
Co-doping effects and electrical transport in In–N doped zinc oxide

L.L. Chen a,b, Z.Z. Ye a,*, J.G. Lu a, H.P. He a, B.H. Zhao a, L.P. Zhu a,
Paul K. Chu b,*, L. Shao c

a State Key Laboratory of Silicon Materials, Zhejiang University, Hangzhou 310027, People’s Republic of China
b Department of Physics and Materials Science, City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong, China

c Los Alamos National Laboratory, Los Alamos, NM 87545, USA

Received 1 October 2006
Available online 18 October 2006

Abstract

The influence of indium concentrations on electrical properties of In–N co-doped ZnO thin films has been studied. Based on Hall-
effect measurements and analyses, impurity scattering is the dominant mechanism determining the diminished mobility in ZnO with
higher In concentration. X-ray photoelectron spectroscopy reveals that the presence of In enhances the solubility of N with the formation
of In–N and Zn–N bonds. The optimal properties, namely resistivity of 16.1 X cm and Hall mobility of 1.13 cm2 V�1 s�1, are obtained at
an indium concentration of 0.14 at.%. The diffraction angle of co-doped ZnO is closest to that of un-doped ZnO.
� 2006 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide, with a direct band gap of 3.37 eV, has been
attracting considerable attention because of promising
applications in UV light-emitting diodes and diode lasers
[1,2]. However, an obstacle hampering more widespread
applications is that ZnO intrinsically shows n-type conduc-
tivity and it is difficult to dope the materials p-type. Nitro-
gen, a good p-type dopant in other II–VI semiconductors
[3,4], has long been considered a possible p-type dopant
in ZnO. Incorporation of both acceptors and reactive
donors has been proposed to increase the solubility of N
in ZnO [5], and experimental verification of co-doping in
ZnO such as Al–N [6] and Ga–N [7] has been reported.
Synthesis of p-type ZnO films with acceptable stability
and reproducibility by means of indium and nitrogen co-
doping has recently been demonstrated [8]. However, some
fundamental properties such as the electrical transport in

co-doped ZnO is still not well understood. In this letter,
results on our systematic study on the effects of co-doping
and electrical transport properties in In–N co-doped ZnO
films are described.

2. Experiments

ZnO films were synthesized on glass substrates by direct
current (DC) reactive magnetron sputtering. InxZn1�x

(x = 0.05, 0.5, 0.8, 1, and 5 at.%) alloys (99.999% pure)
were used as the co-doping targets. The deposition cham-
ber was initially evacuated to a base pressure of 10�3 Pa
and then a mixture of Ar (99.995%) and N2O (99.99%) with
a ratio of 1 :1 was introduced as the sputtering gas to a
total pressure of 4 Pa. The substrate temperature was
maintained at 540 �C. Before deposition, the target was
pre-sputtered for 10 min to remove surface contaminants.
The sputtering time, current, and voltage were 30 min,
200 mA, and 200 V, respectively.

The film composition was determined by Rutherford
backscattering spectrometry (RBS) using 2 MeV helium
ions and a Si barrier detector located at a backscattering
angle of 167�. The RBS spectra were fitted using SIMNRA
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which is a common simulation program for MeV ion beam
analysis of backscattering spectra [9]. The electrical proper-
ties were measured by Hall-effect measurements using the
Van der Pauw configuration system (BIO-RAD
HL5500PC) at room temperature. The chemical bonding
states of nitrogen and indium in the films were character-
ized by X-ray photoelectron spectroscopy (XPS) [VG
ESCALAB MK-II, Mg Ka source]. The crystal structure
was determined by X-ray diffraction (XRD) on the Thermo
ARL X’TRA with Cu Ka radiation (k = 0.154056 nm).

3. Results and discussion

Fig. 1 shows the variation of the In concentrations in the
films versus those in the targets as determined by RBS. The
insert shows the SIMNRA fit for a typical RBS spectrum.
The thickness of the as-grown In–N co-doped ZnO thin
films is 120–150 nm. On account of the relative low sensi-
tivity of N by RBS, it is difficult to accurately determine
the N concentration in the films. Fig. 1 shows that the In
concentrations in the films are proportional to those in
the targets within 1 at.%, but the In to Zn ratios in the films
are not necessarily the same as those in the targets.

Fig. 2 shows the dependence of the electrical properties
on In concentrations for the In–N co-doped ZnO films.
The films with In concentrations below 0.25 at.% exhibit
p-type conductivity. Among these samples, the film with
an In content of 0.02 at.% exhibits high resistivity and
low carrier concentration. As the In concentration
increases, the p-type conductivity is enhanced. The optimal
results, namely resistivity of 16.1 X cm, carrier concentra-
tion of 3.42 · 1017 cm�3, and Hall mobility of
1.13 cm2 V�1 s�1, are observed when the In concentration
in the film is 0.14 at.%. Further increases in the In concen-
trations lead to gradually rising resistivity. When In con-
centration reaches 0.51 at.%, a rather high resistivity and
ambiguous carrier type are observed. In our measurements,
only the Hall voltage magnitude and sign are definite for
the sample. Due to the ambiguity, the carrier concentration

and Hall mobility of the sample doped with 0.51 at.% In
are not included in the plots. Our results also indicate that
the mobility in the films decrease with increasing In
contents.

