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a  b  s  t  r  a  c  t

Nb-doped  zinc  oxide  (NZO)  transparent  conductive  thin  films  with  highly  (0  0  2)-preferred  orientation
were  deposited  on  glass  substrates  by  pulsed  laser  deposition  method  in  oxygen  ambience  under  different
oxygen  pressures.  The  as-deposited  films  were  characterized  by  X-ray  diffraction  (XRD),  Field  emission-
scanning  electron  microscopy  (FE-SEM),  electrical  and optical  characterization  techniques.  It was  found
that a  desirable  amount  of  oxygen  can  reduce  the  related  defect  scattering  and  enhance  the  carrier
mobility.  The  resistivity  and  average  optical  transmittance  of  the  NZO  thin  films  are  of 10−4 �  cm  and
over  88%,  respectively.  The  lowest  electrical  resistivity  of  the  film  is  found  to  be  about  4.37  × 10−4 �  cm.
In  addition,  the influence  of  oxygen  pressure  on  optical  properties  in  NZO  thin  films  was  systematically
studied  as  well.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Transparent conducting oxides (TCOs), owing to their high elec-
trical conductivity and high optical transmittance in the visible, and
high infrared reflectance [1–5], have been widely used as transpar-
ent electrodes in various fields such as solar cells, optoelectronic
devices, flat panel displays, heat mirrors, and gas sensor. Com-
pared with the more widely used indium tin oxide (ITO), ZnO thin
films have lots of advantages, such as low cost, good thermal stabil-
ity, and convenient fabrication, which show a big potential use for
the various applications of solar cells[6], flat panel displays and so
on.

Presently, many dopants, such as aluminium(Al) [2,3], gallium
(Ga) [4], fluorine (F) [7], niobium (Nb) [8], manganese (Mn) [9],
indium (In) [10], titanium (Ti) [11], zirconium (Zr) [12], tin (Sn)
[13], boron (B) [5], bismuth (Bi) [14] and chlorine (Cl) [15], have
been investigated to improve the electrical and optical properties
of ZnO thin films. Among these, Nb doping in ZnO is quite attractive
because there is a valence difference of 3 between Nb5+ and Zn2+.
Therefore, only a tiny amount of Nb doping can produce enough
free carriers to reduce the ion scattering effect [16]. In addition,
Nb doping also seems to be the most successful and promising due
to its smaller ionic radius of 0.70 Å [17] (0.74 Å  [18]), as compared
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with corresponding values of Zn given in parentheses. Furthermore,
Nb has high thermal stability that is enhanced even further when
doped into ZnO. As a result, ZnO-based TCO thin films have a great
potential in numerous applications.

There are numerous deposition techniques used to grow ZnO
thin films (either doped or undoped) including molecular beam
epitaxy (MBE) [19], sol–gel processing [13], magnetron sputter-
ing [3,5], metal–organic chemical vapor deposition (MOCVD) [15],
thermal evaporation [20] and spray pyrolysis [10,12], and pulsed
laser deposition (PLD) [2,4]. Among these fabrication methods, PLD
provides several advantages for the growth of multi-component
oxide thin films. The composition of films grown by PLD is quite
close to that of the target, and it is true even for a multi-component
target. Also, PLD films crystallize at relatively lower substrate
temperatures compared to other physical vapor deposition (PVD)
processes due to the high kinetic energies (>1 eV) of the ejected
species in the laser produced plasma [21].

The low resistivity of ZnO thin films is due to defects of oxy-
gen vacancies and zinc interstitials [22]. It is important to study
the effect of oxygen pressure on its optoelectrical properties. Liter-
ature survey revealed that there was no report on effect of oxygen
pressure on optoelectrical properties of Nb doped ZnO thin films by
pulsed laser deposition technique. A key to achieve better electrical
properties may  lie in a good understanding of the role of oxygen in
this material system. Therefore in this paper, we study the effects
of oxygen pressure on structural, electrical and optical properties
of Nb-doped ZnO thin films.
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Fig. 1. X-ray diffraction patterns as a function of oxygen pressure for NZO thin films.

2. Experimental

NZO thin films were deposited on glass substrates with PLD
method. A KrF excimer laser (248 nm,  300 mJ,  5 Hz) was employed
as the ablation source. The NZO targets were prepared from ZnO
powder (purity 99.99%) and Nb2O5 powder (purity 99. 9%) in a mol
proportion of 98:2. The materials are mixed in an agate mortar with
fine grinding for 5 h, pressed into 50 mm diameter and 4 mm thick-
ness pellet at a pressure of 20 tone and then sintered in an alumina
crucible at 1150 ◦C for 8 h in air. The substrates were first cleaned
with alcohol for 30 min, rinsed in de-ionized water and subse-
quently dried in a flowing nitrogen gas before being loaded into the
chamber. Prior to irradiations, the deposition chamber is evacuated
down to a base pressure of 2 × 10−4 Pa and then oxygen (99.99%)
was used as the ambient gas. The NZO films were deposited onto
the substrate at a temperature of 350 ◦C and under various oxygen
pressures (10−3 to 5 Pa). The target–substrate distance was  kept at
5 cm.  The deposition time of 60 min  was maintained. The laser rep-
etition rate was 5 Hz and the energy per pulse was 500 mJ.  Before
deposition, the target was pretreated in O2 atmosphere for 15 min
to remove any impurity on the surface of the target. After deposi-
tion, the films deposited at higher temperature are cooled to room
temperature at the same oxygen pressure. All of the films with a
typical thickness of about 300 nm obtained from the step height
measurement instrument.

