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A Cu,Zn,S/ZnS transparent pn heterostructure was suc-
cessfully fabricated by the photochemical deposition
(PCD) from aqueous solutions. In PCD, the substrate was
immersed in the solution to a depth of about 2-3 mm
from solution surface, and irradiated with the light of an
ultra-high-pressure mercury arc-lamp through a lens. The
growth solution of Cu,Zn,S contained 5 mM CuSO,, 1
mM ZnSQ,4, 600 mM NayS,05, and 3 mM Na,SOs. The

1 Introduction Transparent or invisible electronics is
one of the emerging major research areas. Extensive re-
searches have been carried out to fabricate transparent de-
vices, e.g., transparent transistors which can be used for
display devices and transparent solar cells which can be in-
stalled as windows of buildings and houses. To realize
transparent optoelectronic devices, both n-type and p-type
transparent (wide-gap) semiconductor materials are indis-
pensable. However, wide-gap semiconductors are mostly

n-type without intentional doping because of native defects.

The valence-control by doping has been attempted for var-
ious wide-gap materials, e.g., ZnO, ZnS, and SnO,, and
transition from n-type to p-type has been observed [1-5].
However, those attempts have been still not successful
enough to realize transparent electronics. When the va-
lence-control is difficult, it is a common tactics to adopt a
pn heterojunction structure: pn junctions can be fabricated
using both an inherently n-type material and an inherently
p-type material. So far, several p-type wide-gap materials
have been found and investigated. Kawazoe et al. reported
synthesis of CuAlO,, which has p-type conductivity and a
band gap of about 3.5 eV [6]. Other Cu-based ternary ox-
ides (SrCu,O, [7], CuGaO, [8]) and sulfide (CuAlS, [9])
were found to have p-type conductivity and a band gap
larger than 3 eV. There are also several reports on fabrica-

growth solution of ZnS contained 1 mM ZnSQ,, 600 mM
Na,S,03, and 3 mM Na,SOs. p-type conduction of
Cu,Zn,S and n-type conduction of ZnS were confirmed
by the photoelectrochemical measurement. Both the films
had high optical transmission (>70 %) in the visible
range. The CuxZn,S/annealed-ZnS heterostructure
showed rectification properties and photo response to
AML.5 irradiation.
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tion of transparent pn heterostructures based on p-type NiO
[10-12]. It was found by our group that Cu,Zn,S is p-type
and transparent for visible light [13-15]. Since Cu,S is a
nonstoichiometric compound, i.e.,, the Cu/S ratio is not
fixed, Cu,Zn,S is also a nonstoichiometric material, i.e.,
the (Cu+Zn)/S ratio is not fixed. Therefore there are two
independent variables X, y in its chemical formula. Recent-
ly, deposition of transparent and p-type Cu,Zn,S films
have also been reported by two other groups [16,17].

Cost and productivity of the deposition technique is
another critical issue for actual applications. For display
devices and solar cells, films need to be deposited in a
large area at low cost. Moreover, the deposition tempera-
ture should be low for deposition on the conventional sub-
strates such as glass and plastic films. Recently, chemical
deposition techniques become increasingly popular since
they satisfy the above requirements for the commercial
production. Chemical bath deposition and electrochemical
deposition (electrodeposition) have been extensively used
to deposit various sulfides and oxides. Photochemical dep-
osition (PCD) is another chemical technique of thin film
deposition [18]. The substrate was immersed in the deposi-
tion solution, and irradiated with UV light. Then, owing to
photochemical reactions in the solution, a compound is
synthesized in the solution and deposited on the substrate.
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The PCD apparatus is simple and inexpensive, and films
can be deposited at room temperature. PCD has been ap-
plied for various sulfides (e.g., CdS, ZnS, Cu,S [18-20])
and related alloys (Cd,Zn1.,S [21]). Synthesis of Cu.Zn,S
by PCD has been reported by our group [15].

In this work, we fabricate ZnS/Cu,Zn,S heterostruc-
tures by PCD. So far, fabrication of heterostructures with
ZnO has been reported [13,16], but ZnS/Cu,Zn,S hetero-
structures have never been investigated. ZnS has a wider
band gap than ZnO and thus has a wider transmission win-
dow. In addition, the interface structure may be simpler for
ZnS/Cu,ZnyS than for ZnO/Cu,Zn,S, where a multinary
transition layer can be formed because of mixing of both
cations and anions. It should also be noted that the hetero-
structure fabrication by using PCD only is attempted for
the first time in this work.

