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Terahertz reflectance spectra and electrical transport of CuCr1�xMgxO2 films have been studied in

temperature range of 150–300K. With increasing temperature, the phonon mode near 15 THz

shows a redshift trend, and free carrier absorption below 6 THz becomes more prominent.

Moreover, hole effective mass increases linearly from 0.028 to 0.48 m0 with the temperature and

composition. Hall coefficient shows a turning-point at about 220, 206, and 194K for the

composition of x¼ 0.02, 0.06, and 0.10, respectively. The phenomena can be attributed to the

transition of carrier transport mechanism from a thermal activation behavior to a variable range-

hopping one.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4860994]

Transparent conducting oxide (TCO) semiconductors,

which allow for fabricating “invisible electronic devices,”

are widely used in optoelectronic devices such as flat panel

displays and photovoltaics.1 Heretofore, most of TCOs such

as impurity-doped ZnO, In2O3, and SnO2 are n-type semi-

conductors.2,3 However, many semiconductor applications,

such as light emitting devices and transparent thin film tran-

sistors, are based on the principle of p-n junction. Thus,

p-type TCOs have been paid much more attention in the past

decades. Unfortunately, a higher resistivity and lower trans-

parency compared to traditional n-type TCOs suggest that

there are still some key challenges in producing high-quality

p-type TCOs.4 Recently, delafossite-structured ABO2 oxides

become the important issue as a potential candidate for

p-type TCOs due to the pioneer work on transparent CuAlO2

conductive film.5 Correspondingly, some other isostructural

delafossite materials like CuCrO2 and CuGaO2 films have

also been reported.6 Among these delafossite-structured

ABO2 systems, it was found that CuCr0.95Mg0.05O2 film pre-

pared by radio frequency sputtering has the lowest resistivity

of 0.0045 X cm without post-annealing, which shows a

promising p-type TCO semiconductor for fabricating optoe-

lectronic devices. However, its transparency in the visible

range is only about 30%, which is much less than those of

traditional n-type TCOs. It was claimed that the transparency

can be improved by annealing at high temperatures, but with

a consequence of the enormous increase in electrical resistiv-

ity.7,8 In addition, the resistivity of CuCr1�xMgxO2 has also

been discussed as a basic physical parameter.9 It was found

that there is the turning point for the temperature dependent

behavior. Nevertheless, the physical mechanism and origin

have not been clarified due to the limited experimental data.

Following the above concept, we prepared

CuCr1�xMgxO2 nanocrystalline films by the sol-gel route,

which have been proved to possess relatively high

transmittance (above 70%) in the visible-near-infrared wave-

length region.10 It was found that the CuCr0.9Mg0.1O2 film

has a relatively low resistivity of about 0.34 X cm at room

temperature. Moreover, the films are of good electrical sta-

bility even at high temperatures because the high-

temperature synthetic procedure has already been included

during the annealing process.10,11 However, other interesting

electrical parameters such as carrier concentration and mo-

bility of CuCr1�xMgxO2 films have not been presented well

to date. As for the transparency of TCOs, people usually

focus on whether the band gap is wide enough for the excita-

tions in the visible region. It was reported that the free-

carrier absorption (FCA) effect should also be considered

while designing TCO layers for devices because it introduces

an additional absorption source, which limits the optical

transparency.3 On the other hand, terahertz (THz) optical

properties for these films have greatly guiding significance

for fabricating optoelectronic devices, which have not been

carried out. By analyzing the THz characteristics, one can

determine the optical response for the free carriers because

the FCA effect usually plays an important role in low THz-

frequency region.3,12 The key parameters like photoelectric

conversion efficiency for devices can be determined and

improved by controlling the carrier dynamics of the

CuCr1�xMgxO2 films. Therefore, the free carrier properties

are required for clarifying these physical mechanisms and

evaluating prototype device performance. In this Letter, THz

reflectance spectra and Hall transport measurements of sol-

gel derived CuCr1�xMgxO2 films at different temperatures

have been carried out to study carrier concentration and

mobility.

