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Abstract

A Cu2O thin film of cuprite crystal structure was fabricated via a decompo-

sition reaction of water vapor generated by ultrasonic vibration. The thin

film, which was grown on a soda-lime glass substrate at 530◦C, exhibited a

prominent (111) preferred orientation with an optical bandgap of about 2.1

eV and resistivity of 2.81 × 104 Ω · cm. Generation of H2 gas during the

reaction process contributed to suppressing the growth of impurity tenorite

phase. In a conventional process of thermal oxidation, the formation of the

cuprite phase was always accompanied by that of the tenorite phase due to

an excess oxygen exposure near the surface of the films.
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1. Introduction

A cuprous oxide, Cu2O, is an abundant and nontoxic p-type semicon-

ductor with a direct bandgap of Eg=2.172 eV at 0 K [1, 2]. Due to its

characteristic properties, it is known as a promising material for applications

to the hetero-junction devices such as diodes, photovoltaic cells, etc [3–9].

A pure cuprite phase of Cu2O was synthesized mainly by means of thermal

oxidation at a temperature higher than 1000◦C [10–15]. This is because a

monoclinic tenorite phase of cupric oxide, CuO, that has quite a different ma-

terial property is usually mixed in the cuprite phase of Cu2O when prepared

at oxidation temperatures lower than 1000◦C under atmospheric oxygen pres-

sure [15–17]. Owing to this issue, the application of Cu2O was limited to the

devices in which the use of high temperature fabrication process could be al-

lowed. In order to overcome this, it is necessary to develop a low temperature

synthesizing process so that the choice of counter material and the substrate

for fabrication of the hetero-junction device will become more flexible. To

date, various fabrication techniques to obtain a single phase cuprous oxide

at low temperatures such as sputtering, pulsed laser deposition, etc. were

reported [18–23]. However, achieving a reproducible pure cuprite phase of

Cu2O was still a challenge. Here, in this paper, we report a technique to pre-

pare a pure cuprite phase of Cu2O thin film on a soda-lime glass substrate at

temperatures lower than 600◦C. In this technique, thin films with the pure

cuprite phase were achieved in a reproducible manner just by controlling the

decomposing temperature of ultrasonically generated water vapor.

2



2. Experimental details

A thin film of Cu precursor was deposited on a soda-lime glass (SLG)

substrate by vacuum evaporation of Cu metal (99.999% purity). Deionized

water was used as an oxidation agent and its vapor was generated by the

ultrasonic vibration of 2.4 MHz. The generated vapor was transported to a

heated precursor located in a reaction chamber by means of N2 carrier gas.

The flow rate of water vapor was adjusted at 1 L/min. The oxidation of

Cu or the decomposing reaction of water vapor was carried out in our origi-

nal ultrasonic spray pyrolysis system. In this system, an infrared-gold-image

furnace (ULVAC, E-25) was used, where the samples to be oxidized were

placed inside a graphite susceptor for heating. The structural detail of the

system was described in our previous report [24]. Before and after oxida-

tion processes, a pre-evacuation and post-evacuation of the reaction cham-

ber were carried out in order to purge unintended oxygen contamination of

the ambient during the heating and cooling periods. An X-ray diffractome-

try (XRD, Rigaku, RINT-2200V/PCSV, Cu Kα ray; λ = 1.5418 Å with a

Bragg-Brentano θ−2θ geometry at 40 kV, 30 mA) was used for identification

of the crystalline properties of the films. For evaluating the surface morphol-

ogy of the films, a field emission scanning electron microscope (FE-SEM,

Hitachi, S-4100) was used. A four-probe method (Kyowa Riken, K89PS, Pt

coated tungsten carbide probes with 1 mm gap) was applied for measur-

ing the resistivity of the samples in rectangular shape of 15 × 10 mm2 in

size. A heat-probe method was used to determine the conductivity type of

the films. A spectrophotometer (Shimadzu UV-3100) was used to measure

the transmittance and the optical bandgap of the films. An X-ray photo-
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electron spectroscope (XPS, Surface Science Instruments, S-probe 7339, Al

Kα1486.6 eV source with a hemispherical energy analyzer) was used to eval-

uate the composition and depth profiling of the samples. During the depth

profiling measurements, sputtering of the samples was carried out by an Ar+

ion sputter gun (Leybold-Heraeus 867-918) operated at the beam energy of

2 keV and beam current of 8 µA. Calibration of the binding energy scale

was performed by referencing the values of Au 4f7/2 and Cu 2p3/2 spectra

measured under the same condition. The Raman spectra were collected on

a laser Raman spectrometer (RENISHAW, inVia Reflex 785S, an excitation

source of λ = 532 nm, 450 mW, and a 1800 line mm−1 grating).

