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Band offset at the heterojunction interfaces of CdS/ZnSnP,, ZnS/ZnSnP,,

and In,S5/ZnSnP,

Shigeru Nakatsuka, Yoshitaro Nose, and Yasuharu Shirai
Department of Materials Science and Engineering, Kyoto University, Kyoto 606-8501, Japan

(Received 1 March 2016; accepted 6 May 2016; published online 20 May 2016)

Heterojunctions were formed between ZnSnP, and buffer materials, CdS, ZnS, and In,S;, using
chemical bath deposition. The band offset was investigated by X-ray photoelectron spectroscopy
based on Kraut method. The conduction band offset, AE, between ZnSnP, and CdS was estimated
to be —1.2 eV, which significantly limits the open circuit voltage, Voc. Conversely, AE¢ at the het-
erojunction between ZnSnP, and ZnS was +0.3 eV, which is within the optimal offset range. In the
case of In,S;, AEc was a relatively small value, —0.2 eV, and In,Sj; is potentially useful as a buffer
layer in ZnSnP, solar cells. The J—V characteristics of heterojunction diodes with an Al/sulfides/
ZnSnP, bulk/Mo structure also suggested that ZnS and In,S; are promising candidates for buffer
layers in ZnSnP, thin film solar cells, and the band alignment is a key factor for the higher effi-
ciency of solar cells with heterojunctions. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4950882]

I. INTRODUCTION

To date, various types of solar cells based on semicon-
ductors with a chalcopyrite structure have been extensively
investigated. Among them, Culn;_,Ga,Se, (CIGS) based so-
lar cells have achieved a high conversion efficiency of
22.3%.! However, CIGS contains rare elements such as In
and Ga, which limits the widespread use of this material. As
a result, solar absorbing materials composed of earth-
abundant elements have been pursued and Cu,ZnSnS,_,Se,
solar cells have been prepared with a conversion efficiency
of 12.6%.”

ZnSnP; is also a promising candidate as a sustainable
solar absorber. According to the previous work based on
bulk crystals, ZnSnP, with a chalcopyrite structure shows a
p-type conduction with a carrier concentration of 10'°-10'®
cm > (Refs. 3-10) and has a direct bandgap of about 1.6
eV.51% In addition, a high absorption coefficient of about
10> cm ™" in the visible light region has been reported.'''?
Although ZnSnP, thin films have been fabricated using sev-
eral methods such as Co—evaporation,”’l‘g’14 chemical vapor
deposition,'” liquid phase (3pi'[axy,l6’17 molecular beam epi-
taxy,'®2° and phosphidation,®" solar cells based on ZnSnP,
have not been investigated.

To obtain ZnSnP; thin film solar cells with high conver-
sion efficiency, band alignment between the absorber and the
buffer layer is essential. Minemoto et al. reported that the
optimal range of the conduction band offset, AE(, is between
0 and +0.4 eV, as determined by device simulation studies
of CIGS solar cells.”* When AE( is larger than +0.4 eV, a
“spike” at the interface suppresses the short circuit current
density, Jsc. Conversely, a negative offset results in the for-
mation of a “cliff” and limits the open circuit voltage, Voc.
Liu and Sites also reported that a AEc from —0.4 to +0.4 eV

»Author to whom correspondence should be addressed. Electronic mail:
nose.yoshitaro.5Se@kyoto-u.ac.jp. Tel.: +81-75-753-5472. Fax: +81-75-
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showed a high efficiency in solar cells based on CulnSe,; the
maximum efficiency was achieved when AE- was —0.2
eV.” In addition, their simulation studies suggest that the
band alignment should be flat when a Cu-poor phase,
Culn;Ses, exists at the interface between the buffer layer and
the absorber.

As mentioned above, the selection of optimal buffer
materials is important from the viewpoint of the band offset
at the heterojunction interface. The experimental determina-
tion of the band offset at the interface has been reported
using several methods including X-ray photoelectron spec-
troscopy (XPS)**%% and the combination of ultraviolet pho-
toelectron spectroscopy (UPS) and inverse photoemission
spectroscopy (IPES).?”-*® Hinuma et al. reported that AE of
CdS/ZnSnP, and ZnS/ZnSnP, is approximately —0.2 and
+1.0 eV, respectively, based on a first-principles study.>
However, the experimental determination of the band offset
between the ZnSnP, and the buffer layers has not been inves-
tigated. In particular, buffer layers are generally prepared by
a solution process and it may be much different with the
structure considered in calculation. Therefore, in this study,
the band offset between ZnSnP, and sulfides such as CdS,
ZnS, and In,S; was experimentally evaluated using XPS. In
addition, we investigated the current density—voltage (J-V)
curves of the heterojunction diodes to determine the influ-
ence of the band offset on the J-V characteristics.

