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Highly transparent CuCr1�xMgxO2 (0� x� 12%) films were prepared on (001) sapphire substrates by

sol-gel method. The microstructure, phonon modes, optical band gap, and electrical transport

properties have been systematically discussed. It was found that Mg-doping improved the crystal

quality and enhanced the (00l) preferred orientation. The spectral transmittance of films approaches

about 70%–75% in the visible-near-infrared wavelength region. With increasing Mg-composition, the

optical band gap first declines and climbs up due to the band gap renormalization and Burstein-Moss

effect. The direct and indirect band gaps of CuCr0.94Mg0.06O2 film are 3.00 and 2.56 eV, respectively.

In addition, it shows a crossover from the thermal activation behavior to that of three-dimensional

variable range hopping from temperature-dependent electrical conductivity. The crossover

temperature decreases with increasing Mg-doping composition, which can be ascribed to the change

of spin-charge coupling between the hole and the local spin at Cr site. It should be noted that the

electrical conductivity of CuCr1�xMgxO2 films becomes larger with increasing x value. The highest

electrical conductivity of 3.85S cm�1 at room temperature for x¼ 12% is four-order magnitude larger

than that (8.81� 10�4 S cm�1) for pure CuCrO2 film. The high spectral transmittance and larger

conductivity indicate that Mg-doped CuCrO2 films are promising for optoelectronic device

applications.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4827856]

I. INTRODUCTION

Transparent conductive oxides (TCOs) are technologi-

cally important materials due to their functional combination

of optical transparency and electrical conductivity. They are

widely used as transparent electrodes in flat panel displays,

touch panels, and solar cells.1–3 Whereas most of the well-

known TCOs such as In2O3:Sn,
4 ZnO:Al,5 and SnO2:F

(Ref. 6) are n-type semiconductors. Applications where

TCOs work as transparent electronic devices require both

n-type and p-type transparent conductive materials. For

example, the combination of two type transparent conductors

in the form of p-n junction can work as the light-emitting

diodes or functional windows.7 The CuMO2 delafossite fam-

ily, where M¼Al, Ga, In, or Cr, is attracting attention

because it is stable and prototype p-type wide band transpar-

ent semiconductor without doping. The interest in p-type
CuAlO2 materials has been increased since p-type CuAlO2

films have been successfully fabricated.8 Subsequently, the

CuCrO2 material has drawn increasing attention due to its

lower synthesis temperature and better thermal stability, as

compared with other delafossite materials. Although the

delafossite compounds CuMO2 (M¼Al, Ga) are isostruc-

tural with the CuCrO2 compound, the synthesis temperature

of CuMO2 (M¼Al, Ga) films is about 900 8C.9,10 In con-

trast, the synthesis temperature of the CuCrO2 film is only

about 600 8C.11 In addition, the phase stability and thermal

behavior of CuFeO2 and CuCrO2 delafossite compounds

were studied by Lalanne et al. under the air atmosphere up to

1000 8C.12 The CuFeO2 compound is oxidized into the spinel

(CuFe2O4) and copper monoxide (CuO) phases, whereas the

CuCrO2 is thermally stable. Actually, soaking CuCrO2 in ox-

ygen above 1200 8C produced CuCr2O4, so that the CuCrO2

can be used as the high temperature oxidation resistant mate-

rial. Therefore, it is necessary for the CuCrO2 system to

understand electronic band structures in both TCOs and high

temperature application fields.

In delafossite CuCrO2 compound, the structure can be

visualized as consisting of two alternate layers: a planar layer

of Cu cation in a triangular pattern and a CrO2 layer with

Cr3þ-centered edge-sharing octahedra. Each Cu atom is line-

arly coordinated with two oxygen atoms to form an O-Cu-O

dumbbell unit placed parallel to the c-axis.13 The crystal

structure of CuCrO2 compound is described by a rhombohe-

dral spatial group R�3m. There are only four atoms (one Cu,

one Cr, and two O atoms) in the primitive rhombohedral

cell. The hybridization of Cu 3d10 energy levels in the close

energy proximity with O 2p levels increases energy of the

valence band maximum and delocalizes hole state to form an

intrinsic p-type semiconductor. For CuScO2 and CuYO2

compounds, intercalation with oxygen to form CuMO2þx

phases will improve their conductivity.14 However, it is diffi-

cult for CuCrO2 compound because of the smaller ionic ra-

dius of Cr (0.615 Å).15 Therefore, the intrinsic resistance of

the CuCrO2 films is too large to be suitable for the practical
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application material/device.16 Fortunately, it is well known

that doping the trivalent metal site with a divalent dopant

significantly improves the conductivity of CuCrO2 material.