3. Results and Discussion

The XRD patterns of samples oxidized by water vapor at various temper-

atures are shown in Fig. 1(a) to 1(e). The decomposition reaction of water

was carried out for 30 min to obtain each oxidized film. It was found that the

intensity of an XRD reflection peak due to the (111) crystal plane of cuprite

Cu2O becomes stronger as the reaction temperature is elevated from 450 to

530◦C. On the contrary the intensity of a (111) reflection peak due to cubic

copper is decreased as the oxidation of the copper precursor layer proceeds

and vanished completely at 530◦C. The results indicate that the rate of ox-

idation was much faster at the reaction temperature of 530◦C than that of

450◦C. At 530◦C, only diffraction peaks due to the cuprite phase of Cu2O

thin film but no peaks belong to the cubic copper of precursor and tenorite

phase of CuO were obtained as shown in Fig. 1(c). The film exhibited a

strong diffraction peak due to the (111) plane of the cuprite phase. The
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diffraction peak due to the (200) plane of the cuprite phase is also observed

in a moderate intensity. This suggested that the Cu metal precursor was

completely oxidized to form a pure cuprite film, which was strongly oriented

with the (111) plane parallel to the substrate. In the samples prepared at

higher temperatures such as 550◦C and 580◦, the intensity of the (111) peak

due to the Cu2O phase appeared weaker than that of 530◦C, while the peak

of (111) plane of Cu metal precursor was still remained and its intensity was

stronger at higher reaction temperatures above 530◦C. From these results,

it may be considered that the higher the temperature was, the slower the

oxidation rate. The reason for the slow oxidation rate could be related to the

existence of reduction reaction of Cu2O phase into the Cu metal under the

ambient containing activated hydrogen generated from decomposed water

vapor at higher temperatures. In Fig. 2, the XRD patterns of the samples

prepared at 530◦C for various reaction periods are shown. The formation

of Cu2O phase was confirmed in all the samples. A pure cuprite phase was

achieved in the samples prepared at the reaction period of 30 and 45 min

as shown in Fig. 2(b) and 2(c). The crystalline quality was better for the

sample with shorter reaction period of 30 min. In the sample oxidized for

15 min, peaks due to the Cu metal of the precursor was still remained as

shown in Fig. 2(a), implying that the reaction period was not enough. In

the case of the sample prepared at the longest reaction period of 60 min, the

diffraction peak due to the (111) plane of Cu metal was detected again in

addition to that of the Cu2O phase. This result suggested that the complete

oxidation of a Cu metal precursor to form a pure Cu2O film is observed be-

tween 30 and 45 min of reaction, and beyond that period the reduction of
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the Cu2O phase back into the Cu metal is taken place. This reduction phe-

nomenon was similar to the cases prepared at 550◦C and higher as discussed

above. The formation of the tenorite phase of CuO was not observed under

any preparation conditions pertaining to this technique. This is an astonish-

ing result, since an excess amount of oxygen was supplied from water vapor

and the process in this experiment was operated under the condition that

might favor the formation of the CuO phase rather than the Cu2O if one

takes into account of the pressure vs temperature phase stability diagram of

Cu-Cu2O-CuO system reported in the literatures [8, 11, 14, 15, 17].

