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Indium-doped Cu2O thin films were fabricated on K9 glass substrates by direct current magnetron

co-sputtering in an atmosphere of Ar and O2. Metallic copper and indium disks were used as the

targets. X-ray diffraction showed that the diffraction peaks could only be indexed to simple cubic

Cu2O, with no other phases detected. Indium atoms exist as In3þ in Cu2O. Ultraviolet-visible spec-

troscopy showed that the transmittance of the samples was relatively high and that indium doping

increased the optical band gaps. The Hall effect measurement showed that the samples were n-type

semiconductors at room temperature. The Seebeck effect test showed that the films were n-type

semiconductors near or over room temperature (<400 K), changing to p-type at relatively high tem-

peratures. The conduction by the samples in the temperature range of the n-type was due to thermal

band conduction and the donor energy level was estimated to be 620.2–713.8 meV below the con-

duction band. The theoretical calculation showed that indium doping can raise the Fermi energy

level of Cu2O and, therefore, lead to n-type conduction. VC 2015 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4928527]

Cu2O is a direct band gap semiconductor, with a band

gap of 2.1 eV,1,2 which has the advantages of being abundant

on Earth, having a high absorption coefficient, a low cost, no

toxicity, and oxidation-resistance within certain tempera-

tures.2 Due to its properties, Cu2O can be applied to new types

of solar cells.2 Although the maximum conversion efficiency

of solar cells based on Cu2O is 20%,3 the actual conversion

efficiency is just below or around 5%.1 The efficiency of

ZnO/Cu2O solar cells, where the Cu2O films are synthesised

by radical oxidation and doped with nitrogen and p-type, is

0.02%, although nitrogen doping can improve the properties

of Cu2O.4,5 One reason for this is that undoped Cu2O is natu-

rally a p-type semiconductor, with copper vacancy being the

acceptor, and it is difficult to achieve n-type conduction of

Cu2O. Although there has been a report of n-type conduction

of undoped Cu2O prepared by electrochemical deposition, the

theoretical and experiment work6,7 shows that this n-type con-

duction is from the surface inversion layer formed by the

Cu2þ. In addition to the quantum size effect, which can lead

to n-type conduction by Cu2O,8 doping is an important

method used to change the conduction type. Theoretical work

shows that Cu2O doped with chlorine (Cl) leads to n-type con-

duction.9 Experimentally, the conduction type of Cl-doped

Cu2O relies on the fabrication method. Cl-doped Cu2O fabri-

cated by electrodeposition exhibits n-type conduction,10 while

Cl-doped Cu2O fabricated by thermal oxidation remains

p-type.11 As electrodeposition can easily lead to n-type

conduction by Cu2O, it is unclear whether the n-type conduc-

tion by Cl-doped Cu2O fabricated by electrodeposition is

from the inversion layer or from the Cl doping. Therefore,

doping Cu2O with other elements to achieve n-type conduc-

tion near room temperature is still necessary. Here, indium-

doped Cu2O thin films were prepared by direct current (DC)

magnetron co-sputtering, and their properties, including the

conduction type, etc., were studied and reported.

A multi-target DC sputtering system (JGP 450, SKY

Technology Development Corporation Limited, Chinese

Academy of Sciences) was used to deposit indium-doped

Cu2O. K9 glass was used as the substrate and was ultrasoni-

cated sequentially in acetone, ethanol, and deionised water,

with each wash lasting for 15 min. The dried substrates

were fixed above the targets in the sputtering chamber. The

targets were metallic copper disks (99.999%) and indium

disks (99.995%). After the sputtering chamber was pumped

to 6.0�10�4 Pa, O2 and Ar were fed into the chamber. The

chamber pressure was then kept at 2.0 Pa. The sputtering

power of the copper target was larger than that of the in-

dium target. The targets were sputtered for 5 min before

film deposition. During the 30 min film deposition, the sub-

strates had a temperature of 400 �C and a rotating speed of

0.46p (rad/s). The flow rate of O2 was always 1 standard

cubic centimetre per minute (sccm). The flow rate of Ar

and the sputtering voltage and current for the copper and in-

dium targets are listed in Table I.

