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High-quality c-axis oriented delafossite-type CuCrO, films were successfully prepared by a simple sol-gel
method. The microstructure, optical properties as well as room temperature resistivity were studied. It
was found that the grain sizes of CuCrO, films pretreated with different temperatures are different; the
films were smooth and consisted of fine particles. The maximal transmittance of CuCrO, films can reach

70% in the visible region. Optical transmission data of CuCrO, films indicate a direct band gap and an
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scattering.

indirect-gap of about 3.15eV and 2.66 eV, respectively. The carrier mobility of the films pretreated at
300°C is smaller than that of the films pretreated at a higher temperature, because of the stronger carrier

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Transparent conducting oxide (TCO) films with n-type conduc-
tivity are widely used as critical components in both light emitting
devices such as light emitting diodes (LEDs) and light absorbing
devices such as solar cells (also photodetectors) which are gaining
considerable interest for their energy saving and energy produc-
tion capability [1,2]. The current TCO industry is dominated by just
few materials such asZnO; _y, ZnO:In/Al/F/B/Ga, Inj _4Snx03,Sn0;:F
or Cd,;Sn0y, being exclusively n-type conductors [3,4]. Transpar-
ent p-type semiconductors have only recently come under intense
investigation. The first report on p-type TCO films of NiO was pub-
lished in 1993 [5]. Delafossites such as CuScO, [6], CuFeO, [7],
CulnO5, [8], CuYO; [9], CuCo0, [10] have been widely studied since
the discovery of p-type conductivity in transparent CuAlO, thin
films in 1997 [11], which initiated extensive interest in this type of
materials. Even though the electrical performance of these materi-
als will never be able to compete with the well-established n-type
TCOs such as Al-doped zinc oxide (AZO) or indium-tin oxide (ITO)
due to their intrinsic low carrier mobility. Among the delafossite
structure oxides, the CuCrO, film has a conductivity of the order
1Scm~!, and upon doping with 5% Mg the conductivity can be
improved to 220Scm~!, which is the largest conductivity in the
ABO, systems [12]. Therefore, CuCrO,-based materials [13-21]
have attracted considerable scientific and technological attention,
which can be considered as one of the candidates for applications.
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Up to now, the preparation of delafossite structure films has
mainly been carried out by pulsed laser deposition (PLD) [22-26]
and sputtering [4,12]. Solution methods, such as sol-gel process-
ing, were expected to be an alternative, competitive approach
to prepare these conducting oxides. Thin films or fibers are pro-
duced directly from the solution by techniques such as dip-coating,
spray-coating or spin-coating at a lower cost than those based on
sophisticated vacuum systems. Recently, delafossite structure films
such as CuYO, [27] CuAlO; [19,28], CuFeO, [29] have been success-
fully prepared via sol-gel method.

In recent articles [17,19], film preparation as well as physical
and structural characteristic of CuCrO, film prepared via sol-gel
technique were discussed. Nevertheless, their performance still had
to be improved especially in the structural (non-oriented CuCrO,
film) and optical properties (really low transmittance of 32% in the
visible region). In this paper, we reported a simple sol-gel route to
prepare high-quality c-axis oriented delafossite-type CuCrO, films
with the transmittance of 70% in the visible region. The structural,
optical and electrical properties of CuCrO, films are investigated.

2. Experimental details

Stoichiometric Cu(CH3CO0),-H,0 (99%) and Cr(NOs);-9H,0 (99%) were dis-
solved in 10 mL propionic acid. The metallic ion (Cu?* and Cr3*) concentration was
0.2 M. The mixtures were stirred for several hours in order to get a transparent pre-
cursor solution. The precursor solution was spin-coated onto sapphire substrates at
a rate of 5000 r/min, pretreated at 300-700 °C for 30 min in air. After repeating the
above described procedure four times, all the films were finally sintered in a tube
furnace at 900 °C for 1 h in flowing nitrogen gas (N3).

X-ray diffraction (XRD) profiles were studied, using CuKa radiation
(A=1.5418 A), to observe crystallization process. The respective crystal sizes were
calculated. Microstructures and film thickness were examined via scanning electron
microscopy (SEM). Optical transmission spectra were investigated, and the band
gaps of the CuCrO, thin films were calculated. The dc resistivity of the films was
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Fig. 1. XRD patterns of CuCrO, films pretreated at 300-700 °C, sintered at 900 °C for
1h in flowing nitrogen gas (N3 ). Peaks labelled as *, O, and v are attributed to the
substrates, CuO, and CuCrO,, respectively.

measured by a Digital Multimeter and a two-probe configuration. Silver paste was
used to create good ohmic contacts.

