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Transparent conductive CuGaO2 oxide films were prepared on sapphire substrates by the sol-gel

method. The highly c-axis orientation and optical transparency (60%-80%) in the visible region

were obtained. It indicates that the A1g phonon mode shifts about 20 cm�1 with the temperature

due to the thermal expansion of the lattice and anharmonic phonon coupling. Moreover,

temperature-dependent dielectric function has been investigated and three electronic transitions

located at about 1.05, 2.67, and 3.99 eV can be uniquely assigned. It was found that the optical

band gap of the CuGaO2 film decreases with the temperature, which mainly originated from the

electron-phonon interactions. VC 2011 American Institute of Physics. [doi:10.1063/1.3641477]

Transparent conductive oxides (TCOs) have been

attracted much attention because of their functional combi-

nation of transparency and electrical conductivity.1–4 And

the interest of delafossite family as stable p-type wide band

transparent semiconductors has been increased since p-type

CuAlO2 films have been fabricated.5 The delafossite struc-

ture CuMO2 (M¼Al, Ga, and In) can be visualized as con-

sisting of two alternate layers: a planar layer of Cu cation in

a triangular pattern and a layer of edge-sharing MO6 octahe-

dra flattened with respect to the c-axis.5,6 Although most

delafossite films have been prepared by vacuum based

technologies,7–10 there are only a few reports on the sol-gel

synthesis of p-type CuGaO2 films. This is because the prepa-

ration of CuGaO2 film is more difficult than that of CuAlO2

film due to evaluation of thermodynamic and kinetic stabil-

ities.11 Note that the diverse optical band gap (OBG) of

CuGaO2 films at room temperature (RT) has been reported

by different groups.7,12,13 Nevertheless, the intrinsic mecha-

nisms of the optical response and its temperature evolution

have not been addressed up to now. Moreover, the nature of

the indirect and direct band gap in CuGaO2 materials is still

not well understood.14 In this letter, the microstructure, pho-

non modes, and electronic band structures of CuGaO2 epi-

taxial films at different temperature ranges have been

systematically discussed.

Gallium nitrate hydrate [Ga(NO3)3 � 5.97H2O, 99.9%,

1.4552 g] was dissolved in anhydrous ethanol (C2H6O,

99.7%, 20 ml) with magnetic stirring. After the solution was

stable and became transparent and homogeneous, copper (II)

acetate hydrate [Cu(AcO)2 � H2O, 99%, 0.7985 g] was added

into the solution. Stirring was continuous until copper acetate

was completely dissolved. Then a little of ethanolamine

(C2H7NO, 99%) as additive was added into the mixed solu-

tion. The cleaned precursors were spin-coated onto (001)

sapphire substrates at a speed of 4000 rpm for 20 s. The de-

posited films were preheated at 300 �C for 5 min in air to

evaporate the solvent and remove organic residues in a rapid

thermal processing. Finally, the films were annealed at

900 �C for 30 min in N2 with a flow of 2.5 l/min.

The crystallization, surface morphology, and cross-

section microstructure of the CuGaO2 film were character-

ized using x-ray diffraction (XRD, D/MAX-2550 V, Rigaku

Co.), atomic force microscopy (AFM, Digital Instruments

Dimension 3100, Veeco), and scanning electron microscope

(SEM, S-3000N, Philips XL30FEG). Raman scattering

experiments were carried out by a micro-Raman spectrome-

ter (Jobin-Yvon LabRAM HR 800 UV) at 85-873 K and the

325 nm laser line was applied as the exciting source. The

temperature-dependent transmittance spectra were recorded

by a double beam ultraviolet-infrared spectrophotometer

(PerkinElmer UV/VIS Lambda 950) at the photon energy of

2650-190 nm (0.5-6.5 eV). The sample was mounted on a

cold stage of an optical cryostat (Janis SHI-4-1) and capable

of cooling from 300 to 8 K.

