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Nitrogen (N)-doped ZnO films (ZnO:N) grown on the a-/c-plane sapphire substrates (a-/c-Al2O3) by
plasma-assisted molecular beam epitaxy were investigated. It was found that the content of N in the
ZnO films grown on c-Al2O3 is higher than that of the films grown on a-Al2O3. The ZnO:N films grown
on c-Al2O3 have lower carrier concentration and larger intensity ratio of the DAP/D�X emission compared
with those of the ZnO:N films grown on a-Al2O3 under the same growth conditions, which indicates
higher incorporation efficiency of N in the ZnO films grown on c-Al2O3.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Zinc oxide (ZnO) was considered as a promising material for
optical device application in the blue and ultraviolet wavelength
region owing to its direct wide band gap (Eg � 3.3 eV at 300 K)
and large exciton binding energy (60 meV) [1,2]. However, it has
been proved to be very difficult to produce a stable p-type ZnO
with high conductivity and mobility. Many factors affect the qual-
ity of p-type films, such as growth temperature, dopants and sub-
strate, etc. Since growth temperature affects the solubility limit of
dopants, suitable growth temperature should be determined to ob-
tain high incorporation efficiency of dopants [3]. Recently, many
research groups have reported the p-type ZnO by single doping
of I or V group elements, such as N, P, Li, and [4–6], and codoping
of III–V groups, such as Ga–P, Al–N, Li–N, Ga–N, etc [7–10]. Among
these dopants, N is thought to be the best candidate for producing
a shallow p-type dopant in ZnO, because it has the closest atomic
size and electronic structure to oxygen. Some groups are also re-
ported that they obtained p-type ZnO films using different sub-
strates, such as Al2O3 (0001), Si (100), bulk ZnO, glass, and
ScAlMgO4 (0001), [11–16]. From their reports, it can be found that
the properties of the films can be greatly modulated by varying
substrates. However, systematic investigation on the relationship
between N incorporation efficiency and substrate is rare. So in this
paper we report our study of the effect of stress caused by lattice
mismatch between ZnO films and a-/c-plane sapphire substrates
(a-/c-Al2O3) on the doping efficiency of nitrogen in the ZnO films.
For convenience, ZnO:N films grown on a-Al2O3 and c-Al2O3 were
denoted by ZnO:Nhai and ZnO:Nhci, respectively.
2. Experiments

ZnO:N films were grown by plasma-assisted molecular beam
epitaxy on a-/c-Al2O3 at 450 �C, respectively. The substrates surface
was pre-exposure in O-plasma at 500 �C for 10 min before growth.
NO gas (99.99%) was used as O source and N dopant and activated
during the growth process by an Oxford Applied Research Model
HD25 rf (13.56 MHz) atomic source. The NO flux was fixed at 0.8
SCCM (SCCM denotes cubic centimeter per minute at standard
temperature and pressure). The Zn source temperature (TZn) was
changed from 235 to 255 �C with steps of 5 �C. The thicknesses of
the films increased from 465 to 700 nm and from 500 to 745 nm
for ZnO:N films grown on a- and c-Al2O3, respectively, while the
Zn cell temperatures increased from 235 �C to 255 �C. Structures
of the films were characterized by a D/max-RA X-ray diffractome-
ter (XRD) (Rigaku International Corp., Japan) with Cu Ka radiation.
For the Raman scattering spectrum, polarized light from the
488 nm line of an Ar+ ion laser was focused on the samples at room
temperature. The scattered signal was dispersed by a Jobin–Yvon
U1000 micro Raman spectrum using backscattering geometry.
Electrical properties were measured in the van der Pauw configu-
ration by a Hall-effect measurement system at room temperature.
The low temperature photoluminescence (PL) measurement was
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performed by the excitation from a 325 nm He–Cd laser with
50 mW power. X-ray photoelectron spectroscopy (XPS) measure-
ment were performed by an ESCALAB 250 XPS instrument with
Al Ka (hm = 1486.6 eV) X-ray radiation source.
3. Results and discussion

ZnO has a hexagonal wurtzite structure and belongs to the C6

symmetry group. The following Raman-active phonons were pre-
dicted for the wurtzite structure: an A1 branch in which the pho-
non is polarized in the z direction; an E1 branch in which the
phonon is polarized in the xy plane, and two E2 branches (the c axis
of the crystal is taken to be the z axis). The E1 branch is linearly
polarized, but the two E2 branches do not have a simple polariza-
tion behavior. A1 and E1 branches are polar with different energies
for the longitudinal (LO) and transverse (TO) components. In the
backscattering geometry, with the c axis normal to the surface,
the TO branch of the A1 mode and the TO and LO branches of the
E1 mode are forbidden. The LO branch of the E2 modes
(440 cm�1) and A1 mode (577 cm�1) are allowed [17].