Il. EXPERIMENTAL METHODS

The heterojunctions of sulfides/ZnSnP, were fabricated
on the ZnSnP, bulk crystals with a diameter of 5mm and a
thickness of 0.5mm. The crystal growth of ZnSnP, was
performed by the flux method according to our previous
work.'® Raw materials such as Zn shots (99.99%, Kojundo
Chemical Laboratory), Sn shots (99.99%, Kojundo
Chemical Laboratory), and red phosphorus flacks
(99.9999%, Kojundo Chemical Laboratory) were sealed in

Published by AIP Publishing.
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TABLE 1. The experimental conditions for chemical bath deposition of
CdS, ZnS, and In,S; thin films. TU: Thiourea (CS(NH,),), TAA:
Thioacetamide (CH;CSNH,), EDTA: Ethylenediaminetetraacetic acid
([CH,N(CH,COOH),]5), and AcOH: Acetic acid (CH;COOH).

Chemical Water bath
bath temperature Deposition
Sulfide composition pH “C) time (min) Reference
CdS Cd(CH;CO0),: ImM 11 80 13 30
TU: 5SmM
CH3COONH,: 10mM
NH;: 0.4M
ZnS Zn(CH3COO0),: 40mM 5 80 240 31
TAA: 0.16M
EDTA: 16.5mM
In,S3 Iny(SO4)3: 25 mM 2 70 40 32
TAA: 0.1M
AcOH: 0.1M

an evacuated quartz ampoule. The ampoule was then placed
in the growth furnace and heated up to 700 °C and an uni-
directional solidification was performed from the bottom
with a cooling rate of 0.7°C/h. After the crystal growth,
ZnSnP, bulk crystals were cut into wafers by a diamond
wheel and the surface of the wafers was mechanically pol-
ished with a series of emery papers and finally with a 1 um
diamond slurry on a buffing sheet. The CdS,*° ZnS,*' and
In28332 films were deposited on the ZnSnP, wafers using
the chemical bath deposition (CBD) method. The experi-
mental details of the CBD method are summarized in Table
I. The interfaces of the sulfides/ZnSnP, were analysed by
scanning transmission electron microscopy (STEM, JEM-
2100F, JEOL) with energy dispersive X-ray (EDX). The
XPS (JPS-9010TRX, JEOL) measurements were conducted
at a pressure below 107® Pa. A monochromatic Al Ku
(1486.7 eV) was used as an incident X-ray. In these

J. Appl. Phys. 119, 193107 (2016)

measurements, we evaluated the P 2p and S 2p core-levels
as well as the valence band maximum from ZnSnP, bulk
crystals with and without a sulfide-coating. For the P 2p
level, the XPS measurements were performed using the
bulk ZnSnP, crystals after Ar-sputtering at 300 eV for 150
s to remove the surficial oxidized layer. The level of S 2p
was obtained from the ZnSnP, wafer coated by each sul-
fide. In this case, the surface of the samples was also sput-
tered for 30-75 s, where the spectra from P 2p were not
observed. After the measurements on S 2p, we performed
additional Ar-sputtering for the sulfide-coated samples until
the XPS spectra of both P 2p and S 2p were obtained to
evaluate their difference at the interface of the sulfides/
ZnSnP,. In this study, the XPS measurements suggested
that no metallic phases were obtained in the Ar-sputtered
samples, although it was reported that Ar-sputtering may
change the composition of the surface or form metallic
phases under the severe conditions such as higher voltage
and longer period.”” To investigate the effect of the band
offset at the heterojunction on the J—V characteristics, we
fabricated the diodes with an Al/sulfides/ZnSnP, bulk/Mo
structure and measured the J—V curves under dark condi-
tions. In these devices, the Al surface electrode (~200nm)
and Mo back electrode (~400nm) were fabricated by
vacuum-evaporation and sputtering, respectively.

lll. RESULTS AND DISCUSSION

Figure 1 shows the STEM images and the corresponding
elemental mappings of the CdS/ZnSnP,, ZnS/ZnSnP,, and
In,S3/ZnSnP, interfaces. The STEM images show that the
CdS, ZnS, and In,S; thin films were deposited on the
ZnSnP;, bulk crystals with a thickness of approximately 100,
50, and 200 nm, respectively. The energies of the characteris-
tic X-rays of Sn, Cd, and In are similar and then it seems that

FIG. 1. The cross-sectional STEM images and corresponding EDX elemental mappings of the interfaces of (a) CdS/ZnSnP,, (b) ZnS/ZnSnP,, and (c) In,S;/