Fig. 1(a) shows the XRD pattern of the CuGaO2 film

and no impurity phase is observed. As can be seen, the

appearance of only (00l) diffraction peaks indicates that the

film is preferentially oriented along the c-axis perpendicular

to the substrate surface. The full width at half-maximum

(FWHM) of the (006) peak is about 0.198�, suggesting good

crystallinity of the film. From the FWHM of the (006) peak,

the crystallite size of the samples is 48.2 nm estimated by

the Scherrer formula [D¼ 0.9k/(b cos h)]. Moreover, the lat-

tice parameters a¼ 2.931 Å and c¼ 17.151 Å were deter-

mined for the epitaxial CuGaO2 film, which are slightly less

than those (a¼ 2.977 Å and c¼ 17.171 Å) of bulk ceramic.6

It should be noted that the (001) sapphire substrate induced

the c-axis orientation CuGaO2 film. It may be due to the het-

eroepitaxial relationship ð001ÞCuGaO2
kð001ÞAl2O3

between the

CuGaO2 film and sapphire substrate, because both CuGaO2

and sapphire have closest-packed layers of oxygen ions ori-

entated perpendicular to the c-axis.7 Fig. 1(b) shows each

grain of the CuGaO2 film is closely packed and the root-

mean-square roughness of the surface is 4.78 nm, which is

approximately 2.39% of the film thickness. From the cross-

sectional structure of the CuGaO2 film [Fig. 1(c)], the thick-

ness is estimated to be about 200 nm.

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

zghu@ee.ecnu.edu.cn. Tel.: þ86-21-54345150. FAX: þ86-21-54345119.
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Fig. 2(a) shows Raman spectra of the CuGaO2 film.

According to group theory, a general mode at the Brillouin

zone center as C¼A1gþEgþ 3A2uþ 3Eu, out of which A1g

and Eg symmetry are Raman active.6,15,16 The phonon charac-

teristics of the CuGaO2 film became weaker and broader with

increasing the temperature. The A1g phonon mode disappears

abruptly and the Raman spectra almost present a straight line

at 873 K. It can be inferred that the transition above 823 K is

associated with the lattice relaxation along the c-axis and

results in the structural phase transition. In order to account

for the frequencies of the A1g phonon mode at different tem-

peratures, the damped harmonic oscillator model was used to

fit the A1g Raman profile. The results of the frequency shift

and linewidth with the temperature are presented in Figs. 2(b)

and 2(c), respectively. A continuous decrease in the A1g peak

frequency with the temperature was clearly seen, which can

be explained by the perturbation model. The model can be

written as x(T)¼x0þDx1(T)þDx2(T), where x0 is the

intrinsic harmonic frequency of the optical mode, Dx1(T) is

the thermal-expansion contribution to the frequency, and

Dx2(T) is the contribution due to cubic, quadratic, and higher

order anharmonic coupling of phonons. The lattice expansion

can be explained by the following equation: Dx1ðTÞ
¼ x0½exp½�c

Ð T
0
½acðTÞ þ 2aaðTÞ�dT� � 1�, the Grüneisen pa-

rameter of the A1g phonon mode in the CuGaO2 film with

c¼ 1.3, aa and ac are the linear coefficients of thermal expan-

sion corresponding to the a and c axes with aa¼ 11.0� 10�6,

ac¼ 4.1� 10�6.6,15,17 The term related to anharmonic optical

phonon coupling can be written as Dx2ðTÞ ¼ A 1þ 2
ex�1

� �

þB 1þ 3
ey�1
þ 3

ðey�1Þ2
h i

. The temperature dependent linewidth

can be written as C(T)¼C0þC2, C2 ¼ C 1þ 2
ex�1

� �

þD 1þ 3
ey�1
þ 3

ðey�1Þ2
h i

. Note that the first term corresponds to

three phonon process (two phonon decaying), and the second

term corresponds to four phonon process (three phonon decay-

ing).16,18 The best-fit values of anharmonic constants for the

A1g phonon mode in the CuGaO2 film are x0 ¼ 749.6 cm�1,

A¼ 9.95� 10�12 cm�1, B¼�1.15� 10�23 cm�1, C¼ 16.8

cm�1, C¼ 5.13� 10�11 cm�1, D¼�8.2� 10�24 cm�1, respec-

tively. It suggests that the frequency shift and linewidth for

the A1g phonon mode can be mainly due to the thermal expan-

sion of the lattice and the three phonon anharmonic coupling

process.