For example, Nagarajan et al. reported that the conductivity

of CuCrO2 bulk material increased approximately three

orders of magnitude by Mg-doping, and the best p-type con-
ductivity is 220 S cm�1 for the CuCr0.95Mg0.05O2 film pre-

pared by radio frequency sputtering.17 It is larger than those

of Ca-doped CuYO2 and Mg-doped CuScO2 films, and much

larger than those of CuAl1�xMgxO2 films (4� 10�4 S cm�1)

and CuIn1�xCaxO2 films (2.8� 10�3 S cm�1).18,19

However, the transparency reported by Nagarajan et al.
was about 30% in the visible range for the CuCr0.95Mg0.05O2

film with 250 nm thickness. After annealing at 900 8C for

about 2.5min, the transparency can be increased to about

40%, but the conductivity is rapidly decreased to about

1 S cm�1.17 The low transparency and weak electrical stability

limited the applications of the CuCr1�xMgxO2 films. Bywalez

et al.11 also studied Mg-doping CuCrO2 and CuAl0.5Cr0.5O2

films prepared by sol-gel method. It was found that p-type
conductivity and transmittance of the CuCrO2 films were

improved by Mg doping about two orders of magnitude and

16%, respectively. As a result, the CuCr0.9Mg0.1O2 film with

the transparency of about 47% and the resistivity of 1.13 X
cm can be realized. Nevertheless, the films prepared by sol-

gel method have the electrical stability even at high-

temperature because the synthetic procedure has included the

high-temperature annealing process. In addition, the sol-gel

technique offers a high flexibility regarding material composi-

tion and the introduction of dopants due to its variability of

stoichiometry. It is also a widely used industrial technique in

numerous large scale production lines. However, most dela-

fossite films have been prepared by vacuum based technolo-

gies, such as pulsed laser deposition and sputtering,20,21 owing

to the instability of Cuþ and the sensibility of the oxygen par-

tial pressure. Note that the preparation of Mg-doped CuCrO2

film has been reported by some groups.11,17,21 Nevertheless,

the intrinsic mechanisms of optical response behavior and

electrical transport of Mg-doped CuCrO2 films have been paid

less attention. Recently, we have successfully synthesized the

CuGaO2 and CuGa1�xCrxO2 (0� x� 1) films by sol-gel

method.9,22 The microstructure, phonon modes, optical prop-

erties, and electronic band structures have been discussed.

The CuGa0.8Cr0.2O2 film was found to have the largest electri-

cal conductivity of 0.071S cm�1 among the CuGa1�xCrxO2

films at room temperature. In order to further optimize the ma-

terial/device performances, the growth and physical properties

of the CuCr1�xMgxO2 system are worth studying due to the

fact that the Mg-doping can significantly improve its electrical

characteristic.

In this work, the CuCr1�xMgxO2 (0� x� 12%) films

were prepared by the sol-gel method. It was found that

Mg-doping affects the microstructure and improves the film

crystal quality with the enhancement of the (00l) preferred ori-

entation. The spectral transmittance of the films approach

about 70%–75% in the visible-near-infrared region. Moreover,

the highest electrical conductivity is estimated to about

3.85S cm�1 at room temperature for the CuCr0.88Mg0.12O2

film, which is four-order magnitude larger than that of pure

CuCrO2 film. The high transmittance and conductivity of films

indicated that they can be used for the visible or near-infrared

active devices.

II. EXPERIMENTAL DETAILS

A. Fabrication of CuCr12xMgxO2 films

The CuCr1�xMgxO2 films were deposited on (001) sap-

phire substrates by the sol-gel route employing a spin-coating

process. In order to obtain the effects of Mg compositions on

optical and electrical properties, the films were fabricated in

the Mg composition range of 0–12mol. % with the interval of

2mol. %, i.e., the mole compositions of Mg atoms were 0%,

2%, 4%, 6%, 8%, 10%, and 12%, respectively. Analytically

pure chromium nitrate hydrate ½CrðNO3Þ3 � 9H2O�, magne-

sium nitrate hydrate ½MgðNO3Þ2 � 6H2O�, and copper(P) ace-

tate hydrate ½CuðAcOÞ2 � H2O� were used as the starting

materials. The copper(II) material was chosen due to the insta-

bility of Cuþ and the experimental condition. The sol was syn-

thesized as shown in Scheme 1. First, anhydrous ethanol

[C2H6O] and ethylene glycol [C2H6O2] were mixed with a

required volume ration of 3:1 under magnetic stirring. In other

words, the components of a 50ml mixture solvent were 37.5

and 12.5ml for anhydrous ethanol and ethylene glycol,

respectively. Then, 1.9965 g copper acetate hydrate was dis-

solved in the mixture solvent with stirring about 30min, yield-

ing a blue transparent solution. After the solution was stable

and homogeneous, the required chromium nitrate hydrate and

magnesium nitrate hydrate were added into the solution. The

mass was counted by the mole ration of [Mg2þ]/[Cr3þ].
Stirring was continuous until they were completely dissolved,

yielding a dark blue solution. The 0.2443 g ethanolamine

[C2H7NO, 99%] as additive was added, and the magnetic stir-

ring at room temperature was carried out again for 1 h. Note

that the [C2H7NO]/[Cu
2þ] molar ratio of solution was 1:2.5.