The CuCr1�xMgxO2 (x¼ 0.02, 0.06, and 0.10) films

were prepared on (001) sapphire substrates by the sol-gel

route employing a spin-coating process. A detailed fabrica-

tion procedure can be found in Ref. 10. The THz reflectance

spectra were recorded by a Bruker Vertex 80V Fourier

Transform infrared (FT-IR) spectrometer equipped with a

specular reflectance setup. The externally incident angle was
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set to about 10�. The spectra were measured in the frequency

range of 1.5–18 THz with a resolution of 0.06 THz (i.e.,

50–600 cm�1). The film was mounted into an Oxford

Optistat AC-V12w continuous flow cryostat with the film in

He vapor. The experimental temperature region can be var-

ied from 150 to 300K. On the other hand, temperature

dependent Hall-effect measurements were done by a home-

build system, which is based on an Oxford Spectromag

SM4000 magnetic system equipped with a series of precise

electrical instruments: the current source (Keithley 6221),

the digital nanovoltmeter (Keithley 2182A), the switch

mainframe (Keithley 7001) with a Hall-effect card (Keithley

7065) inside. In addition, the sub-femtoamp remote source-

meter (Keithley 6430) was used as a supplement for high-

resistance measurements.

One of the critical concerns for optoelectronic device

design is the interaction between free carriers and photons in

the THz region. Since the reststrahlen region of sapphire over-

laps with those of CuCr1�xMgxO2, it is difficult to identify the

phonon frequencies directly from the measured reflectance

spectra. A three-phase model (air/film/substrate) was used to

calculate the reflectance spectra of the CuCr1�xMgxO2 films.12

A Lorentz-Drude dielectric function model was presented to

explain the experimental reflectance data. The complex

THz dielectric functions ð~e ¼ e1 þ ie2Þ of the CuCr1�xMgxO2

films can be written as ~e¼e1þSx2
TO=ðx2

TO�x2�ixCÞ
�e1x2

p=ðx2þixc). Here, e1;xTO, S, C, xp, and c represent,

in order, the high-frequency dielectric constant, transverse-

optical (TO) phonon frequency, the oscillator strength, the

broadening value of TO phonon, the plasma frequency, and the

phenomenological damping constant, respectively. The experi-

mental reflectance spectra of the sapphire substrate at different

temperatures have been fitted using the Lorentz model without

the Drude item. The phonon modes near 11.5, 13.2, and 17.1

THz belong to the vibration from the sapphire substrate.12

These fitting parameters from the sapphire substrate were used

for reproducing the reflectance spectra of the CuCr1�xMgxO2

films with the composition x from 0.02 to 0.10 at different tem-

peratures. For instance, the experimental data (circles) and fit-

ting data (solid lines) at the lowest temperature of 150K, the

middle temperature of 225K and the highest temperature of

300K are shown in Fig. 1(a). A good agreement between the

experimental and calculated spectra can be found over the

entirely experimental frequency region. The best fitting parame-

ter values together with the error bars are listed in Table I.