The surface morphology and the cross-sectional images of the sample

prepared at 530◦C for 30 min are shown in Fig. 3(a) and 3(b). It was found

that the crystal grains in the form of an equilateral triangular pyramid with

a flat top were arranged in various orientations over the whole surface of the

continuous Cu2O thin film. From this structural appearance, it is reasonable

to assume that each pyramidal structure corresponds to a single crystal grain

of the cubic crystal of cuprite phase. The dimensions of these single crystal

grains were varied between 300 and 1000 nm. It was observed that most of the

pyramidal grains are oriented with the (111) crystallographic planes of the

equilateral triangle shape parallel to the surface of the film. The geometry of

the equilateral triangular planes perpendicular to the [111] axis of the cubic

cuprite lattice is depicted in Fig. 3(c). This microscopic observation was in

good agreement with the result of XRD pattern of Fig. 1(c): the strong (111)

peak is due to reflection from the (111) faces of the equilateral triangular

shape of the Cu2O phase as shown in Fig. 3(c). The lattice constants of the

cubic crystal evaluated from the XRD data of this sample are estimated as
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a = b = c = 4.27 Å, in good agreement with previous data [2]. The thickness

of the Cu2O film obtained after the oxidation process was about 400 nm

which is nearly two times as thick as that of the Cu precursor. The film

showed a p-type conductivity with resistivity of 2.81× 104Ω · cm, which is in

the same order to the reported value for pure Cu2O phase [25]. Its optical

bandgap was estimated to be about 2.1 eV by the (αhν)2vs hν plot as shown

in Fig. 3(d). It was revealed by XPS analysis that the film had almost the

same stoichiometric composition as the Cu2O phase, i.e., Cu=66.5 at.% and

O=33.5 at.%. The detail structure of O 1s and Cu 2p spectra are shown

in Fig. 4(a) to 4(c). It was clarified that the composition of the sample was

homogenous throughout the entire depth of the film. We have confirmed that

the sample consists of a pure cuprite phase because there is neither chemical

shift nor structural difference of the O 1s peak at 530.4 eV and the Cu 2p3/2

peak at 932.4 eV due to the impurity phases such as CuO and Cu(OH)2

in the whole film [2, 26]. A broad shoulder around 532.4 eV of the O 1s

spectrum, which could be assigned as the Si-O bond of the SLG substrate,

was observed at the back side of the film. The unusual spectrum shape

detected at the surface (sputtering time: 0 min) of the film was due to the

surface contamination. In Fig. 5(a), a Raman spectrum of the sample, which

exhibited only the Cu2O phase by the XRD and XPS analysis, is shown. It is

clear that the Raman shifts appear around 110, 148, 218, 416, and 634 cm−1

are due to the Cu2O phase alone [27, 28]. This result also gives a strong

evident of the formation of a pure Cu2O phase.

2Cu(s) + H2O(vapor) ⇋ Cu2O(s) + H2(g) (1)
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4Cu(s) + O2(g) → 2Cu2O(s) (2)

2Cu2O(s) + O2(g) ⇄ 4CuO(s) (3)

To clarify the growth phenomenon observed in this experiment, the fun-

damental reactions responsible for this process are suggested in equations

(1) to (3). The main reaction may include equilibrium between oxidation of

the Cu metal by H2O and reduction of the Cu2O by H2 decomposed from

the vapor as shown in Eqn. (1). In this equilibrium, temperature is a ma-

jor factor to determine which reaction is more favorable. Normally, when

heated water vapor and Cu metal encounter at relatively low temperatures,

a chemical reaction from the left to the right hand side of Eqn. (1) could be

prominent at the surface of precursor to form a Cu2O film. In this reaction,

the oxygen decomposed from water will be consumed, while the remaining

hydrogen gas will be released as a byproduct. The oxidation reaction of Cu

with O2, which results in the formation of the Cu2O phase, may be simply

expressed by Eqn. (2). If there were excess oxygen gas, further reaction of

Cu2O phase with O2 as described in Eqn. (3) proceeding from the left to

the right hand side might have continued so that the formation of a CuO

phase takes place at its surface. After the reaction that generates H2 gas, a

well-known strong reduction agent, the reduction reaction as shown in Eqn.

(1) proceeding from the right to the left hand side might also take place

in addition to the oxidation reaction until equilibrium is established at the

corresponding temperature. In the experimental results discussed above, the

high yield of the Cu2O phase at 530◦C can be best explained by the forward

reaction of Eqn. (1). The reaction path expressed in Eqn. (3) is considered
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ineffective because the formation of the CuO phase was not observed under

any conditions. The growth of the CuO phase is possibly suppressed by the

presence of the hydrogen gas. The experimental finding that there is indeed

a reduction reaction between Cu2O and H2 was reported in the reference [29].

