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Cd-free kesterite structured solar cells are currently attracting attention because they are environmentally friendly. It
is reported that Zn(O,S) can be used as a buffer layer in these solar cells. However, the band alignment is not clear and the
carrier concentration of Zn(0O,S) layer is low. In this study, the band alignment of the Zn(O,S)/Cu;ZnSnSe4 p—n junction
solar cell and the effect of In, S3/Zn(0,S) double buffer layer are studied by numerically simulation with wxAMPS software.
By optimizing the band gap structure between Zn(O,S) buffer layer and Cu,ZnSnSe4 absorber layer and enhancing the
carrier concentration of Zn(O,S) layer, the device efficiency can be improved greatly. The value of CBO is in a range of
0 eV-0.4 eV for S/(S+0)= 0.6-0.8 in Zn(O,S). The In,S3 is mainly used to increase the carrier concentration when it is

used as a buffer layer together with Zn(O,S).

Keywords: CZTSe, band alignment, double buffer layer, simulation

PACS: 88.40.H-, 88.30.gg, 88.40.hj, 88.40.jn

1. Introduction

Kesterite  structured  CuyZnSnSs (CZTS) and
CupZnSnSey, (CZTSe) materials have received extensive
attention due to their non-toxicity, large absorption coef-
ficient (> 10* cm?), and earth abundant component ele-
ments in earth.!'”] Up to now, the champion efficiency of
CuyZnSn(S,Se)s (CZTSSe) solar cell with CdS buffer has
reached to 12.6%.[81 For pure selenide CZTSe device, the
device performance has been improved to 11.6% with CdS
serving as a buffer layer.!”) However, the CdS buffer layer
is a potential risk for CIGS and CZTS(e) solar cells!!%-1?]
since the cadmium in CdS is toxic and the band gap of CdS
is low (2.4 eV), which will cause the absorption to lose in a
short-wavelength region.

Owing to these disadvantages, alternative buffer ma-
terials are used to replace the CdS buffer layer. Among
them, Zn(O,S) is a promising alternative material due to
its non-toxicity and large band gap which can be modified
from 2.6 eV to 3.8 eV, depending on the S/(S+O) ratio
in Zn(0,S).!"3!4 Many groups have reported the kesterite
structure-based device with Zn(O,S) serving as a buffer layer.
Among them, Grenet ef al. have reported that the barrier at
the CZTSSe/Zn(0,S) interface decreased after light soaking
treatment, and the device efficiency was increased to 5.8%. [13]

Neuschitzer er al. optimized the band alignment between
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CZTSe absorber layer and Zn(O,S) buffer layer by changing
the thiourea concentration in the CBD process. The device
efficiency was increased up to 6.5% which was close to that
of CdS reference device.!'®! Recently, our group eliminated
the secondary phases existing in the as-grown Zn(O,S) by
sequential concentrated ammonium solution etching and low
temperature annealing treatment. Finally, the Zn(O,S)/CZTSe
efficiency was increased to 7.2% by our group recently.!!”!
However, we found that the band offset between Zn(0O,S) and
CZTSe is higher than 1 eV, which is very difficult for the car-
rier transport. After the temperature-dependent /-V study, we
deduce that the carrier transport in such a system should be re-
alized by a defect energy level close to Fermi level which acts
as a shortcut for the carrier transport.

The performance of the Zn(O,S)/CZTSe device also suf-

18,191 The efficiency of the device

fers the low conductivity.!
is seriously deteriorated with low buffer carrier concentration.
The most commonly used method to enhance the carrier con-
centration is element doping. Many groups have improved the
carrier concentration of the TCO by doping the group III el-
ements like indium into ZnO.?%23! Indium acts as a dopant
since it has a similar atomic radius to Zn>*. It can substitute
Zn”* in ZnO to form Inzn substitution, which is an n-type dope
for ZnO.>*] Recently, Jani ef al. have doped different concen-