SCHEME 1. Process of the preparation for Mg-doped CuCrO2 precursors

and films.

163526-2 Han et al. J. Appl. Phys. 114, 163526 (2013)
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Prior to the deposition, the sapphire substrates were cleaned

through nitric acid, deionized water, acetone, and ethanol with

ultrasonic cleaner sequentially. The transparent and homoge-

neous precursors were spin-coated onto (001) sapphire sub-

strates at a speed of 4000 rpm for 20 s. The deposited films

were preheated at 300 8C for 5min in air to evaporate the

solvent and remove organic residues in a rapid thermal proc-

essing. In order to obtain the films with desired thickness, the

above process (spin-coating and preheating) was repeated

eight times. Finally, the films were annealed at 700 8C for

30min in N2 with a flow of 2.5 l/min.

B. XRD, AFM, SEM, Raman, transmittance, and
electrical measurements

The crystalline structure of CuCr1–xMgxO2 (0� x� 12%)

films was investigated by X-ray diffraction (XRD) using a Ni

filtered Cu Ka radiation source (D/MAX-2550V, Rigaku

Co.). In the XRD measurement, a vertical goniometer (Model

RINT2000) was used, and continuous scanning mode (h–2h)
was selected with an interval of 0.028 and the scanning rate of

108/min. The surface morphology was investigated by atomic

force microscopy (AFM) with the contacting mode in areas of

2� 2lm2 (Digital Instruments Dimension Icon, Bruker). The

surface and cross-section microstructure of films were charac-

terized using a scanning electron microscope (SEM, S-3000N,

Philips XL30FEG). Raman scattering experiments were car-

ried out by a micro-Raman spectrometer (Jobin-Yvon

LabRAM HR 800 UV) with a 488 nm Arþ laser. The trans-

mittance spectra were recorded by a double beam ultraviolet-

infrared spectrophotometer (Perkin Elmer UV/VIS Lambda

950) at the wavelength region of 2650-190 nm (0.5–6.5 eV)

with the interval of 2 nm at room temperature. Due to the high

resistance values and the larger change of resistance with the

temperature, it is impossible to perform four point method for

variable temperature measurement. Thus, two point method

was applied in the present work. First, the electrodes of Pt

were sputtered on both ends of the well-defined rectangle

samples for Ohmic contact. Then, the outgoing wire of elec-

trodes was fixed with silver paste after a drying step. The sam-

ples were mounted into a Linkam THMSE 600 heating stage

for variable temperature experiments from 80 to 400K. The

temperature can be controlled within the accuracy of 0.1K.

The possible oxidation of the film during the heating and cool-

ing process can be avoided under nitrogen atmosphere. A

Keithley 6430 source meter was applied to provide an external

direct-current voltage to the sample via Pt electrodes, and the

resistance value can be recorded. In addition, Hall measure-

ments were made by Van der Pauw method at room tempera-

ture and the positive hall coefficients confirm p-type behavior
of CuCr1�xMgxO2 films.

III. RESULTS AND DISCUSSION

A. Structural and morphology characterizations

The X-ray diffraction h-2h scans of CuCr1�xMgxO2

films with different Mg compositions of 0–12mol. % depos-

ited on (001) sapphire substrates are shown in Fig. 1. It can

be seen that all films are polycrystalline with a stronger

(006) diffraction peak, except that the (012) diffraction peak

is the strongest for the CuCrO2 film. It indicates that the

films with Mg-doping are preferentially oriented along the

c-axis perpendicular to the substrate surface and the

Mg-doping induces the appearance of the cubic spinel phase

(the peak at 18.68). Both the copper and magnesium compo-

nents can act as divalent A-site ions in the spinel crystal

AB2O4 lattice (CuCr2O4 JCPDF Card No. 26-0509 and

MgCr2O4 JCPDF Card No. 10-0351). They almost exhibit

identical diffraction pattern, so it is impossible to distinguish

these two spinel phases or even mixed forms by X-ray dif-

fraction.11 Generally, the spinel phase should increase with

increasing Mg composition. Sadik et al. reported that the rel-

ative intensities of the spinel peaks increase with an incre-

ment of Mg-composition for CuCr1�xMgxO2 (0� x� 5%)

films grown by pulsed laser deposition.23

During the film preparation processing, a two-step

annealing was used for the fabrication.10 In the first process-

ing (the rapid thermal processing at 300 8C in air), the sol-

vent and organic residues were removed and the amorphous

spinel-type CuCr2O4 was formed. In the second processing

of N2 atmosphere, the spinel phase is converted with residual

CuO to form the delafossite phase according to the following

reaction: CuCr2O4 þ CuO ! 2CuCrO2 þ 1=2O2. For spinel

phase CuCr2O4, the samples exhibit a more amorphous char-

acter with increasing Mg composition, which is in favor of

FIG. 1. (a) XRD patterns of the CuCr1�xMgxO2 (0� x� 12%) films grown

on (001) sapphire substrates with 2h¼ 108 to 808. (b) An enlarging region of

2h¼ 148 to 248 to obviously show the minority phase peak. Note that the

symbol (^) indicates the delafossite phase, while the peak indicated by the

symbol (^) corresponds to the cubic spinel phase.

