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CuxZnyS films with low Cu content were deposited by photochemical deposition

(PCD), and the relation between conduction type and Cu content was investigated. The

deposition solution for CuxZnyS was similar to that for ZnS (1 mM ZnSO4, 600 mM Na2S2O3,

and 3 mM Na2SO3),  with the addition of CuSO4. The substrate was held 2–3 mm below the

solution surface and irradiated with an Hg-arc lamp. The films were transparent in the visible

range and had a band gap of about 3.6 eV. The composition was evaluated by Auger electron

spectroscopy (AES), and the conduction type was determined by photoelectrochemical (PEC)

measurements. Clear p-type signals were observed in the PEC measurements for CuSO4

concentrations higher than 0.3 mM, whereas n-type conduction was observed for CuSO4

concentrations lower than 0.05 mM. The critical Cu content in the film at the transition of the

conduction  type  was  below  the  detection  limit  of  AES  and  thus  was  estimated  by

extrapolating the results for higher CuSO4 concentrations. We estimated that the conduction

type changed around a Cu content of 0.5%–1% in this alloy system.
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1. Introduction

ZnS is an n-type semiconductor with a wide band gap (3.5 eV), and CuxS is a p-type

semiconductor with a band gap around 2 eV. It is expected that alloys of these two compounds

can be either n- or p-type and will have a wide band gap. CuxS is a typical nonstoichiometric

compound, with a Cu/S ratio that is not fixed. Thus, CuxZnyS is a nonstoichiometric alloy; the

(Cu + Zn)/S ratio is not fixed and the chemical formula is CuxZnyS, not CuxZn1–xS.

So  far,  several  research  groups  have  reported  synthesis  of  CuxZnyS. Yildirim et al.

fabricated CuxZnyS thin films by successive ionic layer absorptions and reactions [1, 2]. The

band  gap  of  the  films  was  in  the  range  of  2.0–3.6  eV,  and  the  conduction  type  was  not

reported. Yang et al. reported deposition of p-type CuxZnyS by the electrochemical deposition

(ECD) method [3, 4]. The bandgap of the ECD-CuxZnyS film was about 3.2 eV, and thus the

film was transparent for visible light. Mandula et al. reported fabrication of transparent p-type

CuxZnyS films by photochemical deposition (PCD), where a compound is synthesized in an

aqueous solution through photochemical reactions activated by UV light [5]. The Cu content

of the transparent films ranged from 10% to 40%, and they showed p-type conduction.

Kitagawa et al. fabricated CuxZnyS thin films by the spray pyrolysis method [6]. The band gap

value varied from 1.8 to 3.6 eV, depending on composition. They also fabricated a

heterojunction solar cell with In2S3, which indicated that their CuxZnyS  was  a  p-type

semiconductor. Transparent p-type CuxZnyS has also been synthesized by chemical bath

deposition [7] and pulsed laser deposition [8]. There are several other recent reports of

CuxZnyS or Cu-doped ZnS, although the conduction type was not identified [9-12].

According to these previous papers, Zn-rich CuxZnyS has a wide band gap (>3 eV),

and is transparent in the visible range. Where the conduction type was identified, CuxZnyS

was always p-type. Transparent p-type materials are relatively rare, and most of them are

oxides (CuAlO2 [13], SrCu2O2 [14], CuGaO2 [15], NiO [16]), whereas there are very few

p-type transparent sulfides [17]. Thus, p-type CuxZnyS is a unique material, useful for

transparent or invisible electronics. Furthermore, at a sufficiently low Cu content, x, CuxZnyS

is expected to be n-type; the conduction type is expected to change at a certain critical Cu

content because ZnS is n-type. This would make CuxZnyS a  unique  alloy  system where  the

conduction type can be changed by varying the composition. To control the conduction type,

it is necessary to determine the critical composition for the conduction type transition.

In this study, we deposit CuxZnyS films with low Cu content by PCD, and investigate

the relation between conduction type and Cu content. Based on these results, the critical Cu

content of the conduction type transition is estimated, and the origin of the p-type conduction
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is discussed.