ZnSnP,.
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TABLE II. The composition of sulfide thin films analysed by XPS spectra
using the RSF method. The possible error of composition is about 10%.>*

Composition (at. %)

Sulfide Cations (Cd, Zn, In) S (0]

CdS 51.2 344 14.4
ZnS 48.3 40.7 11.0
In,S3 48.3 40.4 11.3

Sn penetrated into sulfide films. For the other elements, the
interdiffusion between the sulfides and ZnSnP, was not
remarkably observed. The surface SEM images of the
sulfide-coated ZnSnP, and grazing incidence XRD
(GI-XRD) profiles of the sulfide films are shown in the sup-
plementary material.>* The compositions of the sulfide films
were analysed by XPS using Relative Sensitive Factor (RSF)
method, in which it is known that the composition error is
about 10%.3* As shown in Table II, these sulfides contain a
small amount of oxygen. The co-existence of sulfide and ox-
ide and/or hydroxide is commonly observed in sulfide thin
films prepared by the CBD method.*” Figure 2 shows the
XPS spectra of the core-levels and valence band regions of
ZnSnP,, CdS, ZnS, and In,S;. In these spectra, P 2p and S 2p
split into 2p'”? and 2p** because of spin—orbit interactions.
The XPS spectra of the core-levels at the interface between
the sulfides and ZnSnP, are shown in Figure 3. At the inter-
face, two peaks related to P 2p were observed. The peak at
approximately 129 eV, observed in all samples, is derived
from ZnSnP, because its binding energy corresponds to that
of P 2p in GaP,*® which has a similar crystal structure to
ZnSnP,. Another peak is observed at approximately 134 eV
at the interfaces of CdS/ZnSnP, and ZnS/ZnSnP,, which is
considered to be derived from phosphate.’® The peak
positions of the P 2p”? and S 2p*? core-levels were deter-
mined by Gaussian fitting, and the core-level binding ener-
gies are summarized in Table III. The fitting error was less
than 0.02 eV. The valence band offset at the heterojunction
interface, AEy, was evaluated based on the method by Kraut
etal”’

AEy = EG>Niw — ESVam + A, (1)
where EZ1S02 - and EQIfides  represent the energy differen-
ces between the core-level and the valence band maximum
in ZnSnP, and the sulfides, respectively. AEcy is the energy
difference between the core-levels of ZnSnP, and the sul-
fides at the interface of the heterojunction. In this work, the
positive value of AEy indicates that the valence band maxi-
mum of the sulfides is lower than that of ZnSnP,. The AE-
was calculated using the bandgaps of ZnSnP, and the sul-
fides, Eg“S"PZ and Eg“lﬁdes, as shown in the following
equation:

AEC _ E:ulfides _ EénSan _ AEV (2)
AEc is positive when the conduction band minimum of sul-
fides is higher than that of ZnSnP,. The bandgaps of CdS,
7ZnS, and In,S; were evaluated to be 2.4, 3.8, and 2.5 eV,

J. Appl. Phys. 119, 193107 (2016)
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FIG. 2. The XPS spectra of the core-levels and valence band regions of (a)
ZnSnP; and (b) sulfides. To remove the surficial oxidized layer, ZnSnP,,
CdS, ZnS, and In,S; were Ar sputtered for 150, 75, 60, and 30 s,
respectively.

respectively, from the transmittance of their films on glass
substrates. The details of the evaluation for the bandgaps are
described in the supplementary material.”> The AE¢ between
the ZnSnP, and the sulfides was thus obtained as shown in
Fig. 4. The AEc between ZnSnP, and CdS, ZnS, and In,S3
was —1.2, 4+0.3, and —0.2 eV, respectively. In the bandgap
estimation, there might be an error of approximately 0.1 eV.
Therefore, we considered that the AEc also has an error of
about 0.1 eV. According to the device simulations reported
by Minemoto er al.*? and Liu and Sites,” it is expected that
the significant AEc between CdS and ZnSnP, leads to a
small value of V¢ and it is difficult to achieve a higher con-
version efficiency. In the case of ZnS, the AEc of +0.3 eV is
within the optimal range determined by device simulation.
Thus, ZnS is considered as one of the candidates for the
buffer layer in ZnSnP, solar cells. Hinuma et al. reported
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FIG. 3. The XPS spectra of the core-levels at the interface between the sul-
fides and ZnSnP». To obtain these spectra, CdS, ZnS, and In,S;-coated sam-
ples were Ar sputtered for 95, 120, and 350 s, respectively.