163526-3 Han et al. J. Appl. Phys. 114, 163526 (2013)
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the delafossite fabrication.11 Thus, the crystal quality of films

was improved by Mg-doping, as shown in Fig. 1(a). There is

a change of Cu(II) to Cu(I) during the film fabrication proc-

essing by sol-gel method. The appearance of the cubic spinel

phase is difficult to avoid because the phase transition is

essential for the formation of the delafossite. Nevertheless,

the cubic spinel phase is tiny and its effect is weaker as com-

pared with the delafossite phase. It can be confirmed by the

fact that the film conductivity is surprisingly increased by

Mg doping (the detail discussion can be seen in the electrical

transport part). In addition, XRD patterns are given in an

enlarged scale for easily surveying the spinel phase, which is

shown in Fig. 1(b). However, the change of the spinel peak

cannot be derived intuitively. The spinel phases of CuCr2O4

and MgCrO2 were not distinguished by X-ray diffraction,

which suggests that the amount of impurities cannot be

obtained. In order to compensate the deficiency of XRD,

the Raman measurement was used and the results are shown

in Fig. 4.

The AFM three-dimensional images of CuCr1�xMgxO2

films are shown in Fig. 2 and the film grains are closely gath-

ered and densely arranged. The root-mean-square roughness

of surface is 7.89, 8.81, 9.94, 14.6, 23.9, 16.5, and 17.8 nm

for x¼ 0%, 2%, 4%, 6%, 8%, 10%, and 12%, respectively. It

can be seen that the root-mean-square roughness increased

first, and decreased with increasing Mg-composition. The

grain size change also shows the similar variation trend,

which is due to the two effects induced by Mg-doping: (a)

the crystal quality was increased by Mg-doping, which

induced the increase of grain size; (b) the doping resulted in

more crystal defects and grain boundaries, which inhibit the

growth of grain. For x� 8%, the former effect is larger than

latter one because the roughness is increased with increment

of Mg-composition. However, the case is just on the contrary

for a higher doping. The AFM measurement is a surface

characterization, which is related to the test zone. For com-

prehensive and visual studies, the SEM measurement was

used in the present work. The surface and cross-sectional

SEM images of CuCr1�xMgxO2 (0� x� 12%) films are

shown in Fig. 3. The grain size increased first, and decreased

with increasing Mg-composition. Moreover, the surface pat-

tern also varied with the change of Mg-composition. For

CuCrO2 film, the grain size is homogeneous and often has

hexagonal shaped crystallites, which can be identified as the

delafossite.11 Whereas the smaller spherical particles prob-

ably represent the spinel phase induced by Mg-doping, as

shown in Figs. 3(b)–3(g). When the Mg-composition is

beyond 6%, the surface ablating increases and the grain

boundary becomes concealed. From the cross-sectional

image (h), the thickness of the CuCr0.96Mg0.04O2 film is

about 320 nm. Therefore, the root-mean-square roughness

(9.94 nm) is approximately 3.1% of its thickness. The sample

is composed of particles, which does not show the visible

layer boundary.

FIG. 3. The surface SEM images of the

CuCr1�xMgxO2 (0� x� 12%) films,

whose magnification ration is 1:40 000.

Note that the picture (h) indicates the

cross-sectional image for the film with

the Mg composition of 4%, and the

scale is given in this picture.

FIG. 2. AFM three-dimensional images

of the CuCr1�xMgxO2 films with the

Mg compositions of (a) 0%, (b) 2%, (c)

4%, (d) 6%, (e) 8%, (f) 10%, and (g)

12%, respectively. Note that the scale

height is 80nm and the measured area

is 2� 2lm2.

163526-4 Han et al. J. Appl. Phys. 114, 163526 (2013)
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B. Raman scattering

Fig. 4 shows Raman spectra of CuCr1�xMgxO2

(0� x� 12%) films recorded at room temperature.