trations of indium into Zn(O,S) layer by the spray deposition
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method.[?>! The carrier concentration of Zn(0O,S) was signifi-
cantly enhanced by doping 1 wt%-3 wt% indium. The elec-
trical conductivity was improved due to the formation of Inérn
substitution and reduction of hydroxyl group in the Zn(O,S)
by annealing treatment in argon atmosphere.!*! Later, Mitzi
et al. used InpS3/CdS double buffer layer in the traditional
CZTSSe solar cells. The indium could diffuse into both CdS
buffer layer and CZTSSe absorber layer by rapid thermal an-
nealing treatment. Since the atomic radius of indium was sim-
ilar to that of cadmium in CdS and that of tin in CZTSSe,
indium could substitute cadmium and tin and form Incq and
Ing, substitution. Consequently, the carrier concentration of
buffer layer and absorber layer were enhanced due to the for-
mation of n-type doping and p-type doping, respectively. 0]
Ikeda et al. used the In,S3 as a buffer layer and they also re-
ported that the CZTS carrier concentration was increased after
rapid post-heat treatment.?”]

Kesterite structured solar cells with Zn(O,S) have made
considerable progress. However, the study of detailed under-

standing of the CZTSe/Zn(0O,S) is still rare. In this study,
we investigate the band alignment between Zn(O,S) layer and
CZTSe layer. The effect of the carrier concentration varia-
tion in the buffer on the performance of CZTSe solar cells is
also studied. We find that double buffer layer In,S3/Zn(0O,S)
mainly increases the carrier concentration.

2. Numerical modeling

The devices are simulated by wxAMPS software, which
is updated from the original AMPS program.[?®! Based on the
main physical principles of AMPS, the wxAMPS software in-
duces two new tunneling models and improves the algorithm
by combining the Newton method and the Gummel method.
Compared with other simulation software, the wxAMPS pro-
vides a good stability and running speed, and is very suitable
for simulating materials with defect densities, band tails.*!
The device parameters used in the simulation process are listed
in Table 1. The temperature and the illumination spectrum are

set to be 300 K and AM1.5, respectively.

Table 1. Device parameters used in simulation.

Parameters Al:ZnO In,S3 Zn(0,S) CZTSe
Thickness/nm 500 variable 20 1500
Permittivity 9 135 9 8
Band gap energy/eV 33 2.1-2.9 2.6-3.8 1
Electron affinity/eV 43 4.65-3.85 3.4-4.6 4.35
Carrier concentration/cm 3 1x10'8 1x 10" variable 1x10'°
Electron mobility/(cmz/V-s) 100 400 75 40
Holes mobility/(cmz/V-s) 25 210 20 10
Conduction band effective density of states/cm 3 22x10'8 1.8 x 10" 2.2x10'8 22x10'8
Valance band effective density of states/cm—3 1.8 x 10" 4% 10" 1.8 x 10" 1.8 x 10"
Defect concentration/cm > 1 x 10" 1.7 x 10! 1x10'8 1x 10

3. Results and discussion
3.1. S/(S + O) ratio in Zn(O,S)

The band gap of Zn(O,S) can be adjusted from 2.6 eV
to 3.8 eV by modifying the S/(S+O0) ratio.l'*!* Sharbati
S et al. reported that the band gap of the Zn(O,S) first de-
creases and then increases, and the value of the conduction
band and the valence band both change with S fraction va-
riety in the Zn(0,S).13%! The variation of electron affinity
(Xe) and band gap energy (E) with S ratio x =S/(S+0) in
Zn(01—-,S;) can be approximately calculated from the follow-
ing equations:[!3-31]

Egzn(05) (X) = XEgzns + (1 —x) Egzao —b(1 —x)x, (1)
Yo =4.48+0.88x — 1.92x2, )

where x is the S fraction, E; is the band gap, and the band gap
value of ZnS and ZnO are 3.6 eV and 3.2 eV, respectively, and
b is the bowing factor, which is about 3. Figure 1 shows the
corresponding values and variation tendencies of E; and Y.
with different S/(S + O) ratios. Obviously, the minimum band

gap appears in the region where the S and O fraction are al-
most equal. The value of E,; increases no matter whether the S
fraction is higher or lower than 0.5.
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Fig. 1. Electron affinity and band gap energy of Zn(O,S) versus
S/(S + O) ratio.