The samples were characterised using X-ray diffraction

(XRD, D/max 2500 PC, 18 kW, Cu Ka radiation), energy

dispersive X-ray spectroscopy (EDX, Oxford Link ISIS),

a)Author to whom correspondence should be addressed. Electronic mail:

yefan@szu.edu.cn. Tel.: 86-755-2653 8886.
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and X-ray photoelectron spectroscopy (XPS, Physical

Electronics, PHI-5802 with a monochromatic Al Ka X-ray

source of 1486.6 eV and the C 1s was calibrated to be

284.6 eV). The Seebeck coefficients, S, of the samples were

measured using a Seebeck coefficient instrument. The entire

sample was first heated to a certain temperature and one side

(taken as the hot side) was then heated to 20 K above the

sample temperature. Another side, which was the same tem-

perature as the rest of the sample, was considered the cold

side. The hot and the cold sides were connected to the nega-

tive and positive electrodes of a voltmeter (Keithly 2400),

respectively. The Seebeck coefficients at this temperature

were obtained by DV=DT, where DV is the voltage between

the hot and cold side and DT is 20 K. The thickness, sheet re-

sistance, and transmission of the samples were measured

using a surface profiler (Veeco Dektak 3ST), a four Probe

instrument (SB100/2), and an ultraviolet-visible spectropho-

tometer (Perkin-Elmer, Lambda 900). The thickness meas-

urements are listed in Table I. The room temperature Hall

effect (Bio Rad, HL5500 PC) was conducted with the elec-

trodes in the van der Pauw configuration.

To understand the physical properties of indium-doped

Cu2O, the work functions of Cu2O and indium-doped Cu2O

were calculated. The calculations were performed within the

Vienna ab initio simulation package (VASP).12 The

electron-ion interaction was described by the projector aug-

mented wave (PAW) method.13 The plane-wave basis set

cut-off was 29.40 Ry and the Perdew-Burke-Ernzerhof

(PBE) general gradient approximation (GGA) was used.14 A

2 � 2 Cu2O cell, containing eight atomic layers, was used as

the surface slab for the calculation of the work functions. A

2.6 nm thick vacuum layer was used to eliminate longitudi-

nal interactions between the super cells.

The XRD patterns of all of the samples deposited on the

K9 glass are shown in Figure 1. EDX showed that the sam-

ples contained Cu, In, and O and that the atomic ratio of In

to the sum of In and Cu was around 4%–8%. All of the XRD

peaks were related to simple cubic Cu2O15 and no peaks

related to In2O3, CuO, In, or Cu, etc., were found. All of the

films had (111) as the preferred orientation, as the diffraction

intensity of (111) is much stronger than that of (200), in

agreement with the fabrication of Cu2O/CuO microspheres16

or the growth of Cu2O on ZnO.17 One weak diffraction peak

related to (220) of Cu2O was observed only in the sample de-

posited with Ar at a flow rate of 40 sccm. The lattice con-

stant, a, of the samples deposited with an Ar flow rate of 32

and 40 sccm was calculated to be 4.25 Å and that of the sam-

ples deposited with an Ar flow rate of 28 sccm was 4.27 Å,

based on the (111) diffraction and according to

a ¼
ffiffiffi

3
p

dhkl (1)

and

2dhkl sin h ¼ nk; (2)

where hkl is the miller index of the diffraction plane, dhkl is

the hkl lattice spacing, h is the angle between the incident

X-ray and the diffraction plane, k is the incident X-ray wave-

length, and n is the diffraction order. As the In3þ ion is larger

than Cuþ,18 the incorporation of In atoms into the lattice was

expected to result in a larger lattice constant. However, the

lattice constant of our samples was equal to or slightly

smaller than that of Cu2O (2.47 Å),15 possibly due to stress.

The samples were measured using XPS. The XPS survey

spectrum from 0 to 1400 eV showed that the samples con-

tained Cu, In, and O, in agreement with the EDX results. The

typical Cu 2p, In 3d, and O 1s spectra are shown in Figure 2.

The Cu 2p3/2 was located at 932.8 eV and there was no hump

between the two peaks. This was in agreement with that of

Cu2O19 and implies that the copper atoms exist as Cu1þ. The

In 3d5/2 was at 444.5 eV, implying that the indium atoms exist

as In3þ in the films.20 The O 1s spectrum could be deconvo-

luted into two peaks located at 530.3 eV and 532.1 eV. The

peak at 530.3 eV was in accordance with the data in the

TABLE I. The flow rate of Ar, the sputtering voltage and current of Cu tar-

get and In target, and the corresponding thickness of the films.