Raman scattering is performed on all of the samples at room
temperature in back-scattering configuration. Undoped ZnO films
grown on a-/c-Al2O3, ZnO:Nhai films and ZnO:Nhci films grown at
the TZn of 235 �C, 250 �C and 255 �C were shown in Fig. 1a–d,
respectively. The features marked by the asterisk are originated
from a-/c-Al2O3. Besides the Raman peaks from sapphire sub-
strates, a strong additional peak at 275 cm�1 appears in both
ZnO:Nhai and ZnO:Nhci films, but not appears in the undoped
ZnO films grown on a-/c-Al2O3, as shown in Fig. 1a–d, indicating
that the Raman peak located at 275 cm�1 was related to N doping.
Recently, Kaschner et al. found that the content of incorporated N
in ZnO films can be quantitatively measured by Raman spectros-
copy [18]. The stronger the peak located at 275 cm�1, the larger
N content in ZnO films. In our experiment, the intensity of
275 cm�1 Raman peaks increases with increasing TZn, indicating
that the content of N in ZnO films increases with increasing TZn
Fig. 1. Raman spectra from undoped ZnO films grown on a-/c-Al2O3 (a) ZnO:N films grow
features marked by the asterisk are originated from the sapphire substrate.
which is consistent with previous report [18]. Compared with
ZnO:Nhai films, the intensity of the peaks located at 275 cm�1

are always stronger for the ZnO:Nhci films under the same growth
conditions. This indicates that the ZnO:Nhci films have larger N
content at the same growth conditions. From XPS measurements,
we found that, at the same TZn, the NO content in the ZnO:Nhci
films (0.41% at TZn = 235 �C and 3.31% at TZn = 255 �C) is larger than
that in the ZnO:Nhai films (0.32% at TZn = 235 �C and 2.06% at
TZn = 255 �C). Therefore, it can be concluded that N-doping with
c-Al2O3 substrate has higher incorporation efficiency than with
a-Al2O3 substrate.

The results of Hall-effect measurements for the ZnO:Nhai and
ZnO:Nhci films grown at various TZn are summarized in Table 1a
and b, respectively. The results show that the carrier concentration
in both the ZnO:Nhai and ZnO:Nhci films increase first, and then
decrease with increase of TZn. The increase in carrier concentration
was attributed to the lower Zn beam flux while TZn lower than
245 �C. Further increase of TZn raises the Zn beam flux to a higher
level. Under this condition, the formation energy of NO was very
low and the solubility of N was enhanced [19]. Numbers of oxygen
vacancy (Vo) act as donor will be created under Zn-rich conditions,
however, these donors were compensated by NO acceptor which
leads to high resistivity and low carrier concentration. From
Table 1a and b, it can be found that the carrier concentration of
the ZnO:Nhci films is always lower than that of the ZnO:Nhai films
grown under the same growth conditions. A p-type ZnO:N film
with hole concentration of 2.21 � 1016 cm�3 was obtained for the
ZnO:Nhci grown at the TZn of 255 �C. This means that the NO has
higher incorporation efficiency in ZnO:Nhci films, which was con-
sistent with Raman measurements. Above p-type ZnO films can
be reproduced, however, the p-type conduction reverts to n-type
conduction in a period of several days. Therefore, in order to obtain
ultraviolet light-emitting diodes and lasers based on ZnO films, fur-
ther investigation will be needed on the stability of p-type ZnO.

The epitaxial relationships between ZnO and c-Al2O3 can be
seen elsewhere and the lattice mismatch was calculated to be
n on a-/c-Al2O3 at the TZn of (b) 235 �C, (c) 250 �C and (d) 255 �C, respectively. The



Table 1
Electrical properties of the ZnO:N samples grown on (a) a-Al2O3 and (b) c-Al2O3 at various TZn.

Resistivity (ohm.cm) Hall mobility (cm2/V s) Carrier concentration (cm�3) Carrier type

a
235 0.14 12.68 3.58 � 1018 n
240 3.97 0.24 6.68 � 1018 n
245 0.03 16.62 1.13 � 1019 n
250 128 0.25 2.30 � 1017 n
255 2.60 � 104 0.35 9.53 � 1014 n

b
235 3.41 0.52 3.46 � 1018 n
240 2.64 0.85 2.60 � 1018 n
245 7.05 0.12 2.60 � 1018 n
250 38.71 1.20 2.60 � 1017 n
255 202.14 1.33 2.60 � 1016 p

Fig. 2. Schematic diagram showing the epitaxial relationships of the ZnO (0001)
grown on Al2O3 ð11 �2 0Þ. (as and cs denoted as the a- and c-axis lattice parameters of
Al2O3, respectively. az denoted as the a-axis lattice parameters of ZnO.)