2. Experimental

 A schematic of the setup of the PCD apparatus is shown in Fig. 1. The substrate was

immersed in the solution to a depth of about 2–3 mm from the solution surface, and irradiated

with an ultra-high-pressure mercury arc-lamp through a lens. The light intensity was about

600 mW/cm2 and the deposition time was 1 h. Indium tin oxide (ITO)-coated glass was used

for the substrate.

CuxZnyS films were deposited with solutions containing CuSO4, ZnSO4, Na2S2O3, and

Na2SO3.  In  the  PCD process  for  sulfides,  S2O3
2− ions absorb UV light and release electrons

and S atoms [18].

2S2O3
2− + hν → S4O6

2− + 2e−                (1)

S2O3
2− + hν → S + SO3

2−                  (2)

In addition, in an acidic solution, S is also released from S2O3
2− by the reaction

2H+ + S2O3
2− → S + H2SO3                (3)

and CuxZnyS is formed by the reaction

xCu2+ + yZn2+ + S + 2(x + y)e− → CuxZnyS. (4)

The composition was evaluated by Auger electron spectroscopy (AES) with a field

emission microprobe (JAMP-9500F, JEOL). Argon ion etching was performed at an

acceleration  voltage  of  2  kV  with  an  ion  current  of  2  μA  to  sputter  the  film  surface.  The

atomic ratios were calculated by using CuS, ZnS, Cu2O, and ZnO compounds as the standards.

The film thickness was measured by a profile meter (Surfcom-1400D, Accretech) with no

prior etching of the film surface. Optical characterization was performed using a spectrometer

(U-570, JASCO) in reference to the ITO/glass substrate. The conduction type was determined

by photoelectrochemical (PEC) measurements. A three-electrode electrochemical cell was

used with a saturated calomel electrode (SCE) as the reference electrode. The sample was

immersed  in  a  100  mM  Na2S2O3 solution  and  irradiated  with  intermittent  light  from  a  Xe

lamp with a radiation power of 100 mW/cm2. The incident light was turned off and on

mechanically  every  5  s.  During  the  illumination,  current  due  to  minority  carriers  was

significantly enhanced, and thus the photocurrent was positive (negative) for an n-type

(p-type) semiconductor. We did not evaluate carrier concentration by the Hall measurement

method. For the Hall measurement method, the film should be deposited on an insulating

substrate instead of an ITO substrate. However, the PCD process, particularly the initial

nucleation, is affected by the substrate material, and thus the film properties, such as
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composition and band gap, are also affected. The deposition on an insulating substrate, such

as a glass sheet, is yet to be optimized.

3. Results and discussion

We started with previously reported Zn-rich deposition conditions. The solution

contained 5 mM CuSO4, 25 mM ZnSO4, and 400 mM Na2S2O3 [5]. The film composition was

Cu:Zn:S:O = 0.07:0.4:0.43:0.10, and the film thickness was about 0.15 mm.  Then  we

decreased the CuSO4 concentration in the solution to reduce the Cu content in the film.

However,  for  CuSO4 concentrations lower than 3 mM, the films became excessively

metal-rich and opaque because of elemental Zn included in the film. At a CuSO4

concentration of 2 mM, for example, the film was black, and the thickness was increased to

about  3 mm. Deposition with 2 mM CuSO4 and  25  mM  ZnSO4 was not reproducible;

sometimes a transparent film was obtained [5]. Under the conditions given in ref. [5], 2 mM

of CuSO4 is the critical concentration at which the film properties change drastically. It  has

been reported that Zn-rich black deposition was obtained by PCD from a solution containing

2 mM ZnSO4 and 100 mM Na2S2O3 [19]. Thus, elemental Zn tends to be deposited in PCD.

However,  in  PCD  of  CuxS, deposition of metallic Cu was not observed [20]. Apparently,

adding CuSO4 to the ZnS deposition solution suppressed the deposition of elemental Zn and

reduced the film thickness, making the deposited film transparent. The detailed mechanism

for these effects of Cu addition is not understood, although the reduction of Zn2+ appears to be

slowed by interactions with Cu2+ in the solution.

