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Electrical and Optical Properties of Layered Oxysulfides
with CuS Layers: Sr—Cu—M—-0-S System (M = Zn, Ga, In)
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The electrical and optical properties of layered oxysulfides (Sr—Cu—M—-0-S system (M
= Zn, Ga, In)), which have common Cus layers, were studied to examine their potential as
wide-gap p-type semiconductors. The attempts of electrical conductivity control by Na doping
demonstrated that the conductivities of the Sr,_,Na,Cu,Zn0O,S, (6 = 2.2 x 1078 S cm™! for
x = 0.0) and Sr,_4Na,CuGaOsS (0 = 2.2 x 104 S cm™? for x = 0.0) at room temperature
increased up t0 1.2 x 107t and 2.4 x 102 S cm™* for x = 0.1, respectively, with an increase
in Na concentration. In addition, both Hall and Seebeck measurements proved that these
conductive oxysulfides were p-type semiconductors. The diffuse reflectance spectra of the
materials revealed that the optical absorption edges were approximately 450 nm for Sr-
Cu,Zn0,S,, 480 nm for Sr,CuGa0sS, and 540 nm for Sr,CulnOsS. It became evident from
these results that the layered oxysulfides (Sr—Cu—M—0-S system (M = Zn, Ga, In)) were
wide-gap p-type semiconductors utilizing the CusS layers as electrical conduction paths.

Introduction

Tin-doped indium oxide (ITO) and aluminum-doped
zinc oxide (AZO) are well-known as transparent conduc-
tive oxides (TCOs) and used in a variety of technological
applications. Although these materials can be regarded
as semiconductors with large energy gaps, their use is
limited to transparent conducting contacts in flat-panel
displays or solar cells just because of their n-type
monopolarity in the electrical conduction. Therefore,
p-type TCOs are considered as key materials that enable
a new class of p—n junction-based devices with trans-
parent character.

Some p-type TCOs, CuMO; (M = Al, Ga, In)!~% and
SrCu,0,,% were recently found on the basis of our
material design. Moreover, our development of trans-
parent p-type semiconductors has been extended suc-
cessfully to a layered oxysulfide of LaCuOS.”8 The
essence of our material design is the modulation of the
top of the valence band, which is generally composed of
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highly electronegative oxygen 2p® bands in typical wide-
gap oxides. The modulation is carried out by mixing of
the oxygen 2pé bands with copper 3d!° and sulfur 3p®
bands to reduce the large electronegativity of the oxygen
2p6 bands.

In the exploration for other wide-gap p-type conduc-
tive materials, we noted some layered oxysulfides in the
Sr—Cu—M-—0-S system (M = Zn, Ga, In) reported by
W. J. Zhu and P. H. Hor.*~12 Figure 1 shows the crystal
structures of Sr,Cu,Zn0,S; and Sr,CuMO3S (M = Ga,
In). These oxysulfides consist of four types of layers
along the c-axis: SrO oxide layer, MO (M = Zn, Ga, In)
oxide layer, Cus sulfide layer, and Sr2* cation layer. The
Cus layer, which is seen in some chalcogenides,13715 is
visualized as an anti-PbO-type sheet composed of the
edge-sharing CuS, tetrahedra. The tetrahedral environ-
ment around Cu®™ manifests the strong covalence of
Cu—S bonds in the CusS layers.’® This local structure
gives a marked contrast to the linear O—Cu—0O bonds
in Cu*-containing oxides. These layered crystal struc-
tures are similar to the structure of LaCuOS and satisfy
the requirements for wide-gap p-type conductive fea-
tures as found in LaCuOS: the layered structure
composed of the CusS layers intervened by highly ionic
oxide layers. Therefore, Sr,Cu,Zn0,S; and Sr,CuMO3S
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Sr,Cu,Mz0,S,
(M=2Zn)

Figure 1. Crystal structures of Sr,Cu,ZnO,S; and Sr,-
CuMO;S (M = Ga, In).

Sr,CuM**O,S
(M=Ga, In)

(M = Ga, In) seem to be fairly promising as wide-gap
p-type semiconductors. Besides, Ga, In, and Zn oxide
layers in these oxysulfides imply a possibility of n-type
conduction because these monoxides are well-known as
n-type TCOs.

Although the crystal structure of the oxysulfides in
the Sr—Cu—M—0-S system were well examined by W.
J. Zhu and P. H. Hor, no electrical and optical properties
of these materials have been reported yet. In this paper,
the electrical properties, especially the control of the
electrical conductivities of Sr,Cu,Zn0O,S; and Sr,-
CuMO3S (M = Ga, In) by cation doping, as well as
their optical properties are examined to estimate their
potential as optoelectronic materials.