Group-theoretical analysis decomposes a general mode

for delafossite oxide CuMO2 (M¼ trivalent cation) at the

Brillouin zone center as: C ¼ A1g þ Eg þ 3A2u þ 3Eu.
11,13,14

The observed infrared active modes near 15 THz (about

500 cm�1) can be inferred to the Eu " vibration. The experi-

mental reflectance spectra of the CuCr0.94Mg0.06O2 film

between 14.9 and 15.4 THz at different temperatures are

shown in Fig. 1(b). As we can see, the phonon band becomes

broadening and its intensity decreases with increasing tem-

perature. From Table I, the derived carrier concentration

increases with the temperature. Thus, with increasing tem-

perature, the LO-phonon plasmon (LPP) coupling effect

becomes more evident and separates the unscreened LO

phonon and plasma frequencies into modes with different

energies.15 It can also be found that the peak center of the

Eu " mode shifts to a lower frequency with increasing tem-

perature, which is mainly caused by the lattice thermal

expansion. The anharmonic phonon-phonon interactions

become more important as the temperature increases owing

to the increase of statistical number of acoustic phonons,

which also induces the redshift of the phonon mode.16

The imaginary part e2 of the complex THz dielectric

functions from the CuCr0.9Mg0.1O2 film at different tempera-

tures is shown in Fig. 1(d). The imaginary part becomes

slightly larger with increasing temperature over the entire

frequency region, which means that lower temperature can

result in a higher transparency. The imaginary part of the

complex dielectric functions increases with decreasing fre-

quency in the low frequency region, indicating that the THz

absorption coefficient increases with decreasing light fre-

quency. This is due to the FCA effect, which is an important

phenomenon in semiconductor materials.12,17 The increasing

tendency in low THz frequency region becomes more

obvious with increasing temperature, suggesting that the

FCA becomes stronger with the temperature. This is because

the carrier concentration increases with the temperature, as

will be discussed in the following. The higher carrier concen-

tration can lead to larger free carrier absorption.18 Moreover,

the FCA can be observed directly from the reflectance spec-

tra in the low frequency region, as shown in Fig. 1(c).

However, the decreasing tendency with increasing frequency

gradually disappears in the frequency region beyond 6 THz.

The data agree well with the observed phenomena in the visi-

ble-near-infrared region.10 It manifests that the FCA can be

negligible and causes little optical loss even for the

CuCr1�xMgxO2 films at high carrier concentrations above

the frequency of 6 THz.

Let us shed light on the electrical parameters varied

with the temperature. The resistivity q increases with the

temperature and the lowest resistivity for the films at room

FIG. 1. (a) Experimental THz reflectance spectra (circles) and best-fit

results (solid lines) for the CuCr1�xMgxO2 films at the temperature of 150K,

225K, and 300K, respectively. (b) Experimental reflectance spectra of the

CuCr0.94Mg0.06O2 film between 14.85 and 15.35 THz at different tempera-

tures. (c) An enlarged reflectance spectral region at frequency below 6 THz

from CuCr0.94Mg0.06O2 film. (d) The imaginary part of THz dielectric func-

tions for the CuCr0.9Mg0.1O2 film at different temperatures. The upper inset

of (d) shows the detail of the imaginary part between 1.5 and 6 THz, while

the lower one shows the detail of the frequency in the range of 14–16 THz.
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temperature is 39.5, 0.49, and 0.47 X cm with increasing Mg

composition, respectively. From Fig. 2(a), we can see that

temperature dependence of the resistivity shows a turning-

point at a special temperature point (Tcross). In the

temperature region from 300K to Tcross, the plot of lnq vs.
1000/T shows a linear change because the carrier transport

mechanism obeys a thermal activation behavior. The param-

eter 1/q is in proportion to A exp(�Ea/kBT), where Ea is the

thermal activation energy, kB is Boltzmann constant, and A is

a constant.19 Below Tcross, the carrier transport obeys a three-
dimensional variable range hopping (VRH) mechanism,

since the lnq is proportional to (1/T)1=4.9 The plot lnq vs.
(1/T)1=4 shows a linear relationship, as shown in Fig. 2(b).

The parameter Tcross for the films with the composition of

x¼ 0.02, 0.06, and 0.10 is estimated to be 2206 10K,

2066 10K, and 1946 10K, respectively. It can be con-

cluded that the parameter Tcross drops with increasing com-

position x. It is because the substitution at the Cr3þ site by

the Mg2þ ion disturbs the spin fluctuation of the local spin at

Cr sites at a lower temperature. Moreover, the disturbance

becomes stronger with increasing Mg doping.

The Hall coefficient RH under different temperatures for

the CuCr1�xMgxO2 films has been recorded at low magnetic

fields below 2 T. The positive value of RH demonstrates that

CuCr1�xMgxO2 is a p-type semiconductor and the Hall coef-

ficient decreases with increasing temperature. Surprisingly,

the temperature dependent RH also shows a turning-point at

nearly the same temperature as the resistivity does. It means

that the carrier transport mechanism makes a great contribu-

tion to the Hall coefficient for the CuCr1�xMgxO2 films. For

temperature above Tcross, the plots of ln RH vs. 1000/T show

a linear variation as the normal-state transport.20 For temper-

ature below Tcross, however, it shows a more complex trend.