Generally, the delafossite compound is characterized by

rhombohedral symmetry with the point group 3m (C3v) and

the space group R�3m ðC6
3vÞ, with four atoms in the primitive

cell, which gives rise to 12 normal modes.24 According to

the group theory, a general mode at the Brillouin zone center

as C ¼ A1g þ Eg þ 3A2u þ 3Eu, out of which A1g and Eg

symmetry are Raman active modes.25 The A mode implies

the atomic vibration in the direction of Cu-O bond along the

hexagonal c-axis. However, double degenerate E mode

describes movement in the perpendicular direction, in which

the odd modes denoted with the u subscript are infrared

active and acoustic modes. Interestingly, the infrared-active

mode of Eu peak is observed, which is from the structural

distortions. For x¼ 0%, Raman scattering peaks were

observed around 101 cm–1 (Eu), 210 cm�1 (Ag), 456 cm�1

(Eg), and 709 cm�1 (A1g), respectively. It agrees well with

previous experimented results and the report of Amami

et al.22,26 For x¼ 12%, Raman scattering peaks were

observed around 99 cm�1 (Eu), 208 cm�1 (Ag), 456 cm�1

(Eg), and 709 cm�1 (A1g), respectively. The change of peaks

is actually tiny, which indicates that the delafossite structure

was not severely broken by Mg-doping. On the other hand,

the increase of the crystal quality by Mg-doping may neutral-

ize some part of its structure break. For the films with Mg-

composition beyond 6%, Raman active phonon modes of the

cubic spinel phase are found and marked by symbol (^) in

Fig. 4. It is because Mg-doping induces the appearance of

the cubic spinel phase, as previously discussed.

C. Optical properties

The transmittance spectra of CuCr1�xMgxO2 (0� x� 12%)

films were measured in the wavelength range of 190-2650nm,

as shown in Fig. 5. Although the CuCr1�xMgxO2 films are

colored by Cr3þ ions, they have an optical transmittance of

70%–75% in the visible range. The energy level of Cr ions

from partially filled 3d shell will split into several levels

according to the ligand field theory. The excitation of elec-

trons from the lower to the upper of these levels could hap-

pen by absorbing photons in the visible range, which further

induces the coloration for films with a higher Cr composi-

tion.10,17 The transmittance is larger than the result of 47%

for CuCr0.9Mg0.1O2 films reported by Bywalez et al.11 and is

close to the result of CuAlO2 film prepared by the polymer-

assisted deposition technique.27 Moreover, the transmittance

for near-infrared range approaches 75%. The high transmit-

tance indicates that they can be used in the visible or the

near-infrared active devices. For films with Mg-composition

below 8%, the absorption edge presents a redshift trend with

increment of Mg-doping. However, for Mg-composition

beyond 8%, the absorption edge shows a blueshift variation,

which also can be observed from the absorption coefficient

in the insets. The inset (a) in Fig. 5 shows the absorption

coefficient of CuCr1�xMgxO2 films with Mg-composition

below 6%. The minimal energy level about 1.03–0.95 eV

can be easily seen for the CuCr1�xMgxO2 films. It has a little

redshift with increasing x, and disappears for films with Mg-

composition beyond 6%, as shown in Fig. 5(b). In addition,

the undoped CuCrO2 film shows an abrupt absorbance

change in the band gap energy region, as compared to a grad-

ual change for Mg-doped films. It indicates that the impurity

energy levels and the tail states were induced by Mg-doping.

Fig. 6 shows the optical band gap energies of

CuCr1�xMgxO2 (0� x� 12%) films. The optical band gap

(EOBG) is deduced by Tauc’s relation ðah�Þn ¼ Cðh� �
EOBGÞ; a denotes the absorption coefficient which is

obtained by the relation, a¼�ln(T)/d, where d is the film

thickness and T is the transmittance of film.28 The nature of

band gap is identified by the exponent n, and an intercept of

ðah�Þn plot with the photon energy h� yields the optical

band gap energy. Fig. 6 displays the ðah�Þn versus h� plots,

with n¼ 2 for direct band gap ðEdir
OBGÞ and n¼ 1/2 for indi-

rect band gap ðEindir
OBGÞ transitions of CuCr1�xMgxO2 films. In

Fig. 6(a), the direct optical band gaps for CuCr1�xMgxO2

FIG. 4. Raman spectra of the CuCr1�xMgxO2 (0� x� 12%) films under the

excitation line of 488 nm. Note that the dashed lines show the positions of

Raman-active phonon modes from the cubic spinel phase, indicated by the

symbol (^). In addition, the symbol ð�Þ indicates the observed trace from

the sapphire substrate.

FIG. 5. Transmittance spectra of the CuCr1�xMgxO2 (0� x� 12%) films.