Experimental Section

Sample Preparation. Sr,_yNa,Cu,Zn0O,S,. Stoichiometric
amounts of SrS, Cu;0, NazS, and ZnO powders were thor-
oughly mixed in a mortar and pressed into pellets. The pellets
were calcined at 920 °C in an Ar flow for 4 h. After the pellets
were ground and the powders were molded into the pellets
with a cold isostatic press, the pellets were sintered at 870 °C
in an Ar flow for 3 h.

Sr_«NayCuGaOsS. Sr;Ga,0¢ was first prepared by reacting
SrCO; and Ga,03 at 1050 °C in O, flow for 12 h. The starting
materials of SrS, Cu,O, Ga,0Os, Na,S, and Sr;Ga,Og were
stoichiometrically mixed in a mortar. The mixed powders were
pressed into pellets and placed in a tungsten crucible. The
crucible was heated to 850 °C in an Ar atmosphere of 500 Torr
for 4 h using a microwave induction heater. The samples were
obtained by regrinding the pellets, pelletizing the powders with
a cold isostatic press, and heating the tungsten crucible with
the pellets in the same condition above.

Sr,CulnO3S. SrpCulnO3S was prepared from stoichiometric
amounts of SrS, Cu;O, SrO, and In;O3. SrO was obtained by
firing SrCO; at 1200 °C. Using these mixed powders, the
sintered pellets of Sr,CulnOsS were obtained through the same
procedures as Sr,CuGaOsS.

Characterization. Chemical compositions of the samples
were examined by inductively coupled plasma emission
spectroscopy (ICP). X-ray diffraction (XRD) patterns were
measured to confirm a single phase of each sample and to
refine the lattice constants of the materials by the least-
squares method.

The electrical conductivities of the samples were measured
from 300 to 10 K by the two-probe technique for slightly
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Table 1. Cation Ratios Analyzed by the ICP Method

sample Sr Cu M(M=2Zn,Ga, In) Na
SrCuzZn0;S; 2.00 2.04 0.98
Sr1,9N60,1CU2Zn0232 1.90 1.98 0.99 0.11
Sr,CuGaOsS 2.00 0.97 1.02
Sri19Nap.1CuGa0s3S 190 1.01 0.97 0.09
SrCulnO3S 2.00 0.99 1.04

conductive samples or the four-probe technique for highly
conductive samples. Au electrodes were sputtered on the
surfaces of the samples, and the measurements were carried
out after confirming their ohmic contact.

Hall and Seebeck coefficients of SrigNag1Cu,Zn0,S, and
Sr19Nao1CuGa0sS samples were measured at room temper-
ature. The Hall measurements were performed by the Van der
Pauw method under the magnetic field of 0.7 T.

The diffuse reflectance spectra of powdered samples were
measured in the visible and near-infrared region using a
spectrophotometer with an integrating sphere.

Results and Discussion

Chemical compositions of the samples analyzed by the
ICP method are summarized in Table 1. The chemical
analysis clarified that the cation ratios of the samples
almost agreed with the nominal compositions. The XRD
patterns of the nondoped samples revealed that each
sample was a single phase: all diffraction peaks in the
patterns were completely indexed on the basis of the
crystal structure reported by W. J. Zhu and P. H.
Hor.®~12 The Na-doped samples gave almost the same
patterns as the nondoped samples. Their lattice con-
stants refined by the least-squares method are listed
in Table 2. In each nondoped sample, the lattice
constant a was in good agreement with that reported
by W. J. Zhu and P. H. Hor, while c was a little larger
than the reported data. The colors of the samples and
the densities of the sintered pellets are listed in Table
3.

The maximum solubility of Na*t, which substitutes for
Sr2+ as an acceptor, was found to be x ~ 0.10 in both
Sr,-yNa,Cu,Zn0,S, and Sr,_yNa,CuGaOsS. In the at-
tempt of Na doping into Sr,CulnO3S, the single-phase
sample could not be obtained by the present preparatory
method. The difference in lattice constants between the
nondoped and Na-doped samples was fairly small as
shown in Table 2. This is probably because the size of a
Nat ion (1.18 A) is close to that of a Sr2* jon (1.26 A)
and the amount of the substitution is not sufficient to
cause the difference in lattice constants.

Figure 2a,b show the electrical conductivities of
Srz_xNaxCu2Zn0,S; and Sr.—yNaxCuGaOsS as a function
of temperature, respectively. In Figure 2a, the nondoped
Sr,Cu,Zn0,S, sample showed the electrical conductivity
as low as ~2.2 x 1078 S cm~?! at room temperature. As
the concentration of Na* increased, the electrical con-
ductivity of Sr,_yNayCu,Zn0O,S, drastically increased.
The electrical conductivity of the x = 0.10 sample at
room temperature was 1.2 x 107! S cm™1, which is
larger than that of the nondoped sample by 7 orders of
magnitude. The temperature dependence of the conduc-
tivity of Sr,—xNayCu,ZnO,S, showed semiconducting
behavior in small x and degenerated-semiconducting
behavior in x = 0.06 and 0.10 at low temperatures.