An enlarged spectral region near the absorption edge

(3.5-3.8 eV) is plotted in Fig. 3(a). The absorption edge

shows a blueshift trend with decreasing the temperature, and

the CuGaO2 material has a negative temperature coefficient.

As shown in Fig. 3(b), the CuGaO2 film is transparent, hav-

ing an optical transmittance of 60%-80% in the whole visible

range. A three-phase layered structure (air/film/substrate) is

applied to simulate the transmittance spectra of the CuGaO2

film. The optical response of the CuGaO2 film can be

expressed using three Tauc-Lorentz (TL) oscillator func-

tion.19 For example, the TL parameter values of the CuGaO2

film at 8, 150, and 300 K is listed in Table I. As can be seen,

three optical transition peaks at RT are located at 1.05, 2.67,

and 3.99 eV, respectively. With regards to the valence band,

at the C-point, the Cu 3d states form the top of the valence

band; Cu 3d(z2) states strongly mix with O 2pz states giving

rise to two bonding states deep in the valence band and one

antibonding state which is the lowest conduction band at C.

In lower symmetry directions, Cu 3d bands strongly mix

with O 2pxy states and they disperse upwards, due to p-d
repulsion, attaining a maximum at the L- or F-points.12,13,20

Based on the theoretical calculations and experimental

observations, the TL(j¼1,2,3) oscillators can be uniquely

assigned to the following electronic transitions: (1) the indi-

rect fundamental band transition between the valence band

maximum on the C-F line near F of the rhombohedral Bril-

louin zone and the conduction band minimum at C, (2) the

direct band transition at C of the rhombohedral Brillouin

zone, and (3) the direct band transition at F (L) with charge

densities in the interstitial region, respectively. Note that the

transition peaks shift towards the higher energy side with

decreasing the temperature. This is because the electronic or-

bital hybridization, band splitting, and atom interaction can

be strongly affected by the temperature, which results in the

modification of electronic band structures. In addition, the

phenomena are also related to the electron-phonon interac-

tion and the lattice thermal expansion with the temperature.

FIG. 1. (Color online) (a) The XRD pattern of the CuGaO2 film on the c-

plane sapphire substrate, and the inset shows the FWHM of the (006) dif-

fraction peak, (b) AFM surface morphology, and (c) cross-sectional SEM

image of the CuGaO2 film.

FIG. 2. (Color online) (a) Raman spectra of the CuGaO2 film recorded at

different temperatures from 85 to 873 K. Note that the label “*” indicates

the substrate’s phonon modes. The temperature dependent of (b) frequency

and (c) FWHM of the experimental data (dot lines) and the corresponding

theoretical fitting (solid lines) for the A1g phonon mode.

131104-2 Han et al. Appl. Phys. Lett. 99, 131104 (2011)
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Interestingly, the direct transitions from the TL2 and TL3

oscillators are more striking compared with the indirect tran-

sition, which result in the fact that the CuGaO2 film is trans-

parent in the visible region.

