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Study on the Hall-effect and photoluminescence of N-doped
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Abstract

N-doped, p-type ZnO thin films have been grown by plasma-assisted metal-organic chemical vapor deposition method. The results under
optimized growth conditions included a resistivity of 1.72 Ω cm, a Hall mobility of 1.59 cm2/V s, and a hole concentration of 2.29×1018 cm−3,
and were consistently reproducible. A N-related free-to-neutral-acceptor emission and an associated phonon replica were evident in room
temperature photoluminescence spectra, from which the N acceptor energy level in ZnO was estimated to be 180 meV above the valence band
maximum.
© 2006 Elsevier B.V. All rights reserved.
PACS: 61.72.V; 72.80.E; 73.61.G; 78.66.H
Keywords: Semiconductors; Epitaxial growth; p-type conductivity; ZnO
1. Introduction

ZnO has now become an attractive material for short-
wavelength optoelectronic devices, such as light emitting
diodes and laser diodes, because of its wide band gap of
3.37 eV and large exciton binding energy of 60 meV at room
temperature [1]. However, the realization of p-type ZnO, which
is critical to practical applications of ZnO-based devices, has
proven difficult and thought to be the bottleneck in the
development of ZnO-based devices due to the asymmetric
doping limitations in ZnO [2]. Among all possible acceptor
dopants, including group-V and group-I elements, N substitut-
ing for O appears promising [3–6]. Moreover, homojunction
light emitting diodes based on ZnO, containing N-doped ZnO as
the p-type layer, have been successfully fabricated [7,8]. These
achievements open the window for the practical applications of
ZnO-based optoelectronic devices, and call for further inves-
tigation of N acceptor behaviors in ZnO. In addition, metal-
organic chemical vapor deposition (MOCVD) is of particular
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interest because it has many advantages over other growth
methods, such as the feasibility of large area growth as well as
simple and accurate doping and thickness control. Thus,
combining the N doping technique based on ZnO with the
MOCVD method can be a promising way to overcome the
bottleneck of p-type doping in the development of ZnO-based
devices.

Despite the importance of the MOCVD technique, there
have been relatively few reports on N-doped, p-type ZnO by the
MOCVD method. This is probably due to the low solubility of
the N element in ZnO, especially in a CVD process. In this
work, N-doped, p-type ZnO thin films were grown by a plasma-
assisted MOCVD. Dependences of electrical and optical
properties of ZnO thin films on growth temperature were
investigated.

2. Experiments

N-doped ZnO thin films were grown on a-plane (11–20)
sapphire substrates by the plasma-assisted low-pressure
MOCVD method. Diethyl zinc was used as the zinc source,
and N2 was used as the carrier gas. NO plasma, generated by
a radio frequency (RF) plasma source operating at 150 W,
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Table 1
Electrical properties of the N-doped ZnO thin films grown at different
temperatures

Growth
temperature
(°C)

Resistivity
(Ω cm)

Hall mobility
(cm2/V s)

Carrier
concentration
(cm−3)

Carrier
type

250 735 0.23 3.69×1016 p
300 135 0.41 1.13×1017 p
350 33.8 1.05 1.75×1017 p
400 1.72 1.59 2.29×1018 p
450 82.9 2.04 3.68×1016 p
500 0.785 7.14 1.11×1018 n

Fig. 1. SEM surface images of the N-doped ZnO thin films grown at different
temperatures: (a) 300 °C; (b) 400 °C; (c) 500 °C.
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acted as both the oxygen source and the N dopant source.
The growth temperature ranged from 250 to 500 °C and
the chamber pressure was maintained at 5 Pa. Hall-effect mea-
surements were carried out in the van der Pauw configuration
(BIO-RAD HL5500PC) at room temperature. The insulating
sapphire substrates assured that the measured p-type conduc-
tivity came from the ZnO thin films. The surface morphology
of the N-doped ZnO thin films was characterized by scanning
electron microscopy (FEI Sirion 200 FEG SEM). The optical
properties were studied by photoluminescence (PL) measure-
ments at room temperature using a He–Cd 325 nm laser as the
excitation source.

3. Results and discussions

The average thickness of the N-doped ZnO thin films is
approximately 300 nm measured by cross-sectional SEM. Only one
peak corresponding to the (002) plane of ZnO is observed in the X-ray
Diffraction pattern (Bede D1 X-ray diffraction system using CuKα
(λ=1.541 Å), data not shown), suggesting a high (002) preferential
orientation for the N-doped ZnO thin films. The results of Hall-effect
measurements are summarized in Table 1. It is seen that p-type
conductivity can be achieved at all growth temperatures except 500 °C.
The optimized result is realized at the temperature of 400 °C with a
resistivity of 1.72 Ω cm, a Hall mobility of 1.59 cm2/V s, and a hole
concentration of 2.29×1018 cm−3. It is possible that the high
temperature growth such as 450 and 500 °C reduces the N acceptor
incorporation in the ZnO thin films, which can account for the
relatively low hole concentration of 3.68×1016 cm−3 or even the
inversion to n-type conductivity. This is not unexpected, since the
decreasing N concentration in ZnO with the increasing growth
temperature has been reported [9–11], independent of the growth
methods. In the moderate temperature of 400 °C, more N acceptors are
incorporated into the ZnO thin film, leading to the increase of the hole
concentration and the optimized p-type conductivity. When decreasing
the growth temperature from 350 to 250 °C gradually, even though the
incorporation of the N element in ZnO should be enhanced at low
temperature [9–11], no further increase of the hole concentration is
observed. This is probably because a high N concentration in ZnO
could lower the formation energy of some undesirable defects, such as
(N2)O or (NC)O [12–14]. These “hole killer” defects form readily at low
growth temperature and compensate the NO acceptor. As we can see,
the sample grown at the low temperature of 250 °C possesses a
relatively low hole concentration of 3.69×1016 cm−3 and a low Hall
mobility of 0.23 cm2/V s. It is the undesirable (N2)O or (NC)O defects,
which act as the “hole killer” and the scattering center, that deteriorate
the p-type conductivity at the low growth temperatures. Note that the
dependence of electrical properties of the N-doped ZnO thin films on
growth temperature is not accidental in our growth experiments. These
optimized results of p-type conductivity and the above-introduced
growth temperature dependence have been consistently repeated.