To obtain Zn-rich CuxZnyS  without  excess  elemental  Zn,  we  started  with  the  PCD

solution from which transparent ZnS films can be obtained (1 mM ZnSO4, 600 mM Na2S2O3,

and 3 mM Na2SO3) [21], and added CuSO4. The CuSO4 concentration was varied from 0.01

to  15  mM.  For  all  the  CuSO4 concentrations, we obtained transparent films. The film

thickness was about 0.1 mm for CuSO4 concentrations higher than 5 mM, and about 0.05 mm

for CuSO4 concentrations lower than 1 mM. The scanning electron microscope images

revealed that the film surface is flat with some particles on it, as previously reported [5]. The

film composition is not solely determined by the Cu/Zn ratio in the solution and also strongly

depends on other conditions, including the Na2S2O3 concentration,  pH,  and  the  absolute

amounts of CuSO4 and ZnSO4. In discussing the relationship between the solution conditions

and  the  film  composition,  we  focus  on  the  results  obtained  with  solutions  similar  to  the

ZnS-PCD solution (1 mM ZnSO4, 600 mM Na2S2O3, and 3 mM Na2SO3), and do not consider

the results given in ref. [5] since they are obtained with different solutions.
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Figure 2 shows the optical transmission spectra for the three samples deposited with

different CuSO4 concentrations.  The  transmission  is  high,  at  about  80% in  the  visible  range

for all the samples. The band gap was estimated from the plot of (ahn)2 against hn, where a is

the absorption coefficient and hn is the photon energy. Figure 3 shows that the band gap is

3.6–3.7 eV. The transmission in the UV range (300–400 nm) is somewhat lower for the

sample with 15 mM CuSO4 than for the others. This may indicate that the relatively Cu-rich

CuxZnyS has a higher density of defects or tail states.

The conduction type was determined by PEC measurements. Figure 4 shows the PEC

measurements for CuSO4 concentrations  of  (a)  5,  1,  and  0.3  mM, and  (b)  0.05,  0.01,  and  0

mM. In PEC measurements, the photocurrent is mainly negative for p-type semiconductors

and  positive  for  n-type  semiconductors.  For  the  film  deposited  with  5  mM  CuSO4, the

negative current was clearly increased by the photo-illumination in the negative bias range,

indicating that the film was p-type. For the 1 mM CuSO4 film, a positive photocurrent was

observed in the positive bias range, although the negative current was higher than the positive

current. Therefore, the conduction type is still p-type. However, for the CuSO4 concentration

of 0.3 mM, the positive and negative photocurrents were similar, and thus the conduction type

could  not  be  determined  from  the  PEC  data.  In  Fig.  4  (b),  the  photocurrent  was  mainly

positive for 0.01 mM CuSO4 and 0 mM CuSO4 (ZnS), whereas the photocurrents of both the

polarity were comparable for the CuSO4 concentration of 0.05 mM. Therefore, according to

the PEC data, the conduction type is p-type for CuSO4 concentrations higher than 0.3 mM,

n-type for CuSO4 concentrations lower than 0.05 mM, and almost intrinsic for the

concentrations between 0.05 and 0.3 mM.

The film composition was estimated from AES. Because the film is so thin (0.05−0.1

mm), it is difficult to use other chemical analysis methods such as secondary ion mass

spectroscopy and electron-probe microanalysis. Figure 5 shows the AES spectrum for

CuxZnyS deposited with 15 mM CuSO4 (middle spectrum). The Zn LMM signal of the ZnS

film is  also  shown (top  spectrum).  The  Cu LMM signal  appears  around 915 eV,  although it

closely  overlaps  with  the  Zn  LMM  signal.  Thus,  to  evaluate  the  Cu  signal  intensity,  we

subtracted the Zn LMM signal from the CuxZnyS spectrum after normalizing the dominant Zn

peak height at 995 eV. This difference signal is also shown in Fig. 5 (bottom spectrum).