In order to determine the dominant scattering mecha-
nism for the mobility variation, we consider grain bound-
ary scattering, lattice scattering, and ion impurity
scattering. To estimate the contribution of grain boundary
scattering, the mean free paths of the carriers in the films
are calculated using [10]

l ¼ h
2e

� �
3n
p

� �1=3

l; ð1Þ

where l is the charge carrier mobility and n is the carrier
concentration. The calculated results are in the range of
0.26–1.61 nm, which is much smaller than the crystalline
size of the ZnO film (120–150 nm), suggesting that the con-
tribution from the grain boundary scattering mechanism
can be neglected. As for the lattice scattering mechanism,
it is only evident at high temperatures. Since the Hall-effect
measurements are carried out at room temperature, lattice
scattering should not be the dominant scattering mecha-
nism. In addition, according to the Conwell–Weisskoft for-
mula, when degenerate charge carriers are scattered by
impurity ions, the mobility can be described as [11,12]
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where m* is the effective mass of electrons, e is a static
dielectric constant of the films, EF is the Fermi energy level,
and Ni is the concentration of the scattering centers. Hence,
a high doping concentration will lead to a larger popula-
tion of ionized impurities, consequently leading to de-
creased mobility with higher In concentrations. We
believe that this is the dominant mechanism for our ob-
served mobility variation.

Fig. 1. Relationship between In concentrations in the co-doped ZnO films
with those in the sputtering targets. The inset shows the random RBS
spectrum of the film with an In concentration of 0.51 at.%. The dotted
curve shows the excellent SIMNRA fit.

Fig. 2. Dependence of electrical properties of In–N co-doped ZnO films
on In concentrations.
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To further investigate the mechanism, X-ray photoelec-
tron spectroscopy (XPS) was performed to examine the
chemical states of In and N in the ZnO films. The XPS
spectra of the ZnO film with 0.14 at.% In are depicted in
Fig. 3. The In 3d5/2 (443.4 eV) and In 3d3/2 (451.1 eV) peaks
in Fig. 3a indicate In–O or In–N bonds [13]. The N1s spec-
trum in Fig. 3b is deconvoluted numerically with Gaussian
functions into two components with peak energies of
397.3 eV and 396.0 eV. The peak at 397.3 eV can be attrib-
uted to N–In bonds based on the fact that a similar peak
has been observed from GaN thin films (397.1 eV) [14].
The peak at 396.0 eV is related to Zn–N bonds (NO) [15],
which are believed to contribute to the good p-type behav-
ior as demonstrated by the Hall-effect measurements. Thus,
it is very reasonable to conclude that the presence of In
enhances the incorporation of N via the formation of In–
N and Zn–N bonds. It should also be noted that for the
In–N co-doped ZnO films, there is significant scattering
from neutral impurities as well as ionized impurities. With
increasing In concentrations, more InN acts as defects and
scattering centers in the films thereby adversely affecting
the mobility. This is consistent with the mobility trend
shown in Fig. 2.

Although the tendency of the decreasing mobility can be
explained, it is more difficult to fathom why the optimal
electrical properties are achieved when the materials are
doped with a certain amount of In. Fig. 4 displays the
XRD patterns acquired from three of the In–N co-doped
ZnO films. All the films show only the (002) Bragg peaks
and no Zn3N2, In2O3, or InN peaks can be detected. The
results suggest a high c-axis orientation and satisfactory
crystal quality. With increasing In concentrations, the

FWHM (full width at half maximum) value of the (002)
peak increases, implying degraded crystallinity due to
incorporation of In and N atoms. The diffraction angles
of the (002) peaks are shown in the inset of Fig. 4. They
shift to higher values initially with increasing In concentra-
tions. The maximum diffraction angle of 34.36� is observed
from the sample having an In concentration of 0.14 at.%.
Further increases in the In concentration lead to smaller
diffraction angles. The maximum diffraction angle of
34.36� determined from the co-doped ZnO films is close
to that of un-doped ZnO (34.37�). This experimental result
suggests that no evident strain or inclusion-induced lattice
distortion has been developed in the ZnO film when the In
concentration is 0.14 at.%. Simultaneous incorporation of
appropriate concentration of N and In introduces offset-
ting local lattice expansion and contraction, subsequently
minimizing the lattice strain and improving the electrical
characteristics. In addition, this allows the N acceptor to
exist in a stable state. The stability of N can also be under-
stood by the reduction in the Madelung energy for co-dop-
ing [16]. Based on the two major scattering mechanisms
involving ion and neutral impurities that affect the mobil-
ity, co-doped p-type ZnO thin films with both high carrier
concentration and high mobility are difficult to obtain at
the same time and there should exist a certain In to N con-
centration ratio that yields the optimal characteristics. Our
results indicate that it occurs when the diffraction angle is
closest to that of un-doped ZnO.

4. Conclusions

In summary, the influence of the indium doping concen-
tration on the electrical properties of In–N co-doped ZnO
thin films has been systematically studied. Based on Hall-
effect measurements and analyses, impurity scattering is
the dominant mechanism for the diminished mobility with
higher In concentrations. XPS reveals that the presence of
In enhances the solubility of N with the formation of In–N
and Zn–N bonds. The optimal properties, namely resistiv-

Fig. 3. XPS spectra obtained from the co-doped ZnO having an In
concentration of 0.14 at.%: (a) In3d, (b) N1s.

Fig. 4. XRD spectra acquired from the co-doped ZnO films with In
concentrations of 0.02, 0.14, and 0.51 at.%. The inset shows the
relationship between the diffraction angle of the (002) peak and In
concentrations.
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ity of 16.1 X cm and Hall mobility of 1.13 cm2 V�1 s�1, are
obtained when the indium concentration is 0.14 at.% and
the diffraction angle of co-doped ZnO is closest to that of
un-doped ZnO.
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