2 Experimental In PCD, the substrate was immersed
in the solution to a depth of about 2-3 mm from the solu-
tion surface, and irradiated with the light of an ultra-high-
pressure mercury arc-lamp through a lens. The light inten-
sity was about 600 mW/cm? Indium-tin-oxide (ITO)-
coated glass sheet was used for the substrate.

The growth solution of ZnS was an aqueous solution
containing 1 mM ZnSO,, 600 mM Na,S,0;, and 3 mM
Na,SO; [19]. The pH of the solution was adjusted to be
about 3.5 by adding H,SO,4. Cu.Zn,S films were deposited
with the solution containing 5 mM CuSO,4, 1 mM ZnSO,,
600 mM Na,S,03, and 3 mM Na,SOs. This solution com-
position is similar to that of ZnS deposition, but CuSQ, is
added. On the other hand, it is different from the solution
conditions reported in the previous paper [15], and the rea-
son for this difference will be discussed later.

In the PCD process of sulfides, S,05% ions absorb UV
light and release electrons and S atoms. Metal sulfide is
formed by a reaction of metal ions with those electrons and
S atoms. The reactions have been discussed in some more
details in the previous paper [15].

For fabricating the heterostructure, the stacking order
is an important factor, as discussed later. We fabricated
heterostructures of both the order, i.e., ZnS/Cu,Zn,S/ITO
and Cu,Zn,S/ZnS/ITO. For the latter structure, we an-
nealed the ZnS layer in sulfur atmosphere. The sample
with sulfur powder placed on the film surface was encap-
sulated between two glass slides and wrapped in aluminum
foil to reduce loss of sulfur vapor [22], and annealed in
vacuum at 400°C for 1 h. Indium electrodes of 1x1 mm?
size were evaporated on the second layer surface.

Compositional analysis was performed using Auger
electron spectroscopy (AES) employing a JEOL JAMP-
9500F field emission microprobe. Argon ion etching was
performed to sputter the film’s surface. The atomic ratios
were calculated using CuS, ZnS, Cu,O and ZnO com-
pounds as the standards. The film thickness was measured
by an Accretech Surfcom-1400D profile meter. Optical
characterization was performed using a JASCO U-570
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spectrometer in reference to the 1TO/glass substrate. To de-
termine the conductivity type and evaluate photo-
sensitivity of the films, photoelectrochemical (PEC) meas-
urement was performed in a three-electrode electrochemi-
cal cell using a saturated calomel electrode (SCE) as the
reference electrode and 100 mM Na,S,0; as the electrolyte.
The sample was the film on the ITO glass substrate, and it
was illuminated from the substrate side to evaluate the
photoresponse using a Xe lamp with radiation power of
100mW/cm? as the light source under application of a
ramp voltage. The incident light was turned off and on me-
chanically every 5 s. Current-voltage (I-V) characteristics
of the heterostructure were measured in the dark and under
AML.5 irradiation from a solar simulator.
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Figure 1 SEM image of the Cu,Zn,S film.
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Figure 2 Optical transmission spectra for PCD-Cu.Zn,S and
ZnS.

3 Results and discussion

3.1 Cu,ZnyS and ZnS films The thickness of the
Cu,Zn,S film is about 0.1 pm for a deposition time of 1 h.
In the AES measurement, the Cu LMM signal appears
around 915 eV, but it closely overlaps with a relatively
weak peak of the Zn LMM signal. To observe the Cu sig-
nal, we subtracted the Zn LMM signal of ZnS from the
Cu,Zn,S spectrum after normalizing the peak intensity of
the dominant Zn LMM peak at 995 eV. The elemental
composition calculated from thus obtained AES data is
CUg05ZN061S0.9300,07. Thus the composition is Zn-rich, and
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the metal/sulfur ratio is smaller than unity. The ZnS film is
about 0.1 pm in thickness, and its composition obtained
from the AES data is Zng gsSp.8s00.12- Figure 1 shows SEM
photograph of the Cu,Zn,S film surface. The film seems
compact and flat.

Figure 2 shows the optical transmission spectra of the
Cu,Zn,S and ZnS thin films. For Cu.Zn,S, the transmis-
sion in the visible region was high, about 80%. For the ZnS
film, the optical transmission in the visible range is fairly
high but slightly smaller than that of Cu,Zn,S, probably
because of inclusion of elemental Zn or S in the film. Thus,
to improve the quality, the sulfur-annealing was carried out
for the ZnS film as described in the next subsection. The
band gap was estimated from the plot of (ahn)? vs. hn,
where a is the absorption coefficient and hn the photon en-
ergy. The estimated band gap was about 3.7 eV for
Cu,Zn,S. ZnS also has a comparable band gap. As reported
in the previous paper, no X-ray diffraction peaks were ob-
served for PCD Cu,Zn,S and ZnS films, and thus they are
amorphous or nano crystalline [15]. The band gap obtained
here is slightly larger than the literature values for crystal-
line ZnS (3.5-3.6 eV), and this would be due to the amor-
phous nature of the films.

