,S, crystallites). Another particularity of the mixed layers is that
they are amorphous like and present the advantage to lower the stress at the interface with CIGS
and thus the density of defect states due to dislocations at the interfaces. If we assume a low
defect state density and the formation of ZnlIn,S, crystallites, the formation of a cliff can explain
the increase of Voc and decrease of FF as observed in Figure 6(a).

The second hypothesis is the formation of a spike (positive CBO) at the CIGS/buffer inter-
face which also leads to an increased Voc as seen in Figure 6(b). We note that compared to the
cliff, the spike leads to sharper S like J-V characteristics with a larger extent in the positive
voltage due to the electron barrier effect.

The third hypothesis is an increase of acceptor defects at the CIGS/buffer interface. In this
case, the Voc slightly increases with the density and then decreases as seen in Figure 6(c). An
S shape appears only once the Voc starts to get lower. This hypothesis is not compatible with
the experimental observation.

The fourth hypothesis is an increase of acceptor defects at the i-ZnO/buffer interface. We
observe, in Figure 6(d), that the increase of this parameter can increase the Voc and decrease
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the fill factor at the same time. In this case, the extent of the J-V in the positive voltage is low
but slightly higher than in the case of cliffs.

From the different trends observed, the curve ZIS 28% in Figure 5 may be best reproduced
with a 0.35eV cliff or with 6 x 10" cm ™2 acceptor defects at the i-ZnO/buffer interface. In
both cases, the Voc increase is about 40 mV which is consistent with the experimental increase
observed.

The second explanation (acceptors) is consistent with the MPC measurements as the disor-
der in ZIS layers is found to rise when the indium content is decreased down to ZIS 28%.
Physically, these acceptors states generate some negative charges which modify the electric
field in the solar cell. When the density is increased, the electric field decreases in the absorber
layer and increases in the ZnO layer. It slightly degrades the carrier collection in the absorber
but reduces interface losses. It can be seen as a possibility to tune the electric field in the solar
cell.

Figure 6(e) shows the results of simulation when acceptors at the i-ZnO/buffer interface
are considered together with a spike. In the case of high acceptor density (>4 x 10''cm™?), a
spike may not involve any Voc increase which would explain why ZnS and ZIS 11% buffers
do not lead to such increase.

Finally, External quantum efficiencies of the solar cells were recorded. In Figure 7, we
clearly see the impact of the buffer layer optical properties on the cell response.

In the case of the reference solar cell, we note a good response in the long wavelengths
down to 540 nm. For wavelengths below 540 nm we observe high losses due to light absorption
in the CdS layer.

In the case of the In,S; buffer layer, we observe a lower response in the long wave-
length and losses due to light absorption in the buffer layer for wavelength below 600 nm.
However, the In,S; is about three times thinner than the CdS layer and cause a lower light
absorption. This explains the better response than that of the reference cell for wavelength
below 520 nm.

In the case of the ZnS buffer layer, we note a response below 0.6 for all wavelength which
indicates interface recombination of the photocurrent. We also note that no supplementary
losses are observed in the short wavelength which is consistent with the very wide bandgap of
7ZnS (ca. 3.6eV).

The buffer layers of intermediate composition give interesting responses. Buffers ZIS
11%, ZIS 28%, and ZIS 34% allow a response equivalent to the one of In,S; for wavelength
above 600 nm and an improved response below 600 nm thanks to a lower absorption of light.
These buffer layers may allow the best compromise between optical and electronic
properties.
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FIG. 7. External quantum efficiency of solar cells with different buffer layers and with a sputtered i-ZnO layer.
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2. Effect of the i-ZnO layer

In Figure 8, we present the J-V characteristics of solar cells without any i-ZnO layer and
with an ALD i-ZnO layer. The comparison of the J-V responses for the different i-ZnO layers
(Figures 5 and 8) lets appear a clear trend. For buffer layers of composition close to In,S;, the
J-V responses are weakly dependent on the i-ZnO layer. However, for zinc rich buffer layers
(ZnS and ZIS 11%), the i-ZnO layer strongly influences the J-V responses. Using ALD i-ZnO,
the responses exhibit a narrow kink (extent over 0.7 V) while with sputtered i-ZnO, this kink
extends over up to 1.5V.