Fig. 1 illustrates the SEM surface images of the N-doped ZnO thin
films grown at different temperatures. It is seen that the smooth surface
is composed of dense grains with the uniform dimension. In addition,
the crystallinity of the ZnO thin film is improved for the high
temperature growth.

Fig. 2(a) shows the room temperature PL spectra for the N-doped
ZnO thin films grown at different temperatures. The strong UV
emission indicates that the ZnO thin films are of high optical quality.
The PL intensity increases significantly with the increasing growth
temperature. A similar trend is observed for the nominally undoped
samples, but much less dramatically (data not shown here). These



Fig. 3. Comparative room temperature PL spectra for the N-doped ZnO thin
films grown at 400 °C: (a) examined right after growth; (b) re-examined 10 days
later.
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observations suggest that a high growth temperature improves the
optical quality of N-doped ZnO thin films. This is due to not only the
better crystallinity but also the reduction of N impurity concentration at
high growth temperatures, as evident in the Hall-effect and SEM
measurements (as shown in Table 1 and Fig. 1). However, the high
temperature growth also leads to a broad weak green band in the PL
spectra, which is not obvious in the low temperature growth samples.
The broad green band emission from the ZnO has been generally
explained as the radiative recombination of a photo-generated hole
with the electrons at the singly ionized intrinsic oxygen vacancies [15],
which is ready to form at a high temperature growth [16].

To assign the near-band PL peaks, the ultraviolet regions of the PL
spectra are illustrated in Fig. 2(b). For the high temperature growth
samples, such as those grown at 450 and 500 °C, a dominant near-band
edge emission peak at 376 nm is observed, which is attributed to the
free exciton emissions. In addition, a shoulder at 387.6 nm with a
72 meV phonon replica can also be resolved, which is absent in the
nominally undoped ZnO thin films. In particular, for the sample grown
at 400 °C, the emission at 387.6 nm becomes dominant. This
phenomenon is accompanied with the increased hole concentration, as
evident in the Hall-effect measurements (see Table 1). Also note that no
other acceptor-related emissions, such as donor–acceptor pair transi-
tions (D°A°) or neutral-acceptor-bound exciton emission (A°X) can
still survive in room temperature PL spectra due to the thermal effect.
With these considerations, we attribute this 387.6 nm emission to a
Fig. 2. (a) Room temperature PL spectra for the N-doped ZnO thin films grown
at different temperatures. (b) The ultraviolet regions of the PL spectra.
free-to-neutral-acceptor (e,A°) transition, which is probably associated
with the N acceptor. When the growth temperature further decreases
from 350 to 250 °C, along with the decrease of the hole concentration,
the (e,A°) emission is no longer dominant and becomes mixed with the
free exciton emission into a broad band, as illustrated in Fig. 1(b). It is
the poor optical quality and the undesirable (N2)O or (NC)O defects
forming at low temperature that prevent the (e,A°) emission to be
dominant in the PL spectra.

It should be pointed out that the sample grown at the temperature of
400 °C possesses the highest hole concentration of 2.29×1018 cm−3 and
the most dominant (e,A°) emission simultaneously, which further con-
firms our analysis in Hall-effect measurements and the assignment of
the (e,A°) emission. Furthermore, from the (e,A°) peak position, the N
acceptor energy level EA can be estimated according to EA=Eg−EeA+
kBT / 2, where kB and T represent the Boltzmann constant and the
temperature, respectively. Using the band gap of 3.37 eV at room
temperature, the EA value of 180 meV is obtained. This value agrees
fairly well with those reported for N-doped ZnO, such as 170–200 meV
[3] and 165 meV [17].

To investigate the stability of the N acceptor in ZnO, Hall-effect and
PL measurements were performed again 10 days later. It is found that
all original p-type samples keep p-type conductivity, but the hole
concentration decreases by several times. Fig. 3 compares the room
temperature PL spectra for the sample grown at 400 °C taken right after
growth and re-examined 10 days later. For the latter one, the (e,A°)
emission associated with the N acceptor is still observable, however,
the intensity ratio of the (e,A°) emission to the free exciton emission as
well as total emission intensity decreases, which is consistent with the
decrease of the hole concentration. The degradation in p-type
conductivity and optical properties of the N-doped ZnO thin films is
possibly due to the air adsorption effect during storage, while a better
understanding of the origin of this effect is in progress in our lab.
4. Conclusion

We have demonstrated the reproducible growth of N-doped,
p-type ZnO thin films by the plasma-assisted MOCVD by using
NO plasma. Hall-effect measurements supported by PL spectra
demonstrate that the growth temperature plays a key role in
optimizing the p-type conductivity of N-doped ZnO thin films.
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The acceptable electrical properties with well reproducible
characteristics and the dominant N-related (e,A°) emission at
room temperature suggest possible practical applications of the
NO plasma-assisted MOCVD method for the growth of p-type
ZnO thin films.
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