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ABSTRACT

Cu4O3 thin films have been synthesized in an ambient of Ar and O2 plasma using a pure Cu target by radio frequency magnetron sputtering.
The structural, electrical, and optical properties of the films were studied systematically as a function of O2 gas flow. The study reveals that O2

flow rate (RO2 ) during sputtering has major impacts on both the composition and functional properties of the resultant Cu4O3 thin films.
X-ray diffraction and Raman spectroscopy measurements suggest that the parameter window for the growth of single-phase Cu4O3 thin films
was very narrow. Oxygen partial pressure of 7.9%–9.1% was required to grow the pure phase of Cu4O3. From optical absorption analyses, pure
phase Cu4O3 films exhibited a direct transition at Eg= 1.52–1.62 eV. All the Cu4O3 thin films showed p-type conductivity with resistivities in
the order of 102–103 Ω cm. An increase of RO2 resulted in the increase of the Hall mobility from 0.01 to 0.25 cm2/V s, which is the highest
mobility reported so far for this material. These results indicate clearly that Cu4O3 is a semiconductor with a high potential as absorber
materials in low-cost thin film photovoltaics.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144205

I. INTRODUCTION

Copper exhibits three oxide phases, namely, Cu2O (cuprite
phase), CuO (tenorite or cupric phase), and Cu4O3 (paramelacon-
ite phase). Among them, Cu2O and CuO have been widely studied
due to their solar–thermal conversion performance,1 photo-
electrochemical properties,2 or catalytic performance.3 Cost effective
production, ample availability, eco-friendliness, and nontoxicity are
some attractive features of these semiconductors.4 The research on
Cu4O3 is limited in comparison with the widely studied Cu2O or
CuO, and even the basic optical properties and the type of funda-
mental transitions are still controversial. Cu4O3 is a natural and very
rare mineral. It has a tetragonal structure with lattice parameters:
a = 5.837 Å and c = 9.932 Å5 and contains both Cu (I) and Cu (II)
oxidation states. A few potential applications of Cu4O3 including
catalysis, lithium storage batteries, and photovoltaics have been

reported.6–8 So far, Cu2O and CuO thin films have been synthesized
by a large variety of deposition methods including magnetron
sputtering,9,10 electrodeposition,11 thermal evaporation,12 solgel,13

successive ionic layer adsorption and reaction,14 electron beam evap-
oration,15 pulsed laser deposition,16 chemical vapor deposition,17

and molecular beam epitaxy.18 On the other hand, chemical
methods to synthesize Cu4O3 thin films face a major challenge of
stabilizing both Cu2+ and Cu+ ions simultaneously.19 Consequently,
physical vapor methods such as radio frequency (RF) magnetron
sputtering are more suitable for synthesizing Cu4O3 thin films.

A few studies on the deposition of the Cu4O3 thin films by
reactive RF sputtering have been reported previously, including the
work by Meyer et al.,20 Murali and Subrahmanyam,21 and Pierson
et al.22 In these earlier reports, a mixture of Ar and O2 was used as
sputtering gas to grow Cu4O3 thin films at room temperature.20–22

In our prior study, we studied the deposition of Cu2O, Cu4O3, and
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CuO at 300 °C and established an optimum O2 flow rate (RO2) and
the substrate position for the growth of Cu4O3 by reactive RF sput-
tering.23 To utilize Cu4O3 for optoelectronic devices, it is essential
to control the material properties that are affected by deposition
parameters, for instance, substrate temperature, oxygen flow rate,
sputtering pressure, and sputtering power.24 Here, we report on a
systematic investigation of how the material synthesis conditions
affect structural, optical, and electrical properties of Cu4O3 thin
films deposited by reactive RF magnetron sputtering.