Cu,Zn,S
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Figure 3 PEC measurement results for (a) Cu,Zn,S
and (b) ZnS.

Figure 3 shows the PEC measurement results for (a)
Cu,Zn,S and (b) ZnS. In the PEC measurement, current
due to the minority carriers is significantly enhanced by the
above-band gap illumination. Thus, the observed photocur-
rent is dominantly negative for a p-type semiconductor and
positive for an n-type semiconductor. As shown in Fig.3(a),
negative photocurrent was observed under the negative bi-
as for the Cu,Zn,S film, and thus Cu,Zn,S film is p-type.
On the other hand, for ZnS, positive photocurrent was
clearly observed under the positive bias, as shown in Fig.
3(b). Thus, n-type conductivity of ZnS was confirmed.

3.2 Cu,ZnyS/ZnS heterostructures In a chemical
solution deposition such as PCD, properties of the deposit-
ed film often depend on the substrate, because the initial
nucleation is influenced by the substrate material. Moreo-
ver, during a heterostructure fabrication by a chemical pro-
cess, the first layer may be dissolved into the deposition
solution of the second layer. Then the properties of the in-
terface and the second layer will be affected. Thus, the or-
der of the deposition (ZnS/Cu,Zn,S or Cu,Zn,S/ZnS) is an
influential factor.

First, the ZnS/Cu,Zn,S/ITO structures were fabricated.
However, the ZnS layer on Cu,Zn,S has a weak dark color,
and the optical transmission in the visible range is only
about 30 % for the heterostructure. Thus, the deposition of
ZnS was affected by the underlying layer, or the Cu,Zn,S
is not stable in the ZnS deposition solution. The I-V char-
acteristics of the ZnS/Cu,Zn,S/ITO heterostructure are
ohmic with a small resistance value (about 20 W).

Next, the Cu,Zn,S/ZnS/ITO structures were fabricated.
The appearance and thickness of the Cu,Zn,S film on ZnS
did not seem significantly different from those on the ITO
substrate, and the heterostructure shows fairly high trans-
mission in the visible region. Thus, ZnS seems stable in the
Cu,Zn,S deposition solution. However, for this structure
also, the I-V characteristic is ohmic. Those poor electrical
characteristics could be due to low quality of the ZnS films,
because the ZnS films exhibited low optical transmission
and small photocurrent compared with the Cu,Zn,S film,
as shown in the previous subsection. (We also fabricated
Zn0O/Cu,Zn,S heterostructures and observed clear rectifi-
cation properties. This also indicated that the Cu.Zn,S
films have quality high enough to act as a p-type layer of a
diode. The results on ZnO/Cu,Zn,S will be reported in an-
other publication.)

Thus, to improve quality of the ZnS film, we annealed
it in the sulfur ambient as described in the previous section.
Figure 4 shows the optical transmission of the
Cu,Zn,S/annealed-ZnS heterostructure. The heterostruc-
ture appeared transparent: the transmittance was 70-80% in
the visible region. Figure 5 shows the |-V characteristics
of the Cu,Zn,S/annealed-ZnS heterostructure. The weak
rectification was observed, and thus crystallinity of the
ZnS film was improved by the sulfur annealing. The cur-
rent density is rather large because of poor rectification
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properties. The current increased under the AM1.5 illumi-
nation, i.e., the heterostructure showed photoresponse.
However, photovoltaic properties were not observed prob-
ably because of a large leakage current. For application for
the transparent solar cell and LED, the interface quality
needs to be improved.

As noted in the previous section, composition of the
deposition solution for Cu,Zn,S adopted in this work is
different from that in the previous work [15]. In the previ-
ous work, the typical condition for obtaining transparent
Cu,Zn,S is as follows: 5 mM CuSO,, 25 mM ZnSO,, 300
mM Na,S,03. When Cu,Zn,S was deposited on ZnS under
this condition, the heterostructure was not transparent, i.e.,
the optical transmission in the visible range is 20-30 %.
This could be explained as follows. The solution for
Cu,Zn,S in the previous work is significantly different
from the ZnS deposition solution. Thus, ZnS was not stable
and was dissolved or decomposed during the Cu,Zn,S
deposition, which affected the properties of the Cu,zZn,S
overlayer. On the other hand, the solution for Cu,Zn,S

adopted in this work is similar to that of the ZnS deposition.