The electrical conductivity of nondoped Sr,CuGaO3S
was ~2.2 x 10 S cm~1! at room temperature as seen
in Figure 2b. The electrical conductivity of the nondoped
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Table 2. Lattice Constants Refined by the Least-Squares Method?
sample a(A) oaP c(A) o
SrCuxZn0,S; 4.007 (4.008) 2.877 x 1074 17.736 (17.720) 1.533 x 1073
Sri1.9Nag1CuZn0-,S,; 4.009 4.882 x 1074 17.740 2.138 x 1073
Sr,CuGaOsS 3.864 (3.861) 7.582 x 107 15.755 (15.730) 3.872 x 1074
Sr19Nag1CuGa03S 3.865 1.290 x 1074 15.755 6.538 x 1074
Sr,CulnO3S 4.094 (4.091) 1.369 x 10~ 15.530 (15.473) 6.109 x 1074

aData by W. J. Zhu and P. H. Hor®~12 are listed in parentheses. ? Standard deviation.

Table 3. Electrical and Optical Properties of Samples at Room Temperature

pellet density

conductivity

Seebeck coefficient Hall constant absorption edge

sample color (%) (Scm™1) (uV K1) (cm3CY) (nm)
Sr,Cu,Zn0,S; pale yellow 85 2.2 x 1078 450
Sr19Nag1Cu2Zn0,S; olive 92 1.2 x 1071 +310 +6.7 450
Sr,CuGaOsS yellow 72 2.2 x 1074 480
Sr19Nag1CuGa03S green 82 2.4 x 1072 +460 480
Sr,Culn0sS orange 72 2.2 x 10710 540
(a) These results on the electrical conductivity revealed
0 that acceptor doping by Na* substitution for Sr2* is
[h- am = . - fairly effective in both Sr,—yNa,Cu,Zn0O,S, and
Sr,_«NaxCuGaOsS, and the electrical conductivity can
2} be controlled from insulating to semiconducting by Na™
— \_.“ o o . e o o oo concentration. We also tried donor doping as well as
g acceptor doping in SrCu;Zn0O,S; and Sr,CulnOsS: La
23 -4 Sr. NaCu.znO.S or Y substitution for Sr, Al or Ga substitution for Zn,
o B 2T and Sn substitution for In. However, no remarkable
= " x=010 hange in the electrical conductivit bserved, and
8 &l ® X008 change in the electrical conductivity was observed, an
o %002 these trials were ur!successful in the present study.
v %200 Becaus_e the formatlo_n of CuJ_r vacancies f_requently
Sl .y occurs in these oxysulfides, carrier compensation seems
. " - to occur in the donor-doped materials.
33 20 40 60 80 100 The Seebeck measurements were carried out using
1000/T (K") high!y_ conductive samples of x = 0.10. The Seebeck
coefficients of SrigNag1Cu,Zn0,S, and SrigNag:1Cu-
(b) Ga0sS were +310 uV K1 and +460 uV K1, respec-
tively. The Hall measurement was successful only for
2 8r, Na CuGaO,S Sr19Nag 1Cu,Zn0,S, and its Hall coefficient was +6.7
®m x=0.10 cm® C1. The positive sign of the Seebeck and Hall
4 ® x=0.06 coefficients confirmed that these oxysulfides are p-type
LN 4 x=00 semiconductors and Na* ions at Sr?* ion sites actually
S e, , act as acceptors. These results on the electrical trans-
@ 6 - port properties are listed in Table 3. The carrier density
g %00 o o o and Hall mobility of SrigNag1Cu2Zn0,S; were evalu-
K] ated to be 1.1 x 108 cm=2 and 0.74 cm2 V1 s71. The
81 yield of the hole carriers was estimated to be 0.3% on
the assumption that each Na* ion generates a single
-10 Sr,Culn0,S Aa, positive hole. This indicates that only a small portion
. Aa 4, N of Na* ions act as acceptors.
3.3 10 20 30 40 Figure 3a shows the diffuse reflectance spectra of
1000/T (K™) Sr,Cu2Zn0,S,, Sr,CuGa0sS, and Sr,CulnO3S. The dif-

Figure 2. Electrical conductivities of (a) Sr.-x\NaxCu2Zn0,S;
and (b) Sr,—xNa,CuGaOsS as a function of temperature. The
electrical conductivity of Sr.,CulnOsS at room temperature is
plotted in Figure 2b.