that the valence band offset at CdS/ZnSnP, and ZnS/ZnSnP,
has been calculated to be 1.0 and 1.2 eV using the HSE06
hybrid functional.?* A more recent theoretical study using
the GWI™! approximation has shown that quasi-particle shifts
from HSEO6 lower the valence bands of CdS and ZnS by 0.2
and 0.3 eV, respectively, with respect to GaP and InP.?839
Assuming a similar tendency, the theoretical valence band
offsets at CdS/ZnSnP, and ZnS/ZnSnP, would be about 1.2
and 1.5 eV, respectively. Considering the experimental band
gaps obtained in this study, the AEc at CdS/ZnSnP, and
ZnS/ZnSnP, are calculated to be —0.4 and +0.7 eV, respec-
tively, based on Equation (2). The discrepancies from the

TABLE III. P 2p3 /2 and S 2p3 /2 core-level binding energy for all samples
and Ecp _vypwm for ZnSnP,, CdS, ZnS, and In,S;. AEc; and AEy, were calcu-
lated from the above values.

P2p*? S 2p*? EcL_vBm AEcy AEy
Sample V) V) V) V) V)
ZnSnP, bulk 128.8(0) 128.7(5)
CdS film 162.0(3) 159.9(8)
ZnS film 161.9(3) 160.2(1)
In,S; film 162.2(0) 160.6(8)
CdS/ZnSnP, 128.7(6) 161.9(6) 33.2(0) 2.0
7ZnS/ZnSnP, 128.6(3) 161.9(7) 33.3(4) 1.9
In,S3/ZnSnP, 128.7(7) 161.8(2) 33.0(5) 1.1

J. Appl. Phys. 119, 193107 (2016)
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FIG. 4. Band alignment of ZnSnP,, CdS, ZnS, and In,S;. The bandgap value
of each compound bulk was adopted for the evaluation of AE- at the
interface.

experimental values of —1.2 and +0.3 eV are partly attrib-
uted to the differences in the orientation, atomic structure,
and local chemical composition at the interfaces, all of which
affect the contribution of the interfacial dipole to the band
offsets. In particular, the formation of sulfide films by a solu-
tion process might affect the structure of the interfaces.
Conversely, the AEc at In,S3/ZnSnP,, —0.2 eV, was rela-
tively small. Therefore, In,S; is potentially useful as a buffer
layer.

To investigate the effect of the band offset on the hetero-
junction diodes, we measured the J—V curves of the diodes
with an Al/sulfides/ZnSnP, bulk/Mo structure under dark
conditions. Fig. 5 shows the J—V characteristics of the heter-
ojunction diodes. We confirmed the ohmic contacts between
the Al surface electrodes and the sulfides. The diodes using
ZnS and In,S; show a smaller current density than that of
CdS by three orders of magnitude, which might be attributed
to the high resistivities of ZnS and In,S; of 4 x 10’ and
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FIG. 5. J—V characteristics of the heterojunction diodes with an Al/sulfides/
ZnSnP, bulk/Mo structure. The left axis is for CdS, and the right axis is for
ZnS and In,S;.
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5% 10° Q cm, compared with the resistivity of CdS of
8 x 10% Q cm. The resistivity measurements were performed
using the films on glass substrates by the van der Pauw
method under dark conditions. In the case of CdS, the current
density builds up gradually, which indicates that the recom-
bination current is dominant because the AEc between CdS
and ZnSnP; is negatively large. The small AEc makes an ex-
ponential curve of current density and the turn-on voltage is
more than 1.0 eV, as shown in the case of ZnS and In,S;.
Therefore, ZnS and In,S; are potentially promising materials
for the buffer layer in the ZnSnP, solar cells. These experi-
ments also revealed that the /J—V characteristics are consid-
erably influenced by the band offset.

IV. CONCLUSION

In this study, we evaluated the band offset of heterojunc-
tions between ZnSnP, and the sulfides, CdS, ZnS, and In,Ss5,
by X-ray photoelectron spectroscopy using the method
reported by Kraut. The conduction band offset, AE¢, of CdS/
ZnSnP, was estimated to be —1.2 eV, which forms a cliff at
the interface and significantly limits the open circuit voltage,
Voc. Conversely, the AEc of the heterojunction of ZnS/
ZnSnP, was +0.3 eV, which is within the optimal offset
range suggested by device simulation studies. In the case of
In,S;, the AE- was —0.2 eV, which is a relatively small off-
set; therefore, In,S5 is potentially useful as a buffer layer in
the ZnSnP, solar cells. The results from the turn-on voltages
obtained from the /—V measurements of the sulfides/ZnSnP,
diodes support the tendency of the band alignment, and the
performance of the solar cells remarkably depends on the
band offset. Therefore, ZnS and In,S; are promising candi-
dates for buffer layers in the ZnSnP; thin film solar cells.
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