Therefore, dissolution or decomposition of ZnS was pre-
vented, and the transparent Cu,Zn,S film was deposited on
ZnS.
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Figure 4 Optical transmission spectrum for the

Cu,Zn,S/annealed-ZnS heterostructure.
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Figure 5 I-V characteristics in the dark and under AML1.5 illu-
mination for the Cu,Zn,S/annealed-Zn$S heterostructure.
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4 Summary A transparent pn heterostructure was
successfully fabricated based on Cu,Zn,S and ZnS films
deposited by PCD. p-type conduction of Cu,Zn,S and n-
type conduction of ZnS were confirmed by the PEC meas-
urement. Both the films had high optical transmission
(>70 %) in the visible range. The Cu,Zn,S/annealed-ZnS
heterostructure showed rectifying |-V characteristics and
photo response to AML1.5 irradiation.

Acknowledgements We would like to thank Dr. M. Kato
for his useful discussion. This work was partly supported by a
Grant-in-Aid for Scientific Research (C) from the Japan Society
of Promotion of Science.

References

[1]J. J. Lander, J. Phys. Chem. Solids 15, 324 (1960).

[2] Y. Sato and S. Sato, Thin Solid Films 281, 445 (1996)

[3] K.-S. Ahn, T. Deutsch, Y. Yan, C.-S. Jiang, C. L. Perkins, J.
Turner, and M. Al-Jassim, J. Appl. Phys. 102, 023517
(2007).

[4] S. lida, T. Yatabe, H. Kinto, and M. Shinohara, J. Cryst.
Growth 101, 141 (1990).

[5]1Z. G.Ji,Z.J. He, Y. L. SongL, K. Liu, and Z. Z. Ye J. Cryst.
Growth 259, 282 (2003).

[6] H. Kawazoe, M. Yasukawa, H. Hyodo, M. Kurita, H. Yanagi,
and H. Hosono, Letters to Nature 389, 939 (1997).

[7] A. Kudo, H. Yanagi, H. Hosono, and H. Kawazoe, Appl.
Phys. Lett. 73, 220 (1998).

[8] K. Ueda, T. Hase, H. Yanagi, H. Kawazoe, H. Hosono, H.
Ohta, M. Orita, and M. Hirano, J. Appl. Phys. 89, 1790
(2001).

[9] F.-Q. Huang, M.-L. Liu, and C. Yang, Sol. Energy Mater.
Sol. Cells 95, 2924 (2011).

[10] H. Ohta, M. Kamiya, T. Kamiya, M. Hirano, and H. Ho-
sono, Thin Solid Films 445, 317 (2003).

[11] H. Long, G. J. Fang, H. H. Huang, X. M. Mo, W. Xia, and
B. Z. Dong, Appl. Phys. Lett. 95, 013509 (2009).

[12] M. Warasawa, Y. Watanabe, J. Ishida, Y. Murata, S. F.
Chichibu, and M. Sugiyama, Jpn. J. Appl. Phys. 52, 021102
(2013).

[13] K. Yang and M. Ichimura , Jpn. J. Appl. Phys. 50, 040202
(2011).

[14] K. Yang, Y. Nakashima, and M. Ichimura, J. Electrochem.
Soc. 159, H250 (2012).

[15] Mandula, K. Yang, and M. Ichimura, Semicond. Sci. Tech-
nol. 27, 125007 (2012).

[16] A. M. Diamond, L. Corbellini, K. R. Balasubramaniam, S.
Chen, S. Wang, T. S. Matthews, L.-W. Wang, R. Ramesh,
and J. W. Ager, Phys. Status Solidi A 209, 2101 (2012).

[17] D. E. Ortiz-Ramos, L. A.Gonzélez, and R. Ramirez-Bon,
Mater. Lett. 124, 267 (2014).

[18] F. Goto, M. Ichimura, and E. Arai, Jpn. J. Appl. Phys. 36,
L1146 (1997).

[19] T. Miyawaki and M. Ichimura, Mater. Lett. 61, 4683 (2007).

[20] J. Podder, R. Kobayashi, and M. Ichimura, Thin Solid
Films 472, 71 (2005).

[21] M. Gunasekaran, P. Ramasamy, and M. Ichimura, J. Elec-
trochem. Soc. 153, G664 (2006).

[22] D. A. Maz on-Montijo, M. T. S. Nair, and P. K. Nair, ECS
J. Solid St. Sci. Technol. 2, P465 (2013).