Figure 6 shows the Cu signal after the subtraction of the Zn signal for the three samples

deposited with different CuSO4 concentrations. For CuSO4 concentrations higher than 5 mM,

the Cu signal was clearly observed, whereas for CuSO4 concentrations lower than 3 mM, the

Cu signal  was  similar  to  or  below the  noise  level,  and  we were  not  able  to  measure  the  Cu
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signal intensity. Thus, we estimated the Cu content by extrapolating the results for higher

CuSO4 concentrations. Figure 7 shows the plot of the Cu percentage in the film against the

CuSO4 concentration.  The  Cu  percentage  was  defined  as  Cu/(Cu  +  Zn  +  S  +  O).  The

percentage of S was 50%–57%, that of O was 4%–10%, and the sum (S + O) was about 60%

for all the samples. For the first approximation, we simply extrapolated the dependence

shown in  Fig.  7  linearly  to  lower  Cu contents.  The  conduction  type  determined  by  the  PEC

measurement is also noted in the figure. The conduction type changes around a Cu content of

0.5%–1% in this alloy system. This estimate is based on an extrapolation and is a rough value.

However, it can be concluded that the conduction is changed to p-type by alloying a small

amount of CuxS (about 1% or less) with ZnS.

We  can  consider  two  origins  of  p-type  conduction  in  CuxZnyS.  One  is  the  simple

substitutional doping of Cu into Zn sites in ZnS. If Zn2+ is substituted with Cu+, Cu+ will act

as an acceptor. The other mechanism is the upward shift of the valence band maximum

(VBM). The Fermi level tends to be located within a certain range of a reference level (e.g.,

the vacuum level) [22]. Then, if the VBM is shifted upward, the Fermi level can approach the

VBM, increasing the hole concentration. In Cu-based semiconductors, the Cu 3d orbital

interacts with the anion p band, which is the main component of the highest valence band;

therefore, the VBM tends to be displaced upward [22, 23]. Thus, many Cu-based compounds

show p-type conduction (e.g., CuxS, Cu2O, CuInSe2, Cu2ZnSnS4, CuAlO2). In CuxZnyS, both

mechanisms can be present. For Cu contents higher than several percent, Cu atoms cannot be

regarded as substitutional impurities but one of the main constituent elements. Thus, the band

structure  is  thought  to  be  modified  by  Cu,  and  the  conduction  becomes  p-type.  In  contrast,

when the Cu content is much lower than 1%, the band structure of the matrix material will not

be modified significantly, and thus the Cu atoms will function as isolated substitutional

impurities. According to the rough estimate described above, the critical Cu content of the

conduction type transition is 0.5%–1%. The transition from n- to p-type conduction by

Cu-doping  has  been  also  been  observed  for  ZnO  [24,  25].  The  critical  Cu  content  for  the

transition has not been evaluated, although it is thought to be lower than 1% according to the

reported data. Those amounts of Cu (<1%) appear too small to significantly affect the whole

band structure. Thus, for the composition near the transition, the p-type conduction will arise

from Cu+ acting as a substitutional acceptor impurity for both ZnS and ZnO-based alloys.

4. Summary

We have deposited CuxZnyS films with a low Cu content by PCD, and investigated
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the relation between conduction type and Cu content. The deposition solution for CuxZnyS

was similar to that for ZnS (1 mM ZnSO4,  600 mM Na2S2O3,  and 3 mM Na2SO3), with the

addition of CuSO4. The substrate was held 2–3 mm below the solution surface and irradiated

with an Hg-arc lamp. The composition was evaluated by AES, and the conduction type was

determined by PEC measurements. PEC measurements showed clear p-type signals for

CuSO4 concentrations higher than 0.3 mM, whereas the conduction was n-type for CuSO4

concentrations  lower  than  0.05  mM.  According  to  the  rough  estimation  of  the  composition

based on the AES data, the conduction type changed at a Cu content of 0.5%–1% in this alloy

system. Having established conduction-type control, the CuxZnyS  alloy  (including  the  end

compound, ZnS) could now be used for transparent electronics. CuxZnyS could be used to

fabricate transparent transistors for display devices and transparent solar cells, which could be

installed as window panels in buildings. We will report the fabrication of ZnS/Cu xZnyS

transparent heterostructure diodes in a future publication.