Ar (sccm) Cu (V�mA) In (V�mA) Thickness (nm)

40 350� 45 290� 29 95

32 350� 48 290� 29 108

28 350� 47 290� 35 133

FIG. 1. X-ray diffraction patterns of all the samples. The Ar flow rate was

labelled right above the corresponding curve.

FIG. 2. The XPS spectra of Cu 2p, In 3d, and O 1s of the samples.

083901-2 Cai et al. Appl. Phys. Lett. 107, 083901 (2015)



literature.20,21 The peak at 532.1 eV is likely from the C-O

bond21 or absorbed H2O.22 This result shows that the indium

atoms occupy the positions of Cu1þ and are substitutional in

Cu2O.

Figure 3 shows the transmittance of the samples with the

inset showing the Tauc plots. The samples had a relatively

high transmittance (over 57%) at 530–760 nm, with the trans-

mittance of our samples much better than Cu2O films fabri-

cated using the sol-gel method.23 The Tauc plots were

obtained by first calculating the absorption coefficient, a, and

then drawing the curve of ðahvÞ2 versus hv, where hv is the

incident photon energy. The absorption coefficient of the film

can be calculated from the transmittance, T, according to

a ¼ ð1=tÞ � lnð1=TÞ; (3)

where t is the thickness of the film24 and the relationship

between the absorption coefficient and the optical band gap

Eg is

ðahvÞm ¼ Aðhv� EgÞ; (4)

where A is a constant and m equals 2 for direct transition. By

extrapolating the linear region to intercept the ht axis, the

optical band gap, Eg, can be obtained. The optical band gaps

of the samples deposited with an Ar flow rate of 28, 32, and

40 sccm were 2.56, 2.51, and 2.47 eV, respectively, in agree-

ment with nitrogen-doped Cu2O.24 The optical band gaps of

indium-doped Cu2O were wider than those of undoped

Cu2O, possibly due to the alloying effect of In2O3 and Cu2O,

as indium atoms exist as In3þ in the film and the band gap of

In2O3 was wider than that of Cu2O.

The room temperature Hall effects showed that the

samples were n-type semiconductors. The n-type conduc-

tion did not change with time, despite the samples having

been stored in the atmosphere for months. The results,

including resistivity, mobility, and electron concentration,

are shown in Table II. The samples deposited with an Ar

flow rate of 32 sccm had the lowest resistivity and mobility,

but the largest electron concentration.

Figure 4 shows the dependence of the Seebeck coeffi-

cient on temperature for all of the samples. The Seebeck

coefficient increased with the increase in the test temperature,

in accordance with Cu2O powders25 or Cu2O crystals,26 but

in contrast to the data of Greenwood and Anderson. They

found that the Seebeck coefficient was almost temperature-

independent for temperatures below 625 K.27 The depend-

ence of the Seebeck coefficient on temperature means that

there were two species of current carriers, namely, electrons

and holes.28 Another important feature was that the Seebeck

coefficient changed its sign from negative to positive with the

increase in the test temperature. This implies that the samples

were n-type near or over room temperature (<400 K) and that

they changed to p-type with further increases in tempera-

ture.29 The n-type conduction near, or slightly over, room

temperature (Figure 4) agreed with the room temperature

Hall effect measurement, as listed in Table II. The depend-

ence of the conduction type on temperature and oxygen par-

tial pressure was observed previously. With the increase in

temperature, the conduction type of both SnS and Cu2O was

observed to change from p-type to n-type (the transition tem-

perature for SnS was around 380 �C and that for Cu2O was

600 �C).28 Over 1100 K, the conduction of cobalt- or

tungsten-doped Cu2O was found to be n-type at low oxygen

pressure and p-type at high oxygen partial pressure.30 The

conversion from p-type to n-type implies that electron con-

ductivity outweighs the effect of holes.28

The conductivity, r, was obtained using the Four Probe

equipment with

r ¼ I ln 2=ðpVtÞ; (5)

where I and V are the current and voltage obtained from the

Four Probe instrument, while t is the film thickness obtained

by the surface profiler. Figure 5 shows the relationship

FIG. 3. The transmission spectra of all the samples. The inset shows the

plots of (aht)2 versus ht for all the samples.