II. EXPERIMENTAL

Cu4O3 thin films were deposited on α-Al2O3 (0001) substrates
by sputtering a 5 cm 6N purity metallic Cu target using Ar and O2

mixed sputtering gas. Substrates were cleaned ultrasonically in
acetone and methanol before loading into the sputtering chamber.
As we have reported earlier, properties of the films also depend on
the position of the substrate during deposition; for consistency, in
this work, substrates were placed in an identical position (S3) at
50 mm away from the midpoint of the substrate holder.23 The sub-
strate surface was sputter-etched by Ar plasma for about 5 min after
loading them into the vacuum compartment. Distance between the
substrate and the target was maintained at 80mm. The working
pressure of the chamber was 1.8 Pa, whereas the background pressure
was less than 3 × 10−4 Pa. The substrate temperature was kept cons-
tant at 300 °C, which was measured by a thermocouple attached to
the substrate holder. The radio frequency power applied to the target
was always constant at 50W while the deposition time was 60 min.
During the deposition, the substrate holder was rotated with a speed
of 20 rpm. The Ar flow rate was fixed at 10 sccm, while the O2 flow
rate (RO2) was varied in between 0.82 and 1.06 sccm.

The thickness of the films was measured using a surface step
profiler. X-ray diffraction (XRD) in the θ–2θ geometry using Cu
Kα radiation and Raman spectroscopy were used to examine the
structural properties of the films. Electrical properties were studied
by AC mode Hall effect measurements in the van der Pauw config-
uration using Au as ohmic contacts. Thermo-power measurements
were also used to confirm the conductivity type. The optical
absorption coefficient (α) of the films was derived from transmis-
sion and reflection measurements using a double-beam spectropho-
tometer in the wavelength range of 200–2000 nm.

III. RESULTS AND DISCUSSION

A. Phase analysis

XRD patterns from a series of films deposited with different
RO2 = 0.82–1.06 sccm are shown in Fig. 1. Pure phase Cu4O3 is
achieved within the narrow O2 flow window of 0.86–1.0 sccm. For
samples deposited within this RO2 range, peaks at 2θ = 30.81°,
35.99°, 44.21°, and 64.23° corresponding to diffractions from the
(200), (202), (220), and (400) planes, respectively, of the Cu4O3

phase (JCPDS 03–0879) are observable. No peaks from other
phases can be identified. Observed peaks are similar to those
shown in the previous reports.25,26 At a lower RO2 = 0.82 sccm, in
addition to the three Cu4O3 peaks, diffraction peaks at 30.21°,
36.69°, and 62.11° coming from the Cu2O phase also appear in the
XRD pattern. On the other hand, films grown with a much higher

O2 flow rate of RO2 > 1.0 sccm shows diffraction peaks from the
CuO phase, and with RO2 = 1.06 sccm, only CuO films were grown.

The maximum film thickness of approximately 511 nm is
measured for Cu4O3 films grown with RO2 = 1.00 sccm. The grain
size was calculated using the Scherrer formula, and the maximum
grain size was about 34 nm for the Cu4O3 film deposited with
RO2 = 0.90 sccm, whereas it was approximately 29, 22, and 24 nm for
Cu4O3 films grown with RO2 = 0.86, 0.96, and 1.00 sccm, respectively.

Since different Cu oxide phases (Cu2O, Cu4O3, and CuO)
have dissimilar Raman active vibrational modes,20,25,27–29 Raman
spectroscopy is also performed on these films as a complementary
technique to confirm the different phases present in films deposited
with different RO2 . Figure 2 shows the Raman spectra of the films
deposited at different O2 flow rates. At the RO2 = 0.82 sccm, Raman
peaks at 147, 214, and 641 cm−1 from Cu2O

20,27,29 as well as 328
and 531 cm−120,29 from Cu4O3 are observed, confirming the coexis-
tence of the mixed phase of Cu2O with Cu4O3. Films deposited
with 0.86 sccm exhibit a single Cu4O3 phase with Raman peaks at
328, 531, and 634 cm−1. Likewise, thin films fabricated at
RO2 = 0.90–1.00 sccm exhibit similar peaks indicating the formation
of the Cu4O3 phase. On the other hand, weak peaks at 294 and
626 cm−1 corresponding to the Raman peaks from the CuO

FIG. 1. XRD patterns of Cu4O3 thin films deposited on α-Al2O3 (0001) at differ-
ent O2 flow rates (RO2 ).
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phase20,25–29 appear in the sample deposited at RO2 = 1.02 sccm.
This indicates that the CuO phase coexists with Cu4O3 as a second-
ary phase. The thin film fabricated at RO2 ≥ 1.06 sccm reveals a
single CuO phase with Raman peaks at 290, 339, and 626 cm−1.
These results are in agreement with the XRD analysis. The XRD
and Raman spectroscopy results reveal that the growth of a single-
phase Cu4O3 thin film requires precise control of O2 in the sputter-
ing gas, and this corresponds to a very narrow window of oxygen
partial pressure of 7.9%–9.1%.