When the i-ZnO layer is changed, it also changes the i-ZnO/buffer interface properties. We
observe in Figure 6(e) that a higher acceptor density at this interface leads to a larger extent of
the kink when a spike is involved. Also, in Figure 9 we show J-V simulated with different
i-ZnO thicknesses considering a high density of acceptor defects (6 x 10'' cm™?) at the i-ZnO/
buffer interface. The increase of i-ZnO thickness in this case involves a higher Voc and a low-
ering of the FF. It can be assumed that a higher i-ZnO thickness enhances the impact of the
acceptors. The behaviors corresponding to the three different i-ZnO layers may be explained as
follows:

— Solar cells with no i-ZnO may exhibit lower Voc which is predicted from Figure 9 due to its
low i-ZnO thickness. The kink extent obtained with the ZnS buffer is very low as no i-ZnO
enhances the impact of acceptors.

— Solar cells with ALD i-ZnO have a small i-ZnO thickness with a moderate resistivity. It leads to
increased Voc but not to large kink extents.
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FIG. 8. J-V characteristics of solar cells with different buffer layers: (a) without any i-ZnO layer and (b) with an i-ZnO
layer deposited by ALD.
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FIG. 9. Simulated J-V characteristics with 6 x 10'' cm ™2 acceptor defects at the i-ZnO/buffer interface for different i-ZnO
thicknesses.

— Solar cells with sputtered i-ZnO have a larger i-ZnO thickness with a high resistivity. It logi-
cally leads to high Voc and large kink extents.

3. Effect of the buffer layer deposition temperature

In a second time, cells were fabricated with buffer layers of composition In/(In + Zn) close
to 28 at. % at different temperatures. Figure 10 shows the J-V characteristics of these cells and
Table V sums up the cells parameters. The solar cell performance clearly increases when the
buffer layer deposition temperature decreases. This improvement is mainly due to a better fill
factor and a higher open circuit voltage which is over the one of the reference cell for a deposi-
tion temperature of 180°C. We notice that an S shape is observable at a deposition temperature
of 220°C while the shape is closer to a normal cell at 180°C. According to Figure 6(e), the
improvement of cells properties while decreasing the deposition temperature could be attributed
to a reduction of defect states at the i-ZnO/buffer interface while the CIGS/buffer interface may
exhibit a narrow spike (<0.2eV). It is known that sodium impurities from the CIGS layer can
diffuse through the buffer layer during its deposition. Laurencic et al. have shown that some
defect states related to sodium diffusion are located at the i-ZnO/buffer interface.'> A lower
deposition temperature limits the diffusion of sodium which could explain a lower level of
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FIG. 10. J-V characteristics of solar cells with buffers of indium content In/(In 4+ Zn) close to 28 at. % as a function of the
buffer layer deposition temperatures. Illumination AM1.5 100 mW-cm 2.
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TABLE V. Parameters of solar cells as a function of the buffer layer deposition temperature.

Temperature (°C) Voc (mV) Jsc (mA-cm ™ ?) FF (%) Efficiency (%)
180 600 27.8 66.9 11.2
200 577 27.6 59.0 9.4
220 553 27.6 60.0 9.2
Reference CdS 585 28.2 74.7 12.3

defect states at the i-ZnO/buffer interface and the improved Voc and FF. By changing further-
more the deposition parameters, it should be possible to improve the interfaces of the buffer
layer while benefiting from its superior transparency.

IV. CONCLUSION

CIGS solar cells with ALD ZnlIn,S, buffer layers of different compositions have been real-
ized. Cells with indium rich buffer layers showed good J-V responses but with lower parame-
ters than those of the CdS reference, which are attributed to the cliff together with defects at
the interface CIGS/Buffer layer. Cells with zinc rich buffer layers suffer from recombination
caused by a high spike at this interface which degrades its properties. Between these two
extrema, an interesting compromise has been found using a ZIS 28%. This material of interme-
diate composition exhibits a higher transparency than CdS or In,S;. Moreover, it allowed to
increase the cell open circuit voltage over the one of the CdS reference, which is quite unusual
with alternative cadmium free buffer layers.

The modification of the i-ZnO layer highly impacted the cells responses while the lowering
of the buffer layer deposition temperature, allowed to reach a conversion efficiency close to
that of the reference. The most consistent hypothesis to explain the different cells responses
observed is the modification of the i-ZnO thickness, the CBO at CIGS/buffer interface and the
defect state density at the i-ZnO/buffer layer interface. This high contribution of defect states is
consistent with the high disorder in the material pointed out by optical and MPC characteriza-
tions. This mixed ZnIn,S, material may be promising as new buffer layer but its thickness and
deposition parameters need to be further optimized.
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