To confirm the properties of the films, the XRD patterns were
collected on a DX–2700 diffractometer with Cu K� radiation
(� = 1.5418 Å), the room temperature Hall effect measurements
were carried out using a Hall Effect measurement system (Ecopia
HMS-3000), the surface morphologies were investigated by scan-
ning electron microscopy (JEOL JSM-7600F, Akishima, Tokyo,
Japan) and the transmittance of the films in the wavelength
range 300–800 nm was measured using an ultraviolet–visible–near
infrared (UV–Vis–NIR) spectrophotometer (Varian Cary 5000).

3. Results and discussions

Fig. 1 shows the XRD patterns of Nb: ZnO (NZO) thin films
deposited under various oxygen pressures. All the samples exhibit
(0 0 2) preferred orientation due to a self-texturing mechanism as
discussed by Jiang et al. [23], which indicates that all the films
are highly c-axis oriented. The texture coefficients of oxygen pres-
sures of 10−3, 5 × 10−3, 2 × 10−2, 1 × 10−1, 8 × 10−1 and 5 Pa are
57.3%, 58.1%, 62.3%, 71.6%, 68.3% and 66.1%, respectively. With the
increment of the oxygen pressure, the (0 0 2) peak intensity initially

10-3 10-2 10-1 100
0.24

0.28

0.32

0.36

FW
H

M
 (d

eg
.)

G
ra

in
 S

iz
e 

(n
m

)

21

24

27

30

33

Oxygen Pressure (Pa) 

Fig. 2. Grain size and FWHM of (0 0 2) peak of NZO thin films prepared at various
oxygen pressures.

increases, to a maximum at 2 × 10−2 Pa, and then decreases grad-
ually. No extra peaks due to the addition of niobium in zinc oxide
films were observed, indicating the absence of an impurity phase
in the films. That is, the diffractograms provide evidence of single
phase crystalline zinc oxide (wurtzite structure).

These phenomenons can be explained as follows. For NZO thin
films deposited at low oxygen pressure, there exist lots of oxygen
vacancies, thus resulting in the fact that the chemical composition
of them is non-stoichiometric and then they have worse crystalline.
The excess of oxygen might induce defects in the NZO thin films,
which interfere with the nucleation and growth of the films, thus
lead to the degradation of the crystalline quality. In addition, the
adatoms, with a smaller diffusion path length at higher oxygen
pressure, will have less time to adopt a preferred in-plane orien-
tation. Understandably, this reduction in surface adatom mobility
can also lead to poor crystallinity. In our experiment, the condition
of oxygen pressure at 2 × 10−2 Pa has produced the most highly
oriented NZO films, being the critical oxygen partial pressure.

Fig. 2 displays FWHM (Full Width at Half Maximum) of NZO thin
films grown at various oxygen pressures. The value of FWHM for
the films decreases significantly with the increase of the oxygen
pressure. The decrease of the FWHM indicates the increase of grain
size of the NZO films. In order to attain the detailed structure infor-
mation, we calculated the grain size along the c-axis according to
the Scherrer’s formula [24,25]

D = 0.9�

 ̌ cos �
(1)

where D is the mean grain size, � is the wave length of Cu K�
radiation (1.5418 Å),  ̌ is the (0 0 2) peak width and � is the Bragg
diffraction angle. We  have corrected  ̌ by considering the effect of
instrumental broadening. The grain sizes of the thin films deposited
at various oxygen pressures are plotted in Fig. 2. The D values
increase from 22 to 33 nm with the increase of oxygen pressure,
due to the interaction and agglomeration with each other at high
oxygen pressure.

Surface morphology of the NZO thin films prepared at different
oxygen pressures are studied by SEM. The SEM images in Fig. 3
indicate that the surface morphology is strongly dependent on
the oxygen pressure. The average particle size of the NZO film is
relatively small when prepared at a low oxygen pressure. With
the increasing of oxygen pressure, the average particle size of the
NZO film increased. This consists well with the above XRD analysis
results. Fig. 3(g) shows the cross-sectional SEM micrograph of the
NZO thin film deposited at oxygen pressure of 2 × 10−2 Pa. Accord-
ing to the cross-section images, the film exhibits a columnar crystal
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