As the band gap and the electron affinity of Zn(O,S) vary
with the S fraction, 32! the S/(S + O) ratio becomes a key fac-
tor to affect the conduction band offset (CBO) at the interface
between CZTSe absorber layer and Zn(O,S) buffer layer.[3!]
The Zn(O,S) electron affinity tends to slide downward as the

048801-2



Chin. Phys. B Vol. 28, No. 4 (2019) 048801

S fraction increases (Fig. 1). So the CBO between CZTSe and
Zn(0,S) is negative when the buffer layer has a lower S con-
tent (x < 0.5) which is named the cliff-like band alignment.
In this case, the CZTSe conduction band edge is higher than
that of Zn(O,S), the recombination in the CZTSe/Zn(0O,S) in-
terface increases. 333 As a result, the FF and V. become un-
desirable, and the performance of the device will deteriorate.
In contrast, the CBO in the CZTSe/Zn(0O,S) interface is spike-
like alignment when the S fraction is higher than 0.5 (x > 0.5).
Too large a CBO will induce a barrier that hinders the photo-
generated electrons from transferring across the interface, re-
sulting in J decreasing. However, when the value of CBO is
set to be in a range from 0 eV to 0.4 eV, the negative effect of
the spike-like CBO is negligible. 334

1
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Fig. 2. Band alignments of Zn(O,S)/CZTSe devices with different S
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Fig. 3. J-V curves of Zn(O,S)/CZTSe devices with different S fractions.

Figure 2 shows the band structures of the CZTSe/Zn(0O,S)
device with different S/(S + O) ratios (x = 0.2, 0.7, 0.9). The
thickness of the Zn(O,S) used in simulation is 20 nm. The
value of CBO at CZTSe/Zn(0,S) interface changes from neg-
As the S
fraction increases in Zn(O,S), the barrier induced by large
CBO becomes higher.[31] From Fig. 3, when x is 0.9, the
CBO is far beyond 0.4 eV, which is considered to be diffi-
cult for electron to flow across the interface. We can see that

ative to positive with the increase of S content.

when the S content is higher than 0.7, the J-V characteristic
curve of device is damaged due to the large barrier for photo-
generated electrons. In our simulation process, the optimal

S content appears at 0.7, and in this case, the CBO between
CZTSe and Zn(0,S) is about +0.2 eV, which is in a reason-
able range(0 eV-0.4 eV).[3334] The performance of the device
is improved due to the small CBO value at the interface and
high light absorption.

3.2. Thickness of Zn(O,S)

The optimal band gap of Zn(O,S) simulation (2.8 eV) is
larger than that of CdS (2.4 eV). Consequently, the absorption
loss in the short-wavelength region of the visible spectrum is
reduced by using the Zn(O,S) film to replace the traditional
CdS buffer material, thus improving the short circuit current
of the device. The EQE responses of the devices with differ-
ent buffer layers (CdS layer and Zn(O,S) layer) are showed in
Fig. 4. The short wavelength response of device is obviously
improved by replacing the CdS layer with Zn(O,S) layer. Fig-
ure 5 shows the band structures of solar cells with different
Zn(0,S) thickness values for the S/(S + O) = 0.7. Neuschitzer
et al. have fabricated a 6.5% efficient CBD-Zn(O,S)/CZTSe
device after light soaking treatment,!'®! while their CBD-
Zn(0,S) was less than 10 nm in thickness. According to the
results reported previously, too thin a buffer layer can induce
pinholes and shunt channels which deteriorate the device pa-
rameters. Meanwhile, as the carrier concentration of the un-
treated CBD-Zn(0,S) is usually low, 18191 the barrier of the
carrier transport will become higher with the thickness of the
Zn(0,S) increasing.