Several earlier works reported that Cu4O3 decomposed at
about 300 °C.30,31 Thobor and Pierson found that during air
annealing at 300 °C, Cu4O3 was totally oxidized into CuO.30

Furthermore, Li et al. reported the formation of Cu2O when Cu4O3

was annealed at 340 °C in vacuum.31 However, in this study, we
have grown pure phase Cu4O3 films at a substrate temperature of
300 °C. This may be attributed to the non-equilibrium nature of
the sputtering process, which enables the stability of the Cu4O3

growth surface at higher temperature.

B. Electrical and optical properties

The resistivity (ρ) of the Cu4O3 thin films deposited with dif-
ferent RO2 is shown in Fig. 3. Note that films shown in the figure

are all of pure Cu4O3 phase as indicated by the XRD and Raman
measurements. The resistivity decreases from 978 to 242 Ω cm with
a slight increase of RO2 from 0.86 to 0.90 sccm. AC Hall effect mea-
surement results are shown in Fig. 4 and indicate that all films
exhibit p-type conductivity with a hole concentration decreasing
from 4.5 × 1018 to 2.1 × 1016 cm−3 with increasing RO2 from 0.9 and
1.00 sccm. Moreover, an increase of RO2 from 0.86 sccm to 1.00 sccm
also results in an increase of the Hall mobility from 0.01 to
0.25 cm2/V s, which is the highest mobility reported so far. Murali
and Subrahmanyam reported the mobility of only 0.04 cm2/V s in
Cu4O3 thin films fabricated by DC reactive magnetron sputtering.21

Although the intrinsic p-type conductivity is typically attributed to a
spontaneous Cu vacancy formation during the growth of Cu4O3, this
appears to be inconsistent with our observed reduction of the hole

FIG. 2. Raman of Cu4O3 thin films deposited on α-Al2O3 (0001) at different O2

flow rates (RO2 ).

FIG. 3. Resistivity of Cu4O3 thin films deposited on α-Al2O3 (0001) at different
O2 flow rates (RO2 ).

FIG. 4. Carrier concentration and mobility of Cu4O3 thin films deposited on
α-Al2O3 (0001) at different O2 flow rates (RO2 ).
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concentration with increasing RO2 . However, a similar increase of the
hole concentration with increasing O content in p-type CuO films
was also reported in Ref. 32. Further investigation is required to
clearly understand this apparent contradiction in the effects of stoi-
chiometry on electrical properties in Cu4O3 thin films.

The resistivities of Cu4O3 thin films deposited at RO2 = 0.96 and
1.00 sccm, as functions of temperature in the range of 190–570 K are
shown in Figs. 5(a) and 5(b), respectively. In both cases, temperature
dependent p, μ, and ρ measurements for samples grown with
RO2 = 0.96 and 1.0 sccm in the range of 190–570 K are shown as
Arrhenius plots in Figs. 5(a) and 5(b), respectively. For both
samples, the resistivity increases with decreasing temperature. By the
Arrhenius model of resistivity, the conduction activation energy can
be obtained with the temperature dependence of resistivity,33

ρ ¼ ρ0 exp
�Ea
kBT

� �
, (1)