Acknowledgments

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.



8

[1] M. A. Yildirim, A. Aytunc, A. Aykut, Annealing and light effect on structural, optical and

electrical properties of CuS, CuZnS and ZnS thin films grown by the SILAR method, Physica

E 41 (2009) 1365.

[2]  M.  A.  Yildirim,  The  effect  of  copper  concentration  on  structural,  optical  and  dielectric

properties of CuxZn1−xS thin films, Optics Commun. 285 (2012) 1215.

[3] K. Yang, M. Ichimura, Fabrication of transparent p-type CuxZnyS thin films by the

electrochemical deposition method, Jpn. J. Appl. Phys. 50 (2011) 040202.

[4] K. Yang, Y. Nakashima, M. Ichimura, Electrochemical deposition of CuxS and CuxZnyS

thin films with p-type conduction and photosensitivity, J. Electrochem. Soc. 159 (2012)

H250.

[5] Mandula, K. Yang, M. Ichimura, Photochemical deposition of p-type transparent alloy

semiconductor CuxZnyS, Semicond. Sci. Technol. 27 (2012) 125007.

[6] N. Kitagawa, S.  Ito,  D. Nguyen, H. Nishino, Copper Zinc Sulfur Compound Solar Cells

Fabricated by Spray Pyrolysis Deposition for Solar Cells, Natural Resources 4 (2013) 142.

[7]  D.  E.  Ortíz-Ramos,  L.  A.González,  R.  Ramirez-Bon,  p-Type  transparent  Cu  doped  ZnS

thin films by the chemical bath deposition method, Mater. Lett. 124 (2014) 267.

[8] A. M. Diamond, L. Corbellini, K. R. Balasubramaniam, S. Chen, S. Wang, T. S. Matthews,

L.-W. Wang, R. Ramesh, J. W. Ager, Copper-alloyed ZnS as a p-type transparent conducting

material, Phys. Status Solidi A 209 (2012) 2101.

[9] S. H. Mohamed, Photocatalytic, optical and electrical properties of copper-doped zinc

sulfide thin films, J. Phys. D: Appl. Phys. 43 (2010) 035406.

[10]  M.  Innocenti,  S.  Cinotti,  I.  Bencist`a,  E.  Carretti,  L.  Becucci,  F.  Di  Benedetto,  A.

Lavacchi,	 M. L. Forestia, Electrochemical growth of Cu-Zn sulfides of various

stoichiometries, J. Electrochem. Soc. 161 (2014) D14.

[11]  S.  M.  T.  Otaqsara,  Red  luminescence  of  spherical  CuxZn1−xS semiconductor

nanoparticles using 2-mercaptoethanol as capping agent, Mater. Sci. Semicond. Processing 16

(2013) 963.

[12]  M.  L˘adar,  E.-J.  Popovici,  I.  Baldea,  R.  Grecu,  E.  Indrea,  Studies  on  chemical  bath

deposited zinc sulphide thin films with special optical properties, J. Alloys Compounds

434–435 (2007) 697.

[13]  H.  Kawazoe,  M.  Yasukawa,  H.  Hyodo,  M.  Kurita,  H.  Yanagi,  H.  Hosono,  P-type

electrical conduction in transparent thin films of CuAlO2, Letters to Nature 389 (1997) 939.

[14] A. Kudo, H. Yanagi, H. Hosono, H. Kawazoe, SrCu2O2: A p-type conductive oxide with

wide band gap, Appl. Phys. Lett. 73 (1998) 220.



