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a b s t r a c t

Gadolinium (Gd) doped cadmium oxide (CdO) thin films are grown at low temperature (100 ◦C) using
pulsed laser deposition technique. The effect of oxygen partial pressures on structural, optical, and electri-
cal properties is studied. X-ray diffraction studies reveal that these films are polycrystalline in nature with
preferred orientation along (1 1 1) direction. Atomic force microscopy studies show that these films are
eywords:
adolinium
admium oxide
andgap
ulsed laser deposition

very smooth with maximum root mean square roughness of 0.77 nm. These films are highly transparent
and transparency of the films increases with increase in oxygen partial pressure. We observe an increase
in optical bandgap of CdO films by Gd doping. The maximum optical band gap of 3.4 eV is observed for
films grown at 1 × 10−5 mbar. The electrical resistivity of the films first decreases and then increases
with increase in oxygen partial pressure. The lowest electrical resistivity of 2.71 × 10−5 � cm and highest

2 obse
onduc
hin film mobility of 258 cm /Vs is
and wide bandgap semic

. Introduction

Cadmium oxide (CdO) is widely used as transparent conduc-
ors for its high electrical conductivity and optical transparency
1]. CdO is an n-type semiconductor having bandgap of 2.27 eV
2]. The high conductivity of undoped CdO is due to defects of
xygen vacancies and cadmium interstitials [1]. CdO was the very
rst reported transparent conducting film made by oxidation of
puttered metallic cadmium [3]. After that different techniques
uch as sol–gel [4], dc magnetron sputtering [5], radio-frequency
puttering [6], spray pyrolysis [7], chemical vapor deposition
2], chemical bath deposition [8], and pulsed laser deposition
9] is used for deposition of doped and undoped CdO films. Although
dO is highly conducting, but due to its relatively small bandgap, it

s not extensively studied compared to other transparent conduct-
ng oxides such as zinc oxide, indium oxide, titanium oxide, etc.

There are few reports on improvement of optical bandgap of
dO by doping [10,11]. Saha et al. have reported an improvement

n optical bandgap of CdO by titanium incorporation [12]. Yan et al.
ave observed that the optical band gap of tin doped CdO films

rst increases with increase in tin doping level and then decreases
ith further increase in tin doping [9]. The maximum bandgap of

.87 eV is observed for 6.2 at% tin doping. The effect of growth tem-
erature on optical bandgap of tin doped CdO film is studied [1].
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925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.007
rved. These low temperature processed highly conducting, transparent,
ting films could be used for flexible optoelectronic applications.

© 2011 Elsevier B.V. All rights reserved.

Fluorine doped CdO films show an improvement in optical bandgap
from 2.2 eV to 2.42 eV by 4 at% fluorine doping [13]. Recently, it is
reported that the rare earth oxides are potential doping candidates
to improve the optical and electrical properties of conducting metal
oxides because of their high optical band gap [14,15].

The literature survey indicates that there is no report on opto-
electrical properties of rare earth oxide doped CdO films using
pulsed laser deposition technique. The aim of the present work is
to study the effect of oxygen partial pressure on structural, opti-
cal, and electrical properties of Gd doped CdO (CdO:Gd) thin films
prepared by pulsed laser deposition technique.

2. Experimental details

Standard solid-state reaction was used for preparation of Gd (2 at%) doped CdO
target. High purity Gd2O3 (Alfa Aesar, USA) and CdO (Alfa Aesar, USA) were used.
The well-ground mixture was heated at 900 ◦C for 10 h. The powder mixture was
cold pressed at 6 × 106 N/m2 load and sintered at 950 ◦C for 12 h. The thin films
were deposited on quartz substrate under different oxygen partial pressures at
100 ◦C. KrF excimer laser (Lambda Physik COMPex, � = 248 nm and pulsed duration
of 20 ns) was used for deposition. The laser was operated at a pulse rate of 10 Hz,
with an energy of 300 mJ/pulse. The laser beam was focused onto a rotating target
at a 45◦ angle of incidence.

The structural characterizations were performed using X-ray diffraction (XRD)
and atomic force microscopy (AFM). The XRD spectra of all the films were recorded

with Bruker AXS X-ray diffractometer using the 2�–� scan with CuK� (� = 1.5405 Å)
radiation which operated at 40 kV and 40 mA. The AFM imaging was performed
under ambient conditions using a Digital Instruments (Veeco) Dimension-3100 unit
with Nanoscope® III controller, operating in tapping mode. The optical transmit-
tance measurements were made using UV–visible spectrophotometer (Ocean Optics
HR4000).

dx.doi.org/10.1016/j.jallcom.2011.01.007
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Fig. 1. XRD spectra of CdO:Gd films gro

The resistivity and Hall coefficient measurements were carried out by a stan-
ard four-probe technique. The thickness of the films was measured using AFM.
he Hall effect was measured with the magnetic field applied perpendicular to film
urface in the Van der Pauw configuration [16]. Carrier concentration and carrier
obility were calculated at room temperature using Hall coefficient and resistivity

ata.

. Results and discussions

.1. Structural characterization

Fig. 1 shows the X-ray diffraction patterns of CdO:Gd films
rown under different oxygen partial pressures. The observed
iffraction patterns indicate the polycrystalline nature of the CdO
ith cubic structure on the basis of PDF Card No: 005-0640 [17]. No

xtra peaks due to the addition of gadolinium in CdO oxide films
ere observed and this indicates absence of an impurity phase in

he films. It is seen that all the films have preferred orientation
long (1 1 1) direction. The average particle size (t) of the films
as calculated using the Scherer equation, t = 0.9�/ˇ cos �, where
is the X-ray wavelength, ˇ is the full width at half maximum

f the diffraction line, and � is the diffraction angle of the XRD
pectra [18]. The average particle size for the films grown under
xygen pressure of 1 × 10−5 mbar, 1 × 10−4 mbar, 1 × 10−3 mbar,

nd 1 × 10−2 mbar was calculated to be 11.1 nm, 10.1 nm, 12.3 nm,
nd 10.1 nm, respectively.