In addition to the reduction reaction, the dissociation of CuO phase as shown

in the Eqn. (3) proceeding from the right to the left hand side might also

be prominent at temperatures higher than 530◦C so that the oxidation rate

was relatively slow [16, 30]. As a consequence, further oxidation of cuprous

oxide could be prevented by the presence of a reducing agent in the ambi-

ent, resulting in the growth of pure cuprite thin films. If the temperature

of oxidation of the Cu or the decomposition of the water vapor is carefully

adjusted in order to achieve a high yield in the generation of H2 gas, this

fabrication method could also be applied for extracting a valuable H2 gas as

a byproduct at relatively low temperature.

For comparison, the conventional thermal oxidation of a Cu precursor

was carried out by using a gas mixture of 98% Ar and 2% O2. The O2

partial pressure of the ambient was maintained at 16 Pa and the reaction

period was set to 60 min in this experiment. This condition was considered

to be in a pressure range where the formation of the CuO phase is prevalent

[8, 11, 14, 15, 17]. The XRD patterns of samples prepared at the temperatures

between 350 and 500◦C are shown in Fig. 6(a) to 6(d). It is evident from the

result that the (111) peak of Cu2O phase was increased but that of the Cu

precursor was reduced when the reaction temperature was raised from 350

to 450◦C. No CuO phase was detected but the Cu metal was still remained

in these samples. This tendency was similar to the case of oxidation process
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using water vapor at the same 450◦C discussed above, although the oxidation

rate was relatively slower. However, for the sample prepared at 500◦C, a CuO

phase was detected in addition to the Cu2O phase as shown in Fig. 6(d).

Both (111) peaks of Cu and Cu2O in the sample shown in Fig. 6(d) were

still remained but weaker in intensity compared to that of the sample shown

in Fig. 6(c). Therefore, it is considered that further oxidation of the Cu2O

phase into the CuO phase as shown in Eqn. (3) proceeding from the left to

the right hand side was now more favorable than the oxidation of Cu shown

in the Eqn. (2). In other words, the formation of CuO phase is predominant

to the formation of Cu2O phase during the later period of reaction in this

conventional thermal oxidation process. In a clear contrast to the case where

water vapor was used at 500◦C, the conventional thermal oxidation at the

same temperature resulted in the formation of both CuO and Cu2O phases

[see Fig. 1(b) and Fig. 6(d)]. Because there was no reduction agent such as H2

in the conventional thermal oxidation, further oxidation of Cu2O phase into

CuO phase could exist near the surface and the formation of the CuO phase

was unavoidable even there was an excess Cu metal remained underneath.

Another experiment of thermal oxidation of Cu precursors (200 nm in

thickness) was carried out at 450◦C under O2 partial pressure of 2.66 Pa for

various reaction periods to investigate the formation timing of CuO phase

during the oxidation reaction. The XRD intensities of the (111) peaks of Cu,

Cu2O, and CuO are shown in Fig. 7 as a function of reaction period. It was

observed that when the reaction period increased, the intensity of (111) peak

of Cu was decreased and finally diminished at the reaction period of 67 min.

The intensity of (111) peak of Cu2O phase was increased initially and then
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was decreased after 65 min accompanied by the formation of CuO phase. The