sample probably resulted from carrier generation by a
small amount of Cu™ vacancies that was not clearly
detected by ICP. The temperature dependence of the
conductivity of Sr,—xNaxCuGaO3S samples showed the
semiconducting behavior up to x = 0.10. The electrical
conductivity of the x = 0.10 sample was ~2.4 x 1072 S
cm~! at room temperature. Sr,CulnOsS was almost
insulating, and its electrical conductivity at room tem-
perature was ~2.2 x 10719 S cm~1, as plotted in Figure
2b.

fuse reflectance drops to the minimum at ~450 nm for
Sr,Cu,Zn05S,, ~480 nm for Sro,CuGaO3S, and ~540 nm
for Sr,CulnO3S. Because the diffuse reflectance is
generally regarded as the transmittance through the
small crystals of samples, the drop of the diffuse
reflectance is considered as the fundamental absorption
edge of the samples in a first approximation. Accord-
ingly, it was found from the spectra that these oxy-
sulfides have relatively wide energy gaps and Sr,Cu,-
Zn0,S; has the largest energy gap (~2.7 eV) among
them. However, the energy gap of these oxysulfides was
not as large as that of LaCuOS, probably because of the
dispersion of the conduction band primarily composed
of the Zn 4s, Ga 4s, or In 5s band.
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Figure 3. Diffuse reflectance spectra of (a) Sr.Cu,Zn0O,S,
(solid line), Sr.CuGaOs3S (dashed line), and Sr.CulnOs;S (dotted
line) and (b) Sr19Nag1Cu,Zn0,S; (thick solid line) and Srio-
Nao1CuGaOsS (thick dashed line).

Figure 3b shows the diffuse reflectance spectra of
Sri19Nag1Cu,Zn0,S, and Sr19Nag1CuGa03S along with
their nondoped samples. The drop of the diffuse reflec-
tance of the Na-doped samples occurs at the same
wavelength as that of the nondoped samples. This
indicates that the Na™ substitution for Sr2* does not
have a significant influence on the electronic structure
of the materials. However, the reflectance of the Na-
doped samples in the visible to infrared region largely
decreased in comparison with that of the nondoped
samples. This reflectance decrease is related to the
presence of a small amount of Cu2*, which was gener-
ated by Na doping, and caused the change in the color
of the samples as listed in Table 3.

It is well-known that mixed valence copper com-
pounds usually show broad absorption in the visible to
infrared range because of the d—d transition in Cu?*
ions and the charge transfer between Cu™ and Cu?"
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ions.1718 The origin of the reflectance decrease observed
in Sro—xNayCu,Zn0,S; and Sr,_xNayCuGaOsS is con-
sidered to be the optical absorption originating from the
mixed valence of the copper ions. The electrical and
optical properties in the Na-doped samples are ex-
plained by the following two reactions expressed by
Kroger—Vink notation.®

Nag, — Nag, + h’ (1)

Cug, + h" = Cug, 2)

Reaction (1) expresses the ionization of Na* ions at Sr2*
ion sites accompanying the generation of positive holes
in the valence band. On the other hand, reaction (2)
represents the charge transfer between Cu™ (Cuc,) and
Cu?* (Cug,), which occurs primarily within each CuS
layer. This reaction is responsible for the mixed valance
absorption and p-type electrical conduction. Therefore,
it is interpreted that Cu 3d bands largely contribute to
the top of the valence band in the Sr—Cu—M—-0-S
oxysulfides (M = Zn, Ga, In) and the CusS layers in these
materials can be visualized as conduction paths for
positive holes.

Conclusion

A single phase of an oxysulfide with CusS layers, Sr,-
Cu2Zn0,S,, SraCuGa0sS, or SroCulnO3S, was success-
fully prepared to examine its electrical and optical
properties. The nondoped Sr,Cu,Zn0,S, and Sr,CulnO3S
were almost insulating, while the nondoped Sr,CuGaO3S
was semiconducting at room temperature. Although
Na doping was unsuccessful against Sro,CulnO3S, the
electrical conductivity of Na-doped samples, Sro—xNay-
Cu,Zn0,S, and Sr,_yNa,CuGaOs3S, increased with an
increase in Na concentration. Both Seebeck and Hall
measurements revealed that the Na-doped conductive
materials were p-type semiconductors. Therefore, ac-
ceptor doping by Na* substitution for Sr2* was found
to be effective in controlling their electrical conductivi-
ties. On the other hand, the conductivity control by
donor doping in each material was unsuccessful in the
present study. The diffuse reflectance spectra of these
materials indicated that the materials have relatively
wide energy gaps and Sr,Cu,Zn0,S, has the largest
energy gap among them. The change in the reflectance
spectra and the electrical conduction of the Na-doped
samples was discussed in terms of the mixed valence
states of Cut and Cu?" ions. According to these results,
the p-type electrical conductive and wide-gap character
was found in the layered oxysulfides (Sr—Cu—M—-0-S
system (M = Zn, Ga, In)) with CusS layers.
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