As shown in Fig. 2(b), one can see an approximate linearity

from ln RH vs. (1/T)1=4, suggesting that the RH is in

TABLE I. Lorentz oscillator and Drude parameter values at different temperatures are taken from the best fit to THz reflectance spectra of the CuCr1�xMgxO2

films. The 90% confidence limits of the fitting parameters are given in parentheses. The hole concentration (p) was determined from the Hall-effect measure-

ments. The hole effective mass m* is in the ration of m0 (here, m0 is the mass of the free electron).

Composition (x) Temperature (K) p (cm�3) e1 S xTO (cm�1) C (cm�1) xp (cm
�1) c (�105 cm�1) m* (m0)

0.02 300 1.16� 1017 5.63 0.62 500.6 13.3 211 2.21 0.042

(0.10) (0.01) (0.3) (0.6) (3) (0.03)

250 2.70� 1016 5.59 0.67 501.4 10.7 104 1.26 0.040

(0.10) (0.05) (0.5) (0.3) (4) (0.02)

200 7.74� 1015 5.55 0.72 502.4 9.0 63 1.17 0.032

(0.12) (0.02) (0.2) (0.6) (3) (0.04)

150 2.18� 1015 5.49 0.79 504.5 5.8 36 0.95 0.028

(0.10) (0.04) (0.3) (0.8) (4) (0.01)

0.06 300 2.04� 1019 5.89 0.56 500.0 13.4 921 4.52 0.46

(0.01) (0.03) (0.1) (0.4) (10) (0.01)

250 1.47� 1019 5.81 0.58 501.0 9.0 819 5.63 0.42

(0.01) (0.02) (0.5) (0.3) (12) (0.01)

200 8.62� 1018 5.81 0.62 502.2 6.5 656 9.71 0.39

(0.02) (0.09) (0.2) (0.9) (13) (0.02)

150 5.48� 1018 5.70 0.70 504.4 6.0 546 18.01 0.36

(0.04) (0.05) (0.5) (0.8) (6) (0.02)

0.10 300 3.40� 1020 6.33 0.39 500.4 23.7 2248 4.34 0.48

(0.10) (0.01) (0.2) (0.6) (43) (0.02)

250 2.21� 1020 6.29 0.42 501.6 14.5 1870 7.43 0.32

(0.10) (0.05) (0.3) (0.3) (87) (0.07)

200 1.16� 1020 6.27 0.45 502.9 11.00 1383 11.17 0.23

(0.12) (0.02) (0.6) (0.6) (32) (0.02)

150 7.36� 1019 6.23 0.55 504.7 9.0 1126 18.94 0.15

(0.10) (0.04) (0.3) (0.8) (35) (0.02)

FIG. 2. (a) The functions of lnq vs. 1000/T and lnRH vs. 1000/T are shown

by dots and triangles for the CuCr1�xMgxO2 films, respectively. (b) The

functions of lnq vs. (1/T)1=4 and lnRH vs. (1/T)1=4 are shown by dots and tri-

angles, respectively. Note that the solid lines show the linear fitting and the

vertical arrows indicate the turning-point temperatures.
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three-dimensional variable range hopping region.21 The hole

concentration, which can be estimated from the Hall coeffi-

cient: p¼ 1/(RHe) (here, e is the electron charge), increases

with the temperature (Fig. 3). At lower temperatures, the

hole concentration increases slightly with the temperature.