The evaluated dielectric function ~e ¼ e1 þ ie2 of the

CuGaO2 film at 8 and 300 K is shown in Fig. 3(c). The maxi-

mum position of dielectric function has a redshift trend with

increasing the temperature. Fig. 3(d) shows the temperature

dependence of the OBG energy for the CuGaO2 film. The

direct transitions are the dominant effect here, which is con-

sistent with the experimental results. The power law behav-

ior of Tauc ðaEÞ2 / ðE� Edir
OBGÞ is for allowed direct

transition and Edir
OBG is the OBG.21,22 From Fig. 3(d), it can

be found that the Edir
OBG value decreases from 3.815 to 3.735

eV, corresponding to increase in the temperature from 8 to

300 K. Generally, the temperature dependence of the Edir
OBG

parameter can be described using the Bose-Einstein model,

in which the carrier-phonon coupling is taken into account and

can be written as EOBG(T)¼EOBG(0)� 2aB/[exp (HB/T)� 1].23

The EOBG(0) value is estimated to be about 3.815 eV, the

parameters aB and HB are 68.9 meV and 296.2 K, respectively.

It is widely recognized that the electron-phonon interaction

and lattice thermal expansion are responsible for the OBG

shrinkage with the temperature. In particular, the electron-

phonon interaction, which includes the contributions from both

acoustic as well as optical phonons, is usually the dominating

one. With increasing the temperature, the longitudinal phonons

change the interatomic distance along the direction of their

propagation and the transversal modes were perpendicular to

their propagation.21,24 Therefore, the variation in the lattice

constant, due to the dilatation of lattice and the shortening of

interatomic distances, can result in the modification of elec-

tronic band structure, which further move the conduction band

downward and the valence band upward.

In summary, we prepared (00l) preferred orientation and

well crystallized CuGaO2 films by the sol-gel method. The

microstructure, phonon modes, and electronic band struc-

tures at different temperature ranges have been investigated.
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nández, D. Kim, M. S. Lee, and T. Y. Kim, Phys. Status Solidi B 244, 309

(2007).
21W. W. Li, J. J. Zhu, J. D. Wu, J. Gan, Z. G. Hu, M. Zhu, and J. H. Chu,

Appl. Phys. Lett. 97, 121102 (2010).
22Z. G. Hu, Y. W. Li, J. D. Wu, J. Sun, Q. W. Shu, X. X. Zhong, Z. Q. Zhu,

and J. H. Chu, Appl. Phys. Lett. 93, 181910 (2008).
23M. Beaudoin, A. J. G. DeVries, S. R. Johnson, H. Laman, and T. Tiedje,

Appl. Phys. Lett. 70, 3540 (1997).
24S. Biernacki, U. Scherz, and B. K. Meyer, Phys. Rev. B 49, 4501 (1994).

FIG. 3. (Color online) (a) Transmittance spectra of the CuGaO2 film with

different temperature, (b) the experimental (dotted curves) and fitting (solid

curves) transmittance spectra at 8 and 300 K, (c) real (e1) and imaginary (e2)

parts of the dielectric constants of the CuGaO2 film at 8 and 300 K, and (d)

the temperature dependence of the OBG (dot curve) and Bose-Einstein

model fitting result (solid curve).

TABLE I. The Tauc-Lorentz parameter values of the CuGaO2 film are

determined from the simulation of transmittance spectra at 8, 150, 300K.

Note that Aj, Epj, Cj, and Eoj are the amplitude, peak position energy, broad-

ening term, and Tauc gap energy of the oscillator, respectively.

Temperature (K) e1 Oscillator (TLj) Aj (eV) Epj (eV) Cj (eV) Eoj (eV)

8 3.32 j¼ 1 3.33 1.16 1.20 0.94

j¼ 2 9.48 2.71 1.50 2.12

j¼ 3 103 4.13 1.09 3.14

150 3.28 j¼ 1 3.40 1.13 1.19 0.93

j¼ 2 9.26 2.70 1.56 2.10

j¼ 3 111 4.08 1.08 3.14

300 3.30 j¼ 1 3.27 1.05 1.16 0.88

j¼ 2 8.89 2.67 2.02 1.98

j¼ 3 112 3.99 1.14 3.13
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