3. Results and discussion
3.1. Structural properties

Fig. 1 shows the XRD results of the CuCrO, films pretreated at
different temperatures (300-700 °C), sintered at 900°C for 1h in
flowing nitrogen gas (N, ). From the XRD results, it can be found
that the films pretreated at temperatures of 300-600°C are com-
posed of single delafossite-structured CuCrO, phase, as shown by v
in Fig. 1, without any detectable undesired phases. Moreover, it can
be observed that the peak at 31.4° is especially sharp and have a sig-
nificant lower line width than the other signals. This suggests that
the film was well crystallized and highly c-axis oriented. Whereas
the crystalline phase is difficult to confirm from the XRD pattern, it
can be identified as either 3R or 2H. If it is considered to be the 3R
phase, the four diffraction peaks shown in Fig. 1 are (003), (006),
(009)and (0012), respectively. The corresponding JCPDF Card No.
is 89-6744. It can also be visualized as the 2H-CuCrO, phase, the
four diffraction peaks are, instead, (002),(004),(006) and (008),
respectively. The corresponding JCPDF Card No. is 89-6743.

However, when pretreated at 700 °C, an undesired weak diffrac-
tion peak about CuO phase is clearly observed as shown by O in
Fig. 1. This fact reveals that the pretreating temperature of 700°C
is too high. From the Scherrer formula [30], the crystalline size can
be calculated.

kA
B cos 6

where k is a constant (~1), B is the full width at half maximum
(FWHM), A is the wavelength of X-ray and 0 is the diffraction angle.

In Fig. 2 the FWHM and the crystallite sizes calculated by apply-
ing the Scherrer formula associated to the peaks at 31.4° and
corresponding to the (0 0 6) plane of the delafossite are compared as
afunction of pretreating temperature. By increasing the pretreating
temperature of CuCrO, films from 300 °C to 600°C the crystallite
size is increased from 27 nm to 61 nm. This fact suggests that higher
pretreating temperatures provide higher energies for crystallizing
the film.

Fig. 3 shows the SEM images of surfaces of CuCrO, films pre-
treated at temperatures of 400 °C and 600 °C, sintered at 900 °C for
1 hinflowing nitrogen gas (N ). The surfaces of the films are smooth
and consisted of fine particles. No cracks exist at the surface. It can
be clearly seen that the particle size of sample (a) is smaller than
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Fig. 2. Variations of the FWHM and the crystalline size as a function of the pretreat-
ing temperature obtained by analyzing the (006) signal at 31.4°. All samples have
been sintered in nitrogen flow at 900°C for 1 h.

that of sample (b), which is consistent with the results calculated
from XRD patterns showed in Fig. 2. In order to estimate the thick-
ness of the films, the cross-section FE-SEM is carried out. All films
exhibited almost the same cross-sectional morphology regardless
of the pretreated temperature. The thicknesses of CuCrO, films are
92, 88, 95 and 82 nm for CuCrO, films pretreated at temperatures
of 300°C, 400°C, 500°C and 600 °C, respectively. Fig. 4 shows the
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Fig. 3. SEM images of surfaces of CuCrO, films pretreated at temperatures of 400 °C
(a) and 600°C (b), sintered under nitrogen flow at 900 °C.
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Fig. 4. Cross-section of CuCrO, film pretreated at 400°C, sintered under nitrogen
flow at 900°C for 1 h.

typical SEM images of the cross-section of a CuCrO, thin film pre-
treated at 400 °C, sintered under nitrogen flow at 900 °C. The films
are tightly attached to the substrates with thickness of about 88 nm.

3.2. Optical and electrical properties

The optical transmission spectra of CuCrO, films were investi-
gated within the wavelength of 300-800 nm, and the results are
shown in Fig. 5a. It can be seen that the visible light transmit-
tances of CuCrO, films are decreased with pretreating temperature
increasing. The average optical transmittances in the visible region
are about 70%, 60% and 55% for the films pretreated at 300°C,
400°C and 600°C, sintered under nitrogen flow at 900°C for 1h,
respectively. Such high values for the films produced by the sol-gel
method are much higher than previously reported 32%[17,19], and
are comparable to those obtained by physical methods, such as PLD
and RF sputtering. The lower transmittance of the films pretreated
at a higher pretreating temperature may be due to increased pho-
tons scattering by pores in the films. The higher of the pretreating
temperature, the easier and more pores are generated at the inner
of the films. Scattering of photons attributed to pores in CuCrO,
films of higher pretreating temperature would be stronger than
that in lower pretreating temperature.