For comparison, the dashed line is the transmittance spectrum of the sap-

phire substrate. The inset (a) shows the absorption coefficient for the films

with the Mg composition below 6%; and the inset (b) shows the absorption

coefficient for the films with a higher Mg composition. Note that the arrow

in the inset (a) indicates that there is a minimal band gap for the

CuCr1�xMgxO2 films.
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films are 3.14, 3.11, 3.10, 3.0, 3.02, 3.04, and 3.06 eV for

x¼ 0%, 2%, 4%, 6%, 8%, 10%, and 12%, respectively. In

Fig. 6(b), the indirect band gaps are 2.79, 2.77, 2.75, 2.56,

2.58, 2.64, and 2.66 eV for x¼ 0%, 2%, 4%, 6%, 8%, 10%,

and 12%, respectively. Lim et al. also reported the fact that

it has an indirect band gap at 2.58 eV, and a direct gap at

3.11 eV for CuCr0.93Mg0.07O2 film prepared by the chemical

spray pyrolysis deposition.21 Note that the transition of dom-

inative absorption region from an indirect to a direct band

occurs gradually without an inflection points. It indicates

that the optical transitions should take place from the near

points in valence band maximum in both direct and indirect

cases.29 Moreover, both direct and indirect band gaps decline

and then climb up, which is due to the combined actions of

band gap renormalization and Burstein-Moss effect induced

by Mg-doping. For CuCr1�xMgxO2 films, Mg-doping

induced the increment of carrier concentration, which

strengthens the exchange and interaction of carriers. Then,

the tail states and the band gap renormalization effect can be

formed. The variation of band gap can be fitted by an equa-

tion: 4E ¼ 4Eð0Þ � kp1=3, where p is the carrier concentra-

tion. There is a linear relation between the cube root of

carrier concentration and the band gap. The factor k is esti-

mated to about 3.12� 10�8 eV/cm.

Fig. 7 shows schematic representation for the electronic

band structure of CuCr1�xMgxO2 films. The conduction band

of films splits into energy levels, denoted by E1 and E2,

which are corresponding to electronic transitions indicated

by DE1 and DE2, respectively. The similar band gaps were

reported in CuFeO2 material within GGA (generalized-gradi-

ent approximations) calculations,30 and first-principles calcu-

lations point toward the existence of indirect fundamental

band gap for delafossite materials, which forms a tail of

weak absorption below the optical band gap.31 Based on the

theoretical results, Nie et al.31 and Vidal et al.32 both showed
that the fundamental indirect gap in CuMO2 (M¼Al, Ga,

In) occurs at the conduction band minimum at C point and

valence band maximum near F point on the C-F line.

Scanlon et al.33 proved that the band structure of CuCrO2

exhibits an indirect band gap of 2.04 eV, while the direct gap

is 2.55 eV and is found near M along M-C, which were stud-

ied by GGAþU (the density-functional theory with on-site

corrections for strongly correlated systems). However,

Robertson et al. predicted the valence-band maximum to be

at L point, which was studied with the hybrid functional

screened-exchange local density approximation

(sX-LDA).34,35 They also reported that the indirect band gap

opens to 2.9 eV between the F and L points and the minimum

direct band gap is 3.1 eV at the L point. In addition, another

direct band gap of 3.25 eV occurs at the F point. These above

results agree well with the experimental values. Based on the

theoretical work, DE1 can be considered as the electronic

transition between the valence-band maximum and the bot-

tom of conduction band, which is the indirect transition.

Correspondingly, DE2 indicates the direct electronic transi-

tion. Note that the optical band gaps shown in Fig. 6 are the

comprehensive performance of electronic transitions. In

addition, the parameter Emin indicates the weak absorption

energy level, as shown in Fig. 5. Even though the indirect

gap has been reported as low as 1.28 eV or 1.45 eV,36,37 the

Emin should be the defect states of some sort because such

low energies are inconsistent with the theoretical results.

Shin et al. pointed that the low energy absorption was associ-

ated with Cu2þ defect states arising from cation deficiency.38

They also discussed the states of Cr3þ and excitations of

those two states, which were found to be as larger than 2 eV.

The theoretical work also suggests that cation vacancies are

likely to be the dominant native defect in copper delafossite

materials.39

The detailed variation of band gaps with Mg-composition

is discussed as follow. For the films with Mg-composition

below 6%, the increment of Mg-composition would induce

the increase of hole carrier, which will result in the form of

tail states in the bottom of conduction band. Therefore, the

optical band gap shows a redshift with the increment of Mg-

composition. When the Mg-composition is beyond 6%, the

highly doping induced the Fermi energy level going into the

valence band, and formed the Burstein-Moss effect.40 As

FIG. 6. (a) Plots of ðah�Þ2 vs the photon energy for the estimation of direct

optical band gap energies from the CuCr1�xMgxO2 (0� x� 12%) films. (b)

Plots of ðah�Þ1=2 vs the photon energy for the estimation of indirect band

gap energies from the CuCr1�xMgxO2 (0� x� 12%) films.