0.81 — CdS/CZTSe

— 7n(0,8)/CZTSe

800 1000 1200

Wavelength /nm

0 400 600

Fig. 4. EQE responses to wave of devices with different buffer layers.
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Fig. 5. Energy band structure diagram of Zn(O,S)/CZTSe devices for
various Zn(O,S) layer thickness.
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Figure 6 shows the variation of the short circuit current
density (J) and fill factor (FF) with the Zn(O,S) thickness
increase. This demonstrates that the Ji. and FF dramatically
collapse as the Zn(O,S) thickness increases when the carrier
concentration of Zn(0,S) is low (5 x 10'7 cm™3). However,
the performance of the device is almost constant when the car-
rier concentration is adequately high (5 x 10'® cm™3). This
phenomenon is due to the low buffer carrier concentration,
leading to the undesirable conductivity in Zn(O,S) layer.[""]
However, it will become serious when Zn(0O,S) film is thicker.
This indicates that the effect of thickness is dependent on the
7Zn(0,S) carrier concentration.

48
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Fig. 6. Curves of (a) Jy. and (b) FF of Zn(O,S)/CZTSe solar cells versus
Zn(0,S) layer thickness with different Zn(O,S) carrier concentrations.
Similarly, we can see from Fig. 7(a) that the poor conduc-
tivity makes the photo-generated electrons hard to collect by
the buffer layer in the case of constant Zn(O,S) layer thickness
when the carrier concentration of Zn(O,S) layer is low. The re-
combination rate increases in the absorber region as thickness
increases. Thus the Jy. and FF are deteriorated seriously re-
spectively as the thickness reaches to 100 nm. From Fig. 7(b),
when the carrier concentration is as high as 5 x 10'® cm™3,
the recombination rate in absorber layer is low and unchanged
with the thickness of Zn(O,S) layer. As the photo-generated
carrier is mainly generated at CZTSe absorber layer, the re-
combination rate at the buffer layer has almost no effect on the
device performance, so the variation of Js. and FF caused by
the variable thickness are negligible. To reduce the light ab-
sorption in the buffer layer, the thickness of Zn(O,S) should

not be too thick. To ensure that the absorber layer is com-
pletely covered, the optimum Zn(O,S) thickness is 20 nm in
our simulation, which accords with our previous experiment
result.l'”! Besides, we find that the effect of buffer thickness
depends on carrier concentration of the buffer. The high car-

rier concentration is propitious to the device performance.

5
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Fig. 7. Recombination rates of Zn(O,S)/CZTSe devices with differ-
ent Zn(0O,S) thickness and carrier concentrations of Zn(O,S) of (a)
5x 107 em™3, (b) 5 x 10" cm 3.

3.3. Double buffer layer

The InyS3/Zn(0,S) double buffer layer is selected for sim-
ulation. Obviously, In3t ions will diffuse into Zn(0,S) buffer
layer. As a consequence, the carrier concentration of Zn(O,S)
is improved due to the dopant of the n-type In}n. Thus, we first
try to disclose the effect of In»S3/Zn(0,S) double buffer layer
on carrier concentration On the assumption that the In,S3 layer
is ultrathin, it diffuses into Zn(O,S) layer completely. Figure 8
shows the conduction band alignment of Zn(O,S)/CZTSe het-
erojunction with different Zn(O,S) carrier concentrations. Ac-
cording to the simulation results and our previous experimen-
tal result,1”] the thickness of Zn(0,S) is set to be 20 nm., The
distance from Fermi level to the conduction band minimum
when carrier concentration is high (5 x 10'8 cm~3) is greater
than that when the carrier concentration of Zn(O,S) is as low
as 1 x 10'6 cm™3. Relatively, the barrier at the interface of
Zn(0,S)/CZTSe is high without doping, which impedes the
photo-generated electrons flowing across the interface. With

the increase of the carrier concentration, the barrier height be-
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comes lower. The parameters of Zn(O,S)/CZTSe solar cells
with different Zn(O,S) carrier concentrations are listed in Ta-
ble 2, demonstrating that the performance of the device is ob-
served to improve as the carrier concentration increases due to
the forming of the Inzn substitutions in Zn(O,S) layer.