The surface smoothness is a very important parameter for any
ransparent electrode. The surface roughness of the films decides
hether it could be used as an electrode or not for any optoelec-
der different oxygen partial pressures.

tronic applications. The surface roughness of the films is studied
using atomic force microscopy. The AFM images of CdO:Gd films
grown under different oxygen pressures are shown in Fig. 2. The
root mean square (rms) roughness of the films increases with an
increase in oxygen partial pressure. The rms roughness of the films
grown under oxygen pressure of 1 × 10−5 mbar, 1 × 10−4 mbar,
1 × 10−3 mbar, and 1 × 10−2 mbar was calculated to be 0.45 nm,
0.60 nm, 0.72 nm and 0.77 nm, respectively. The rms roughness of
4.7 nm is reported for CdO films grown using metal–organic chem-
ical vapor deposition technique [19]. The peak to valley roughness,
an important parameter to decide the suitability of these films for
bottom electrodes, is calculated and is in the range of 3–6 nm. The
peak to valley roughness of the devices based on tin doped indium
oxide is 16.4 nm [20].

3.2. Optical characterization

Fig. 3 shows the effect of oxygen partial pressure on opti-
cal transparency of CdO:Gd films. The optical transparency and
bandgap of the films are very important parameters for optoelec-
tronic and photovoltaic applications. The optical transparency of
the films increases with an increase in oxygen partial pressure. The
average percentage transmittance of all the films is greater than
80%. The optical bandgap of the films is determined from transmit-

tance vs. wavelength plot. The absorption coefficient (˛) is given
by

˛ = ln
(

1
T

)
/d (1)
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Fig. 2. AFM images of the films gr

here T is transmittance and d is film thickness. The relation
etween the absorption coefficient and the incident photon energy
hv) is given by the following equation [21]
˛h�)2 = A(h� − Eg) (2)

here A and Eg are constant and optical bandgap, respectively. The
g can be determined by extrapolations of the linear regions of the
lots to zero absorption. The inset of Fig. 3 shows the relationship

ig. 3. UV–visible spectra of the films [inset figure (˛h�)2 and h� plots for CdO:Gd
lms].
nder different oxygen pressures.

between (˛h�)2 and h� for films grown at different oxygen partial
pressures. The optical bandgap of the films decreases with increase
in oxygen partial pressure and varies from 3.0 eV to 3.4 eV. Similar
observations are reported by Subramanyam et al. for sputtered CdO
films [22]. An increase in optical bandgap from 2.40 eV to 2.52 eV
with an increase in oxygen partial pressure from 0.05 Pa to 0.5 Pa
is observed. Our Gd doped CdO films show better improvement
in optical bandgap compared to Ti, Sn, Al or F doped CdO films
[9,12,13,23].

3.3. Electrical characterization

The dependence of electrical properties such as resistivity, car-
rier concentration, and mobility of CdO:Gd films on oxygen partial
pressure is discussed next. The electrical parameters are calculated
using standard equations [24]. The film resistivity is determined
by taking the product of resistance and film thickness. The car-
rier concentration (n) is derived from the relation n = 1/e × RH,
where RH is the Hall coefficient and e is the absolute value of the
electron charge. The carrier mobility (�) is determined using the
relation � = 1/ne�, where � is resistivity. It is observed that the
carrier concentration of the films decreases with increase in oxy-

gen partial pressure (Fig. 4). The carrier concentration decreases
from 1.43 × 1021 cm−3 to 4.38 × 1020 cm−3 with increase in oxy-
gen pressure from 1 × 10−5 mbar to 1 × 10−2 mbar, respectively.
On the other hand, the resistivity of the films first decreases and
then increases with increase in oxygen partial pressure. The low-
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ig. 4. Effect of oxygen partial pressure on electrical properties of CdO:Gd films.

st resistivity of 2.7 × 10−5 � cm is observed for the films grown
nder 1 × 10−4 mbar oxygen pressure. The mobility of the films ini-
ially increases with an increase in the oxygen partial pressure up
o 1.0 × 10−3 mbar and then decreases with an increase in oxygen
ressure. The low mobility of the films grown under high oxygen
ressure is believed to be due to collisional energy loss of the parti-
les with oxygen during their arrival toward the substrate surface.
nd the increase in resistivity and decrease in carrier concentration
ith oxygen pressure may be due to removal of oxygen vacancies

orm the films.

. Conclusions

Pulsed laser deposition technique is used for growth of Gd-
oped CdO films at low temperature. The effect of oxygen partial

ressure on structural, optical, and electrical properties are stud-

ed. These (1 1 1) preferred oriented films are highly transparent.
he optical bandgap of the films depends on oxygen partial pressure
nd varies from 3.0 eV to 3.4 eV. The lowest electrical resistivity and
ighest mobility of 2.71 × 10−5 � cm and 258 cm2/Vs, respectively,

[

[

[

mpounds 509 (2011) 4146–4149 4149

are observed. These low temperature processed high mobility and
wide bandgap semiconducting films could be used for flexible opto-
electronic and photovoltaic applications.
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