9

[15]  K.  Ueda,  T.  Hase,  H.  Yanagi,  H.  Kawazoe,  H.  Hosono,  H.  Ohta,  M.  Orita,  M.  Hirano,

Epitaxial growth of transparent p-type conducting CuGaO2 thin films on sapphire (001)

substrates by pulsed laser deposition, J. Appl. Phys. 89 (2001) 1790.

[16] T. Kamiya, H. Ohta, M. Kamiya, K. Nomura, K. Ueda, M. Hirano, H. Hosono, Li-doped

NiO epitaxial thin film with atomically flat surface, J. Mater. Res. 19 (2004) 913.

[17] F.-Q. Huang, M.-L. Liu, C. Yang, Highly enhanced p-type electrical conduction in wide

band gap Cu1+xAl1−xS2 polycrystals, Sol. Energy Mater. Sol. Cells 95 (2011) 2924.

[18] F. Goto, M. Ichimura, E. Arai, A new technique of compound semiconductor deposition

from an aqueous solution by photochemical reactions, Jpn. J. Appl. Phys. 36 (1997) L1146.

[19] M. Ichimura, F. Goto, Y. Ono, and E. Arai, Deposition of CdS and ZnS from aqueous

solutions by a new photochemical technique, J. Cryst. Growth, 198-199 (1999) 308.

[20] J. Podder, R. Kobayashi, M. Ichimura, Photochemical deposition of CuxS thin films from

aqueous solutions, Thin Solid Films 472 (2005) 71.

[21] T. Miyawaki, M. Ichimura, Fabrication of ZnS thin films by an improved photochemical

deposition method and application to ZnS/SnS heterojunction cells, Mater. Lett. 61 (2007)

4683.

[22] A. Zunger, Practical doping principles, Appl. Phys. Lett. 83 (2003) 57.

[23]  S.  Chen,  X.  G.  Gong,  S.-H.  Wei,  Band-structure  anomalies  of  the  chalcopyrite

semiconductors CuGaX2 versus AgGaX2 (X=S  and  Se)  and  their  alloys,  Phys.  Rev.  B  75

(2007) 205209.

[24] M. B. Rahmani, S. H. Keshmiri, M. Shafiei, K. Latham, W. Wlodarski, J. du Plessis, K.

Kalantar-Zadeh, Transition from n- to p-type of spray pyrolysis deposited Cu doped ZnO thin

films for NO2 sensing, Sensor Lett. 7 (2009) 1.

[25]  K.-S.  Ahn,  T.  Deutsch,  Y.  Yan,  C.-S.  Jiang,  C.  L.  Perkins,  J.  Turner,  M.  Al-Jassim,

Synthesis of band-gap-reduced p-type ZnO films by Cu incorporation, J. Appl. Phys. 102

(2007) 023517.



10

figure captions

Fig. 1 Schematic illustration of the PCD set up.

Fig. 2 Optical transmission spectra for the CuxZnyS films deposited with different amounts of

CuSO4 in the deposition solution.

Fig.3 Plot of (ahn)2 vs. hn for the band gap estimation for the CuxZnyS films deposited with

different amounts of CuSO4.

Fig.  4  PEC  measurement  results  for  the  CuxZnyS  films  deposited  with  different  amounts  of

CuSO4.  (a):  for  the  films  deposited  with  the  CuSO4 amounts  of  5,  1,  0.3  mM,  which  show

p-type photo response.  (b):  for the films deposited with the CuSO4 amounts of 0.05, 0.01, 0

mM, which show n-type photo response.

Fig. 5 AES spectrum for the CuxZnyS film deposited with 15 mM CuSO4. To evaluate the Cu

content in the film, the AES spectrum for Zn (the upper spectrum) is subtracted, to observe

the AES signal due to Cu (the bottom spectrum).

Fig. 6 AES signal of Cu for the CuxZnyS films deposited with different amounts of CuSO4 in

the solution (after subtraction of the Zn signal).

Fig. 7 Relationship between the CuSO4 concentration in the deposition solution and the Cu

content in the CuxZnyS films. The trend in the experimental data (squares) is extrapolated to

the lower Cu concentration. The conduction type of the films is also noted.
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