The absorption coefficients « can be calculated with the follow-
ing formula:

I=lpe™™

where Iy is the incident intensity, [ is the intensity of the transmitted
light and [ is the thickness of the films. The relationship of & and hv
is shown in Fig. 5b. The value of absorption coefficients of CuCrO,
films is rapidly increased when the photon energy is larger than
3eV, and the optical absorption edge of CuCrO, films is formed.
The fundamental absorption, which corresponds to electron exci-
tation from the valance band to conduction band, can be used to
determine the nature and value of the optical band gap of CuCrO,
films. The relationship between the absorption coefficients « and
incident photon energy hv can be written as:

(ahv)'/™ = A(hv — Eg)

where A is a constant, Eg is the band gap of the material, hv is
the photon energy, « is the absorption coefficient [31]. For a direct
allowed transition, nis 1/2. For an indirect allowed transition, nis 2.
(ahv)! versus hv is plotted with different n values and the results
are shown in Fig. 6. From Fig. 6a, for the direct allowed transition, it
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Fig. 5. Optical transmission spectra (a) and absorption coefficient (b) of CuCrO,
films with different pretreating temperature. All samples have been sintered under
nitrogen flow at 900°C for 1 h.

can be obtained that the optical band gap are about 3.16eV, 3.16 eV
and 3.15eV for the CuCrO, films pretreated at 300 °C, 400°C and
600 °C, sintered under nitrogen flow at 900 °C for 1 h, from the por-
tion of the plot to the hv-axis. This value is slightly larger than the
theoretical calculation (2.55 eV)[32], but is quite constant with the
value of literature reported [22]. As shown in Fig. 6b, for the indi-
rect allowed transition, it can be obtained that the indirect-gap in
CuCrO, films are about 2.7 eV, 2.66 eV and 2.62 eV, also is not very
consistent with the theoretical calculation (2.04eV) [32].

In Fig. 7, the electrical properties of CuCrO, films are showed
as a function of pretreating temperature. The room temperature
resistivity of the film decreases along with pretreating temperature
increasing from 300 to 400 °C, and then little changed. In our exper-
iments, the change in resistivity is mainly due to three possible
reasons, the change of the carrier concentration, the contact resis-
tance and the carrier mobility. It is known to all, defect chemistry
plays an important role in the p-type conductivity of transparent
thin films. Presence of excess oxygen atoms within the crystallites
sites or interstitial sites is responsible for the enhanced hole-
conductivity [33]. However, in our experiments, all samples have
been sintered at the same temperature of 900°C under nitrogen
flow for 1 h to initiate crystallization, to improve microstructure, to
remove interstitial oxygen atoms and increase film density. Thus,
the change of the carrier concentration caused by the unsaturated
bonds as well as interstitial oxygen atoms is relatively small. Fur-
thermore, silver paste was used to create good ohmic contacts
in our experiments, so the influence of the contact resistance is
tiny. On the other hand, it is widely accepted that in the lower
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Fig. 6. Plots to test for direct allowed transition (a) and indirect band gap (b) for
CuCrO; films.

crystallization system large amounts of defects such as grain
boundaries will be introduced, which will increase the carrier scat-
tering resulting in the increase of resistivity. Therefore, in our
results, it is reasonable to suggest that the carrier mobility of the
films pretreated at 300 °Cis smaller than that of the films pretreated
at a higher temperature, because of the stronger carrier scattering.
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Fig. 7. Room temperature resistivity of CuCrO, films as a function of pretreating
temperature. All samples have been sintered under nitrogen flow at 900°C for 1 h.

4. Conclusions

In summary, the preparation of CuCrO, thin films on Al;03 (001)
substrates was carried out via the sol-gel method. The XRD results
show that CuCrO, films are delafossite structure and high-quality
c-axis oriented. The microstructure, optical properties as well as
room temperature resistivity were studied. It was found that the
films were smooth and consisted of fine particles. The SEM results
reveal that the films are tightly attached to the substrates with
thickness of 88.1 nm. The maximal transmittance of CuCrO, films
can reach 70% in the visible region. Such high value for the films
produced by the sol-gel method is comparable to those obtained
by physical methods, such as PLD and RF sputtering. Optical trans-
mission data of CuCrO, films indicate a direct band gap and an
indirect-gap of about 3.15eV and 2.66 eV, respectively. The carrier
mobility of the films pretreated at 300 °C is smaller than that of the
films pretreated at a higher temperature, because of the stronger
carrier scattering.

The above results indicate the successful preparation of delafos-
site structure and high-quality c-axis oriented CuCrO, films with
the transmittance of as high as 70% via sol-gel method. In the
following research highly oriented CuCrO, films with high trans-
mittance and conductivity prepared by sol-gel method still need
to be developed.
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