As the temperature goes up, the tendency becomes more

striking. The increasing hole concentration with the tempera-

ture mainly results from the partly ionized impurity.22 It can

be found that the CuCr0.98Mg0.02O2 film is still located in the

partly ionized region near room temperature. Meanwhile, the

films with higher doping concentrations (x¼ 0.06 and 0.10)

have been already approaching the fully ionized region,

where semiconductor devices usually work. It indicates that

the heavily doped CuCr1�xMgxO2 is a very potential TCO

material for room-temperature device. This is because with

increasing doping concentration, the inducing defects

increase in the top of the valence-band, which results in the

form of the tail states in this band. In addition, the band-gap

renormalization (BGR) effect raises the energy of the highest

valence-band maximum. Our previous works have proved

that the CuCr0.98Mg0.02O2 film has the largest direct band

gap of 3.11 eV at room temperature. When the Mg composi-

tion increases from 0.02 to 0.06, the hole concentration is

increased from 1.3� 1017 to 2.1� 1019 cm�3, which induces

that the direct band gap rapidly declines to 3.00 eV.10 The

band-gap shrinkage (about 0.1 eV) suggests that the elec-

tronic transition energies decrease with increasing Mg com-

position.23 Thus, the relationship between the hole

concentration and the BGR effect for heavily doped

CuCr1�xMgxO2 semiconductor is an essential factor to be

considered for device designing.

Temperature dependent Hall mobility (lHall¼RH/q) of

the films are plotted in Fig. 4. The mobility of the

CuCr0.98Mg0.02O2 film increases from 1.358 to 3.973 cm2/(V s)

with the temperature, while the mobility of the

CuCr0.94Mg0.06O2 and CuCr0.90Mg0.10O2 films decreases

with increasing temperature. This is attributed to different

dominant scattering mechanism. For doping semiconductor

materials, the ionized impurity scattering time increases with

the temperature, while the lattice vibration scattering time

decreases with increasing temperature. In addition, for ion-

ized impurity scattering mechanism, the scattering time is in

proportion to the impurity concentration.22,24 As shown in

Table I, the hole scattering time decreases with increasing

temperature for the CuCr0.98Mg0.02O2 film. This is because

the lattice vibration predominates the scattering mechanism,

and the impurity concentration is too low for ionized impu-

rity scattering mechanism to take obvious effect. With

increasing doping concentrations, the effect of ionized impu-

rity scattering mechanism becomes more important. Thus,

the total scattering time increases with the temperature for

the other two compositions. On the other hand, the mobility

can also be calculated from the damping constant c and the

hole effective mass m* by l ¼ e=ð2pcm�cÞ. Here, m* is the

hole effective mass and can be calculated using the formula:

xp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðpe2Þ=ðe0e1m�Þp

, where e0 is the vacuum permittiv-

ity, p is the hole concentrations obtained from the Hall-effect

measurements. The damping constant c and plasma fre-

quency xp can be taken from the best-fit parameters in

Table I. The xp increases with the temperature and Mg com-

position, indicating that it increases with the hole concentra-

tions. For example, the m* for the Mg composition of 0.02

increases from 0.028 to 0.042 m0 and from 0.15 to 0.48 m0

for the Mg composition of 0.1, respectively. The hole effec-

tive mass increases with the temperature, which agrees with

the typical semiconductors reported previously.25 Finally,

the comparison between the Hall mobility lHall and the opti-

cal mobility lIR is presented in the insets of Fig. 4. The aver-

age ratio (lIR/lHall) is estimated to be 0.822, 0.839, and

0.854 with increasing Mg composition, repectively. In most

cases, the optical mobility tends to be slightly less than Hall

mobility, as mentioned in the earlier reports.26,27

Nevertheless, the lIR/lHall ratio above 0.8 can be reasonably

acceptable within the error range. It indicates that the electri-

cal parameters derived from spectral and transport analyses

are reasonable and reliable.

FIG. 3. The carrier concentration is varied with the temperature for the

CuCr1�xMgxO2 films. The insets show that the plasma frequency and the

effective mass increase linearly with the hole concentrations for three Mg

composition, respectively.

FIG. 4. Temperature dependence of the Hall mobility for the

CuCr1�xMgxO2 films. The insets show the comparison between the Hall mo-

bility and infrared mobility for different Mg compositions, respectively.
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In summary, the imaginary part of the complex THz

dielectric functions from CuCr1�xMgxO2 films increases

with decreasing frequency due to the FCA effect. The

change of the carrier transport mechanism from a thermal

activation behavior to a variable range-hopping one causes

the appearance of turning-point for Hall coefficient.
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