FIG. 7. Schematic representation of the electronic band structure for the

CuCr1�xMgxO2 films with the Mg compositions of (a) 0%, (b) 6%, and (c)

12%, respectively. EF denotes the Fermi energy level, Emin denotes the weak

absorption energy level, E1 and E2 indicate the splitting energy levels of the

conduction band. Note that the symbols ð�Þ and ð	Þ indicate the nature

hole and electron of the CuCrO2 material. However, the symbol ( ) indi-

cates the hole induced by Mg-doping.
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shown in Fig. 7(c), the optical band gap shows blueshift with

the Mg composition. Thus, the CuCr0.94Mg0.06O2 film has

the smallest direct and indirect band gaps (3.0 and 2.56 eV)

induced by the band gap renormalization and Burstein-Moss

effect. Moreover, the minimal band energy faded away with

the increment of Mg-composition. It is because that the hole

carrier increment results in the electron hopping easily from

the minimal energy level to the valence-band maximum.

Therefore, the minimal energy level becomes weaker and

finally disappears with increasing doping composition.

D. Electrical transport

To further understand the intrinsic characteristics of

CuCr1�xMgxO2 films, the temperature dependence of electri-

cal conductivity should be discussed, as shown in Fig. 8.

Note that the temperature ranges in Figs. 8(a) and 8(b) are

150–400K and 80–220K, respectively. They indicate differ-

ent behaviors of the electrical transport for CuCr1�xMgxO2

films. As can be seen in Fig. 8(a), the CuCr1�xMgxO2 films

show a thermal activation behavior at high temperature

because the plots of lnr vs. 1000/T show a linear change.8,20

In higher temperature region, the hopping of holes between

nearest-neighbor Cu sites determines the electrical transport

properties.41 The slope coefficient k determined by the

linear fit of each curve is shown in Fig. 9(a). The conductiv-

ity of films at higher temperature can be expressed by

r ¼ Aexpð�Ea=kBTÞ, where Ea is the thermal activation

energy, kB is Boltzmann constant, and A is a constant. The

estimated Ea values are 292, 187, 87, 70, 55, 47, and 42meV

for x¼ 0%, 2%, 4%, 6%, 8%, 10%, and 12%, respectively,

as shown in Fig. 9(b). The evaluated activation energy is

much smaller than half of the band gap, which indicates that

the hole transport in the valence band is thermally activated

from an acceptor. A continuous decrease in Ea values with

increasing Mg-doping was clearly observed. The change should

be due to the variation of Fermi level for CuCr1�xMgxO2 films.

The Mg-doping induced the Fermi level moving to the top of

valence band, and the carriers can easily jump to the Fermi

level from valence band.42 In addition, it should be noted that

the variation rates are different for two ranges of 0 � x < 6%

and 6 � x � 12%, respectively. As can be seen from the fitted

equations, the variation rate of CuCr1�xMgxO2 films with

Mg-composition below 6% is ten times larger than that of other

films. It shows that most of Mg ions can substitute for Cr ions

forming the doped holes. However, with increasing Mg-

composition, the effective substitute behavior becomes weaker

and most of over-doping Mg ions may not occupy the nature

structure. They may be the spinel phase of MgCr2O4 or the

amorphous state of MgO, which can disperse in films. Note

that the arrows in Fig. 8(a) show not only the sample labels

with different component of Mg-doping but also the positions

indicating the crossover (Tcross) temperature, at which the elec-

tric conductivity presents the change from the thermal activa-

tion behavior to that of three-dimensional variable range

hopping.

Plots of lnr vs. 1/T1=4 for CuCr1�xMgxO2 (0� x� 12%)

films can be seen in Fig. 8(b), whose linear characteristic

indicates the behavior of three-dimensional variable range

hopping at lower temperature (below Tcross). The crossover

was previously observed in other delafossite films, such as

CuAlO2,
8 CuGaO2,

20 and AgGaO2.
43 In lower temperature

region, the thermal energy weakening may depress the hole

hopping between the nearest-neighbor Cu sites, and the

contribution of Cr site hopping becomes more dominant.

Hence, the hopping to the Cu site in other Cu layers becomes

relatively dominant. The conductivity shows the three-

dimensional variable range-hopping behavior.41 The detailed

crossover values are shown in Fig. 9(c). Obviously, the Tcross
temperature decreases with increasing Mg-composition,

which is due to the change of spin-charge coupling between

the doped hole and the local spin at Cr site. In other words,

for CuCr1�xMgxO2 films, the spin fluctuation of local spin at

Cr sites is disturbed at a lower temperature due to the substi-

tution at Cr3þ site of the Mg2þ ion. Therefore, the influence

of doped holes increases with Mg-composition.

FIG. 8. (a) Plots of lnr vs 1000=T of the CuCr1�xMgxO2 (0� x� 12%)

films, and the linear fit of each curve determines the slope coefficient k. The
arrows show the sample labels with the different component of Mg-doping.

The positions of the arrows indicate the crossover (Tcross) at which the elec-

tric conductivity starts to deviate from the thermal activation behavior. Note

that the temperature range is 150–400K. (b) Plots of lnr vs 1=T1=4 of the

CuCr1�xMgxO2 (0� x� 12%) films, and the temperature range is 80–220K.