Fig. 3. 80 K-PL spectra of ZnO:N films grown on a-/c-Al2O3 at the TZn of (a) 235, (b)
250 and (c) 255 �C.
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about �18.4% considering 30� in-plane rotation in the relationship
of ZnO½2 �1 �10� Al2O3k ½1 �100� and ZnO½1 �100� Al2O3k ½1 �210� [20].
Fig. 2 shows the schematic diagram of the epitaxial relationships
between ZnO and a-Al2O3. In Fig. 2, the dot lines represent the
atom arrangement in a-plane Al2O3 and the solid lines represent
the atom arrangement in c-plane ZnO. as and cs denoted as the a-
and c-axis lattice parameters of Al2O3, respectively. az denoted as
the a-axis lattice parameter of ZnO. From Fig. 2, it can be found that
the lattice parameter along the Al2O3½0001�, 12.991 Å, is almost
equal to the four times of the lattice parameter along ZnO½11 �20�,
12.996 Å. And two times of the lattice parameter along
Al2O3½1 �100�, 16.486 Å, is almost equal to the three times of the lat-
tice parameter along ZnO½1 �100�, 16.574 Å. From above analysis,
the mismatch between a-Al2O3 and ZnO is only �0.038% with
the relationship of ZnO½11 �20� Al2O3k ½0001� and �2.4% with the
relationship of ZnO½1 �100� Al2O3k ½1 �100�, respectively. The ‘‘–’’ de-
notes that the lattice parameter of substrate is smaller than that
of epitaxial layer, meaning in-plane compressive stress in the
ZnO films. According to the above results, it can be found that
the compressive stress in the ZnO:Nhci films should be larger than
that of in the ZnO:Nhai films. Generally, this compressive stress in
films raises the formation energy of NO, because the radius of N3�

(1.71 Å) is larger than that of O2� (1.32 Å). However, the compres-
sive stress can be relaxed after depositing few atom layers due to
the large lattice mismatch. Thus, the No defect can form more eas-
ily than the case on a-plane sapphire. Therefore, the ZnO:Nhci films
are lower in the carrier concentration and stronger in the intensity
of the Raman peaks located at 275 cm�1, which were consistent
with Raman and Hall-effect measurements.

80 K-PL spectra of ZnO:Nhai and ZnO:Nhci films grown at the TZn

of 235, 250 and 255 �C were shown in Fig. 3a, b and c, respectively.
From Fig. 3a and b, it can be found that each PL spectrum is dom-
inated by a neutral donor-bound exciton (D�X) at 3.368 eV due to
formation of donor-like defects and a donor-acceptor pair (DAP)
emission peak located around 3.253 eV for N-doping [21]. Two
other weak peaks in PL spectrum are at 3.181 and 3.109 eV, which
are 72 and 144 meV away from DAP emission, respectively. There-
fore, these two peaks can be attributed to the 1 and 2-LO phonon
mediated recombination of the DAP. The peak at 3.333 eV in PL
spectrum marked by asterisk in the Fig. 3a, b and c was attributed
to the excitions bound to structural defects [22]. From Fig. 3c, ex-
cept DAP emission peak, a weak UV emission peak located at
3.356 eV was also observed, which is attributed to the emission
of excitons bound to neutral acceptors (A�X) induced by N doping
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[23]. For the ZnO:N films grown at the TZn of 235 and 250 �C, the
D�X located around 3.368 eV is dominant in all spectra regardless
of substrate and TZn. However, for the film grown at the TZn of
255 �C, the DAP emission band located at 3.253 eV is dominant in
the PL spectrum as shown in Fig. 3c. As above discussion, the inten-
sity ratio of the DAP/D�X emission increases with increasing TZn,
which implied that the N acceptor content was enhanced by
increasing TZn. Compared with the ZnO:Nhai films, the intensity ra-
tio of the DAP/D�X emission is larger for the ZnO:Nhci films grown
at the same TZn, which means N has a higher incorporation effi-
ciency in ZnO:Nhci films.

4. Conclusion

The doping efficiency of nitrogen in ZnO films grown on
a-/c-Al2O3 were investigated. It was shown that enhancement of
the incorporation efficiency of N can be achieved by using
c-Al2O3 substrates, as determined by the Raman and XPS measure-
ment. This was attributed to the better relaxation of compressive
stress induced by lattice mismatch in the ZnO films grown on
c-Al2O3 is larger than that of the films grown on a-Al2O3. It benefits
for the incorporation efficiency of N in ZnO films.
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