diffraction peak of CuO kept increasing even beyond the period when the Cu

metal precursor was completely oxidized and the peak of the Cu2O phase was

decreasing. These results suggested that the formation of the Cu2O phase

is a predominant reaction over that of the CuO formation during the initial

period, and then after 65 min of the reaction period, the CuO formation

process over taken that of the Cu2O phase formation, although Cu metal

was still remained underneath. In other words, transformation of the Cu2O

phase into the CuO phase becomes a major reaction after the growth of

a moderate thickness of Cu2O phase near the surface. When the thermal

oxidation for various reaction periods was carried out at the temperatures

lower than 450◦C, similar tendency for the formation of CuO phase at the late

reaction period was also observed but the growth rate was much slower. The

XPS depth profile of the sample, which has both the Cu2O and CuO phases,

is shown in Fig. 4(d) to 4(f). The O 1s spectrum obtained near the surface

exhibited the chemical shift toward low binding energy side in reference to

the inner region of the film. In contrast, the Cu 2p3/2 spectrum showed an

opposite shift and the peak width was relatively broad. The changes in the

structure of the multiple satellite peaks located between the Cu 2p1/2 (952.2

eV) and Cu 2p3/2 (932.4 eV) peaks were also obvious. It was reported that

these multiple satellite peaks of the cuprite phase exhibit different structure

from those of the tenorite phase [2]. The peaks at 946.5 eV and 943.8 eV are

usually detected in the cuprite phase and the peaks at 943.8 eV and 941.0

eV are attributed to the tenorite phase. In Fig. 4(f), the peaks at 943.8 eV

and 941.0 eV were strong near the surface and were weak at the bottom side.
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These results indicate that the tenorite crystal phase, which is transformed

from the cuprite phase by the forward reaction as shown in Eqn. (3), is

localized near the surface of the film but the intact cuprite phase remains

underneath the film. The existence of CuO phase was also confirmed by the

Raman spectrum as shown in Fig. 5(b). The Raman shifts around 297, 345,

and 629 cm−1 due to the CuO phase, which is not detected in the samples

prepared by utilizing water vapor, are clearly observed along with the peaks

due to the Cu2O phase as shown in Fig. 5(a) [31]. This is also consistent

with the results of XRD and XPS analysis discussed above.

4. Conclusions

A thin film consisting of pure cuprite phase of Cu2O was fabricated on

a soda-lime glass substrate at relatively low temperature of 530◦C by the

reaction of a copper metal precursor with water vapor produced via ultrasonic

vibration. The thin film showed p-type conduction with an optical bandgap

of about 2.1 eV and resistivity of 2.81×104 Ω·cm. By using water vapor as an

oxidation agent, the generation of H2 gas during the oxidation reaction could

contribute to suppressing the formation of the impurity tenorite phase of

CuO so that a pure cuprite thin film of Cu2O was grown at the temperatures

lower than 600◦C. The effect of reduction reaction was obvious at the high

reaction temperatures as well as at a later stage of film growth. In the case

of conventional thermal oxidation, the formation of the impurity tenorite

phase near the surface of the film was unavoidable under the excess oxygen

ambient.
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Figure 1: The XRD patterns of the samples prepared at (a) 450◦C, (b) 500◦C, (c) 530◦C,

(d) 550◦C, and (e) 580◦C by water vapor.
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Figure 2: The XRD patterns of the samples prepared at 530◦C for various reaction periods

of (a) 15 min, (b) 30 min, (c) 45 min, and (d) 60 min by water vapor.
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Figure 3: (a) SEM image of the surface morphology of the cuprite thin film prepared at

530◦C for 30 min by ultrasonically generated water vapor, (b) the corresponding cross-

sectional image of (a), (c) a unit lattice of the cubic crystal showing the geometry of the

equilateral triangle planes perpendicular to the [111] axis of cuprite crystal phase, and (d)

estimation of the optical bandgap of the samples prepared at 530◦C for 30 min and 45

min.
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Figure 4: XPS spectra of (a) O 1s, (b) Cu 2p3/2, (c) Cu 2p measured from the sample

which has pure cuprite phase (left column), and the right column shows the XPS spectra

of (d) O 1s, (e) Cu 2p3/2, (f) Cu 2p detected from the sample which has both cuprite and

tenorite phases. All the spectra are normalized to the corresponding peak height.
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Figure 5: Raman spectra of (a) the sample which has a pure cuprite phase and (b) the

sample which has both the cuprite and tenorite phases measured at room temperature.

All the spectra are normalized to the corresponding peak height.
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Figure 6: The XRD patterns of the samples prepared at (a) 350◦C, (b) 400◦C, (c) 450◦C,

and (d) 500◦C by a gas mixture of Ar+O2.

21



Figure 7: The transformation of XRD intensities of the (111) peaks of Cu, Cu2O, and

CuO phases versus the reaction periods of the samples prepared by thermal oxidation at

450◦C under O2 partial pressure of 2.66 Pa.
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