1.0
carrier concentration of Zn(O,S)
1x1016
1x1018
osk T 5X1018

E fn

0 __________

Conduction band diagram/eV

0.46 0.48 0.50 0.52 0.54 0.56
Position in the CZTSe cell/pm

Fig. 8. Conduction band alignments of Zn(O,S)/CZTSe devices with
different Zn(0O,S) carrier concentrations.

Table 2. Performances of Zn(O,S)/CZTSe cells with different Zn(O,S)

carrier concentrations.

Carri
arner Je/(mA/em?)  Voo/mV  FF/%  Efficiency/%
concentration/cm ™3
1 x 106 455 461 55.8 11.72
1x10'8 45.9 461 74.9 15.89
5% 10'8 46.4 462 7550 16.18

Some In,S3 layers ineluctably remain on the surface of
Zn(0,S)/CZTSe solar cell in experiment. The effect of resid-
ual In,S3 layers should be further considered. The band gap
of InpS3 is tunable from 2.1 eV to 2.9 eV, which should be at-
tributed to the variation of the temperature and the oxygen con-

tent doped into the InyS3 layer.!33-37

! Furthermore, the elec-
tron affinity of InpS3 will change with the variation of band
gap.®8] The relationship between the band gap and electron

affinity is shown below.[*8]

E; =6.75— Y. (3)

The optimal band gap (2.83 eV) and electron affinity (4.16 eV)
of Zn(O,S) are fixed. The properties of Zn(O,S) layer and
CZTSe absorber layer keep constant in this simulation. The ),
range of In,S3 varies from 3.85 eV to 4.65 eV. The band gap
of In,S3 layer is larger (2.8 eV-2.9 eV) or smaller (2.1 eV-
2.8 eV) than that of Zn(O,S) layer. To make clear the effect
of In;S3/Zn(0,S) double buffer layer and ensure that the in-
cident light is fully absorbed by CZTSe solar cell, the In,S;3
layer with a band gap of 2.9 eV should be deposited on the
absorber layer and the In,S3 layer with a band gap of 2.1 eV-
2.8 eV should be deposited between the absorber layer and

Zn(0,S) layer. And the thickness of the remaining In,S3

layer is set to be 5 nm. Figure 9 shows the J-V curve of
Zn(0O,S)/CZTSe device with and without 2.9-eV In;S3 layer,
to compare with those of the device without remaining In,S3
layer, and it can be seen that the V,. of the device with 5-
nm-thick remaining In,S3 layer decreases. The efficiency de-
creases from 16.18% to 15.48%. Figure 10 shows the J-V
curves of Zn(0,S)/In,S3/CZTSe devices with different band
gaps of InyS3 layer band gap. To make the value of CBO be-
tween CZTSe layer and In,S3 layer varied in a range from
0eV to +0.4 eV, the value of In,S3 layer band gap is changed
from 2.4 eV to 2.8 eV. The performance parameters of the so-
lar cells are almost unchanged at this time. However, the per-
formance of the device deteriorates when the In;S3 layer band
gap is below 2.4 eV due to the fact that the band alignment
between CZTSe layer and In,S3 layer is cliff-like. So the op-
timal efficiency is 15.71% when the In;S3 band gap is 2.7 eV.
And the parameters are listed in Table 3.
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Fig. 9. The J-V curve of devices with and without 5-nm In,S3 layer.
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Fig. 10. The J-V curves of devices combined with In,S3 layer with
different band gaps.

Table 3. Performances of Zn(O,S)/In,S3/CZTSe devices with 2.7-eV
band gap In, S5 layer.

xeleV  Jel(mAlem?)  Vo/mV  FF/%  Efficiency/%

4.05 45.2 460 75.4 15.71

Figure 11 shows J-V curves of CZTSe devices in differ-
ent buffer conditions, which are, respectively, for the follow-
ing cases: Np = 5 X 10'7 cm—3 without In,Ss layer, Np =

048801-5
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5 x 10'® cm™3 with In,S; diffusing into the Zn(0,S) layer
completely by annealing treatment, and Np = 5 x 10!8 cm™3
with 5-nm-thick In;S3 layer remaining on the top of Zn(O,S)
layer or CZTSe layer. The detailed parameters are listed in Ta-
ble 4, indicating that the device efficiency increases to 16.18%
when the Np is improved by In,S3; doping. The device per-
formance becomes slightly worse when ultrathin In,S3 layer
remains on the top of Zn(0O,S) layer or CZTSe layer, while the
parameters are still better than those without In,S3 layer due
to the lower Np in Zn(0O,S) layer. Therefore, to achieve opti-
mal device performance, the thickness of In,S3 layer should
be very thin.