FIG. 9. The Mg composition dependence of (a) the slope coefficient k, (b)
the activation energy Ea, and (c) Tcross at which the electric conductivity

deviates from a thermal activation behavior, respectively. The solid lines

and equations represent the linear fitting results to guide the eyes. Note that

the shade part indicates different composition dependence behavior.
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The results derived from the Hall effect measurement

for CuCr1�xMgxO2 films are listed in Table I. The positive

Hall coefficient demonstrates the p-type conduction behav-

ior. The substitution at Cr3þ site of the Mg2þ ion induces the

hole and the concentration of hole carrier is increased with

Mg-doping composition. By contrast, the Hall mobility

decreases with the increment of Mg-composition, especially

for the films with the composition above 6%. The result can

be attributed to the effect of the ionized impurity scattering.

The increasing dopant concentration might lead to the shift

of Fermi level from the conduction band minimum towards

the valence band maximum and facilitate the formation of

donor-like defects.44,45 For films with Mg-doping, holes may

be introduced into the upper part of the valence band by oxi-

dation of Cuþ formally found in stoichiometric CuCrO2 to

the Cu2þ state, which also may be achieved either by cation

deficiency or incorporation of oxygen interstitial.46 Thus, the

spinel phase CuCr2O4 was formed with Mg-doping, as

shown in XRD patterns. In addition, a dopant Mg2þ ion will

act as donor rather than an acceptor if it occupies a Cuþ site

rather than a Cr3þ site,47 which induced the compensation of

the intended acceptor doping. Therefore, the conductivity in-

crement becomes small for Mg-composition above 6%. As

shown in Table I, the effective carrier concentration can be

derived by Hall measurement. It is easy to see that the varia-

tion of the carrier concentration with Mg-composition below

6% is obviously larger than that of the films with a higher

Mg composition.

It is worth to be noted that the highest conductivity of

3.85 S cm�1 corresponds to the largest magnesium dopant

level of up to 12%, which is four orders of magnitude larger

than that of the pure CuCrO2 film with 8.81� 10�4 S cm�1.

It indicates that the doping by bivalence ions is an effective

way to improve the electrical property of delafossite mate-

rial. The result is better than that of 7.34X cm for

CuCr0.95Mg0.05O2 film prepared by Wang et al.48 and the

best conductivity among CuCr1�xMgxO2 (0� x� 15%) films

reported by Bywalez et al.11 Although there are other reports

on the fact that the doping of divalent element (e.g., Mg, Ca)

greatly increases the electrical conductivity of other delafos-

site compounds,49,50 the Mg-doped CuCrO2 material is

enjoyed in the future due to its good thermal stability and

well electrical properties. In addition, the CuCr1�xMgxO2

films prepared by sol-gel technique owned a high flexibility

of composition and a low synthesis temperature, which make

it possible to be widely used in industrial production.

Especially, the transmittance approaches 70%–75% in the

visible region and the highest electrical conductivity is

3.85 S cm�1 at room temperature for CuCr1�xMgxO2 films.

The high transmittance and larger conductivity will make

p-type CuCr1�xMgxO2 films promising for applications in

the optoelectronic devices.

IV. CONCLUSION

In summary, we prepared p-type CuCr1�xMgxO2

(0� x� 12%) films on (001) sapphire substrates by sol-gel

method. It was found that the Mg-doping induced the change

of film microstructure. It improved the crystal quality with

the enhancement of the (00l) preferred orientation. For films

with Mg-composition beyond 6%, the cubic spinel phase

phonon modes are found in Raman spectra. The spectral

transmittance of films approaches about 70%–75% in the

visible region. The direct and indirect band gap decline and

then climb up with increasing Mg-doping composition.

When x equals 6%, there are the smallest band gap values of

3.0 and 2.56 eV, respectively. For films with Mg-

composition below 6%, the redshift of optical band gap is

due to the effect of tail states and band gap renormalization

effect. When the Mg-composition is beyond 6%, the band

gap blueshift is caused by Burstein-Moss effect. In addition,

the temperature dependence on electrical conductivity was

studied for CuCr1�xMgxO2 films. In higher temperature region,

the hopping of holes between the nearest-neighbor Cu sites

may determine the electrical transport properties. However, for

lower temperature region, the hopping to the Cu site in other

Cu layers becomes relatively dominant so that the conductivity

shows the three-dimensional variable range-hopping behavior.

The increasing Mg-doping composition induces the crossover

temperature values from 254 to 180K. The highest electrical

conductivity is estimated to be about 3.85S cm�1 at room tem-

perature for x¼ 12%. The low synthesis temperature and high

electrical conductivity will make the Mg-doped CuCrO2 mate-

rial wide-applications in the future.
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