TABLE II. The resistivity, mobility, and carrier concentration of all the

samples.

Ar (sccm)

Resistivity

(X� cm)

Mobility

(cm2/(V�S))

Carrier

concentration (cm�3)

40 830.0 7.590 9.913� 1014

32 269.9 0.006 3.706� 1018

28 386.2 0.483 3.344� 1016

FIG. 4. The temperature dependence of the Seebeck coefficients of all the

samples.

083901-3 Cai et al. Appl. Phys. Lett. 107, 083901 (2015)



between the natural logarithm of conductivity (lnr) and

1000/T, where T is the absolute temperature. In the whole

test temperature range, the relationship between lnr and

1000/T was linear and the conductivity was therefore due to

band conduction. For the thermally activated band conduc-

tion in a semiconductor film, the dependence of the conduc-

tivity on the temperature T is

r ¼ r0 expð�Ea=kTÞ; (6)

where r0 is a constant, k is the Boltzmann’s constant, and Ea

is the activation energy.31 With this formula and the data in

Figure 5, the activation energy of the samples deposited with

an Ar flow rate of 28, 32, and 40 sccm was calculated to be

310.1, 334.7, and 356.9 meV, which is in the range of the

activation energy (0.1–1 eV) of Cu2O with a resistance of

103–1013 X cm.32 Assuming that the Fermi level was in the

middle of the energy gap between the donor energy level,

ED, and the minimum of the conduction band,33 the donor

energy level was then estimated to be twice that of the corre-

sponding activation energy and the donor energy level for

the samples deposited with an Ar flow rate of 28, 32, and 40

sccm was 620.2, 669.4, and 713.8 meV. According to the

effective mass approximation theory,34 the donor energy

level in Cu2O is

ED ¼ m�eE0=m0er
2; (7)

where m0 is the free electron mass, me
� is the effective elec-

tron mass (0.99 m0),35 er is the relative dielectric constant

(7.1),36 and E0 is 13.6 eV. The donor energy level in Cu2O is

then 0.27 eV, which is smaller than that obtained from the

conductivity data. It is possible that this difference results

from the indium doping.

To further understand the physical properties of

indium-doped Cu2O, the work function, Uw, of Cu2O and

indium-doped Cu2O was calculated. The work function was

calculated by

Uw ¼ U0e� EF; (8)

where U0 is the electrostatic potential of a vacuum level far

from the surface, e is the charge of an electron, and EF is the

energy of the Fermi level. The calculated results showed that

the work function of indium-doped Cu2O with atomic ratios

of In to Cu of 1/32, 2/32, and 4/32 was 4.74 eV, 4.66 eV, and

4.54 eV, respectively, while the work function of Cu2O was

4.80 eV.37 Indium doping reduced the work function and

raised the Fermi energy level and, the larger the doping con-

centration, the lower the work function. This indicates that

doping with In introduces electrons into Cu2O and changes it

to an n-type semiconductor.

In summary, DC magnetron co-sputtering was used to

deposit indium-doped Cu2O thin films on K9 glass in an

atmosphere of Ar and O2. Metallic Cu and In disks were

used as the targets. By selecting the appropriate sputtering

power and gas flow rates, phase pure indium-doped Cu2O

was obtained. The indium-doped Cu2O thin films had a rela-

tively high transmittance when the wavelength was over

530 nm, with widened optical band gaps. The room tempera-

ture Hall effect showed that all of the samples were n-type

semiconductors. The Seebeck effect indicated that indium-

doped Cu2O thin films showed n-type conduction near, or

slightly over, room temperature, changing to p-type conduc-

tion at relatively high temperatures. The conductivity

increased with the increase in the test temperature and the

conduction was due to thermal band conduction. The donor

energy level was estimated to be 620.2–713.8 meV below

the conduction band. Additionally, the theoretical calculation

showed that indium doping reduced the work function of

Cu2O, implying the upward movement of the Fermi level

towards the conduction band. Indium atoms are substitu-

tional in Cu2O and are possible donors for the n-type con-

duction of Cu2O.
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