In summary, we have analyzed the performance of
Zn(0,S)/CZTSe device from the perspective of band structure
and carrier concentration by numerical simulation. The band
alignment between Zn(0,S) layer and CZTSe layer is +0.2 eV
and the carrier concentration of Zn(O,S) layer is improved by

In,S3 doping. The efficiency of Zn(O,S)/CZTSe device is im-
proved to 16.18%, when no In;S3 layer remains on CZTSe

layer.
50
‘T Sttttet et gns e
£ 40
< —a— Npzu(0,s): 5X1017
= 301~ Npzuo,): 5X1018
.% —A— Nbzn(0,3): 5x1018
< 20F 7n(0,8)/5 nm-In,S5/CZTSe
g +NDZ11(O,S): 5x1018
£ 101 5 hmeInySs/Zn(0,8)/CZTSe
O
0 N 1 N 1 N 1 N 1 N
0 0.1 0.2 0.3 0.4 0.5

Voltage/V

Fig. 11. J-V curves of devices for Np = 5 x 1017 em™3, Np = 5 x
10'8 cm~3 without In,S3 layer, Np = 5 x 10'® cm ™3 with 5-nm-thick
In,S3 layer remaining on Zn(O,S) layer, Np = 5 x 10'® cm™3 with 5-
nm-thick In;S3 layer remaining on CZTSe layer.

Table 4. Performances of devices for Np = 5 x 10'7 ecm ™3, Np = 5 x 10'8 cm ™3 without remaining In,S3 layer, Np =5 X 10" cm—3
with 5-nm-thick In, S5 layer remaining on Zn(O,S) layer, Np = 5 x 10'8 cm™3 with 5-nm-thick In,S3 layer remaining on CZTSe layer.

Carrier concentration/cm > In;S3 layer thickness/nm Jo/(mA/cm?) Voe/mV FF/% Efficiency/%
Np =5x10"7 cm™3 0 45.8 460 70.8 14.93
Np =5x10% cm™3 0 46.4 462 75.5 16.18
Np = 5% 10'8 cm 3 on Zn(0,S) layer 5 44.6 460 75.4 15.48
Np =5 x 10'8 ecm~3 on CZTSe layer 5 452 460 75.4 15.71
4. Conclusions References

In this study, the Zn(O,S)/CZTSe solar cell performance
is simulated and studied by using the wxAMPS software.
To achieve the optimal performance, the S/(S+O) ratio in
Zn(0,S), Zn(0,S) thickness, and carrier concentration are dis-
cussed. By numerical simulation, the optimum S fraction is
about 0.7, here the value of CBO in the Zn(O,S)/CZTSe in-
terface is about +0.2 eV. The CBO is in a range of 0 eV-
0.4 eV as S/(S+0)= 0.6-0.8 in Zn(O,S). Meanwhile, the
In,S3/Zn(0,S) double buffer layer is innovatively induced into
the CZTSe device. The carrier concentration of the Zn(O,S)
layer is improved by employing the In,S3/Zn(O,S) double
buffer layer on CZTSe absorber layer upon annealing treat-
ment. The device efficiency increases to 16.18% when the car-
rier concentration of Zn(O,S) layer is improved without any re-
maining In,S3. The efficiency of Zn(O,S)/5 nm-In,S3/CZTSe
and 5 nm-In,S3/Zn(0,S) /CZTSe devices decrease to 15.71%
and 15.48%, respectively. However, they are still higher than
that of device without In,S3 layer (14.93%). These promising
results indicate that the performance of Zn(O,S)/CZTSe de-
vice has great potential improvement and they provide guid-
ance for further study of CZTSe solar cells.
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