where Ea is the conduction activation energy and ρ is the resistivity
of the material. As is illustrated in Figs. 5(a) and 5(b), two conduc-
tion activation processes can be observed for the low (T < 400 K or
1000/T > 2.5) and high (T > 400 K or 1000/T < 2.5) temperature
regimes. Two activation energies can be extracted from Arrhenius
plots, and a conduction activation energy (Ea1) of ∼0.21 eV is found
at low temperature for both Cu4O3 thin films. This result is close
to the conduction activation energy determined for Cu2O
(0.20–0.24 eV) but higher than that for CuO (0.12–0.16 eV).34,35 It
is, however, significantly higher than the previously reported conduc-
tion activation energy 0.14 eV of Cu4O3 measured at a different tem-
perature range of 190–300 K.36 On the other hand, the conduction
activation energy (Ea2) at high temperature is different for the two
samples with different RO2 . The high temperature conduction activa-
tion energy Ea2 for samples grown with RO2 = 0.96 and 1.0 sccm are
0.29 eV and 0.43 eV, respectively. As seen in Fig. 5, the increase
of the conduction activation energy is predominantly associated
with an increase of the mobility in the high temperature range
(380–570 K). Interestingly, the hole concentration shows a similar
temperature dependence for both films with a single thermal activa-
tion energy of hole (Ea3) of 0.12 eV in the whole temperature range.
This can be taken as the ionization energy of acceptors in the mate-
rial. The thermal activation energy of hole (Ea3) is similar in both
the Cu4O3 thin films, which indicates that a similar acceptor is
expected to exist in these samples although RO2 during the deposi-
tion is different. Since Cu vacancy is believed to be the origin of the
acceptor in Cu-oxides,20,37,38 similar Cu vacancy may exist as accep-
tors in these films.

Optical absorption spectra of Cu4O3 and CuO thin films syn-
thesized at several RO2 are shown in Fig. 6. In Cu4O3 thin films, the
absorption coefficients showed a steep increase above the absorp-
tion edge, and it exceeds 104 cm−1 while CuO thin film showed
higher absorption coefficients than Cu4O3 having the bandgap

FIG. 5. Temperature dependence of resistivity, carrier concentration, and mobil-
ity of Cu4O3 thin films deposited on α-Al2O3 (0001) at (a) RO2 = 0.96 sccm and
(b) RO2 = 1.00 sccm.

FIG. 6. Optical absorption spectra of Cu4O3 and CuO thin films deposited on
α-Al2O3 (0001) at different O2 flow rates (RO2 ). The inset shows plots of (αhν)2

for the same samples as a function of photon energy.
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energy at around 1.5 eV accompanied with a sub-gap absorption,
which is similar to the previous report.23 Optical bandgap energy
of Cu4O3 obtained by different Tauc fits are shown in Table I, con-
sidering the spectral dependence of the absorption coefficient (α),
as there are still diverse viewpoints to the nature of the bandgap of
Cu4O3 materials,39,40 represented by the following equation:

α ¼ A
hν

(hν � Eg)
n, (2)

where Eg is the optical bandgap energy, A is the photon energy
independent constant, hν is the photon energy, and n depends on
the nature of the transition (n ¼ 1

2 for the direct allowed transition,
n ¼ 3

2 for the direct forbidden transition, and n ¼ 2 for the indirect
allowed transition).41–43

The large absorption coefficient of >104 cm−1 suggests that
Cu4O3 has a direct allowed transition gap. The inset of Fig. 6 shows
plots of (αhν)2 for the same samples as a function of photon energy.
For the Cu4O3 thin films synthesized at RO2 from 0.86 to 1.00 sccm,
the spectra show an optical bandgap of Eg = 1.52–1.62 eV, which lies
very close to the values reported for Cu4O3 considering a direct
allowed (1.47 and 1.59 eV39,44) model. Note that the bandgap does
not change significantly with RO2 . The results found in this investiga-
tion clearly demonstrate the high prospect of Cu4O3 as an absorber
compound for single junction photovoltaics because of the very high
absorption coefficients with the appropriate bandgap energy.

IV. CONCLUSIONS

We have carried out a systematic study of Cu4O3 thin films
deposited by reactive sputtering with different RO2 and determined
the growth conditions for single-phase Cu4O3 thin films. The struc-
tural, electrical, and optical properties of single-phase Cu4O3 as a
function of RO2 were measured. A very narrow parameter window
was determined for the growth of single-phase Cu4O3 thin films.
Oxygen partial pressure of almost 7.9%–9.1% was required to grow
pure Cu4O3 phase thin films. The lowest resistivity of the film
was 242Ω cm, and all the films show p-type conductivity. From
temperature dependent measurements, we found that the acceptor
ionization energy is ∼0.12 eV. From the optical absorption analyses,
Cu4O3 films demonstrated a high absorption coefficient with a
direct transition at Eg= 1.52–1.62 eV. These outcomes show that
Cu4O3 is an appealing material for photovoltaic and optoelectronic
devices.
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