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In this paper, we compare the properties of ZnO thin films (0 0 0 1) sapphire substrate using diethylzinc (DEZn) as the Zn precursor

and deionized water (H2O) and nitrous oxide (N2O) as the O precursors, respectively in the main ZnO layer growth by atmospheric

pressure metal–organic chemical vapor deposition (AP-MOCVD) technique. Surface morphology studied by atomic force microscopy

(AFM) showed that the N2O-grown ZnO film had a hexagonal columnar structure with about 8mm grain diameter and the relatively

rougher surface compared to that of H2O-grown ZnO film. The full-widths at half-maximum (FWHMs) of the (0 0 0 2) and (1 0 1̄ 2 ) o-
rocking curves of the N2O-grown ZnO film by double-crystal X-ray diffractometry (DCXRD) measurement were 260 and 350 arcsec,

respectively, indicating the smaller mosaicity and lower dislocation density of the film compared to H2O-grown ZnO film. Compared to

H2O-grown ZnO film, the free exciton A (FXA) and its three phonon replicas could be clearly observed, the donor-bound exciton A0X

(I10):3.353 eV dominated the 10K photoluminescence (PL) spectrum of N2O-grown ZnO film and the hydrogen-related donor-bound

exciton D0X (I4):3.363 eV was disappeared. The electron mobility (80 cm2/V s) of N2O-grown ZnO film has been significantly improved

by room temperature Hall measurement compared to that of H2O-grown ZnO film.

r 2006 Elsevier B.V. All rights reserved.
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www1. Introduction

Due to its wide-gap of 3.37 eV at room temperature, its
ultraviolet lasing at room temperature (RT) [1] and its large
exciton binding energy of 60meV [2], ZnO has many
potential applications in short wavelength light-emitting
devices, such as UV and blue LED/LDs. Many growth
techniques for single-crystalline ZnO films have been
studied, such as molecular beam epitaxy [3], metal–organic
chemical vapor deposition (MOCVD) [4], RF magnetron
sputtering [5], and pulsed laser deposition [6]. Among these
techniques, MOCVD has many advantages for bulk
production and has been proven to be suitable for growth
e front matter r 2006 Elsevier B.V. All rights reserved.
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of many electronic and optoelectronic materials. MOCVD
growth of ZnO requires appropriate zinc and oxygen
precursors. For the group II element, the mostly used zinc
precursor is a metal–organic compound like diethyl or
dimethyl zinc (DEZn or DMZn). For the group VI
precursor, a large variety of oxygen-containing compounds
can be used: gases like O2, CO2; water (H2O) and several
types of organic compounds like alcohols, aldehydes,
ketons and so on. The somewhat smaller (in comparison
to organic oxides) family of inorganic oxynitrides (like
N2O, NO, NO2) has also attracted attention of researchers
as oxygen precursors in the epitaxy of ZnO, since they offer
some advantage that they allow the elimination of the
unintended carbon and hydrogen incorporation into ZnO
during epitaxy. Especially, the behavior of hydrogen in
ZnO appears to be a key issue for its electrical properties
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according to Refs. [7,8]. Oleynik et al. [9] have demon-
strated that the structural and optical qualities of ZnO
layers grown on the GaN/Si(1 1 1) templates with N2O as O
precursor are superior to those grown with iso-propanol (i-
PrOH) and acetone by low-pressure MOCVD. The works
of Ogata et al. [10] also support the idea that N2O is a
candidate as oxygen precursor. To the best of our
knowledge, there have been few reports on the comparative
studies on properties of ZnO films on (0 0 0 1) sapphire with
H2O and N2O as O precursors by atmospheric pressure
MOCVD (AP-MOCVD). In this paper, we compare the
surface morphology, crystalline, optical and electrical
properties of two kinds of ZnO films grown on c-Al2O3

(0 0 0 1) substrate with H2O and N2O as O-precursors by
AP-MOCVD.

2. Experimental details

A home-built vertical AP-MOCVD with an in situ laser
reflectance monitor system ((l ¼ 635 nm) which has been
described in Refs. [11,12] in detail was used for the growth
of the ZnO films using 6N-purity DEZn as Zn precursor,
deionized water (H2O) and N2O as O precursors, and 7N-
purity nitrogen as the carrier gas. Typical growth condi-
tions were as follows: The reactor-chamber pressure was
760Torr. A three-step growth process was proposed. In the
first step, a 500 Å ZnO low-temperature buffer layer was
grown at 160 1C using DEZn and H2O as Zn and O
precursors, respectively. Here the flow rates were 0.813 and
39mmol/min. Then the buffer layer was re-crystallizated at
800 1C for 5min. In the second step, the high-temperature
ZnO buffer layer was deposited under the growth
temperature of 680 1C using DEZn and H2O as Zn and
O precursors too. Here the flow rates are 0.11 and
32.5mmol/min. In the third step, the main ZnO layer was
deposited under the growth temperature of 900 1C using
DEZn and N2O as Zn and O precursors. Here the flow
rates are 0.06 and 122mmol/min. For comparative
analysis, another two-step epitaxial growth of ZnO film
sample was also prepared using DEZn and H2O as Zn and
O precursors, respectively. Here, the two kinds of samples
were marked as sample A and sample B for the ZnO films
using N2O and H2O as O precursors during the growth of
ww

Sample A Sample B

c-Al2O3 (0001) substrate 

Buffer I  I (H2O+DEZn, VIVI/II=48)
(160°C; thickness=500Å)

Buffer II (H2O+DEZn,VIVI/II=298) 
(680°C; thickness=0.8µm)

Main ZnO(N2O+DEZn,VI/II=2033)
(900°C; thickness=1.5µm) 

c -Al2O3 (0001) substrate 

Buffer I I (H2O+DEZn, VIVI/II=48) 
(160°C; thickness=500Å) 

Main ZnO (H2O+DEZn,VIVI/II=298) 
(680°C; thickness=2.3µm) 

Fig. 1. Structure of the two ZnO samples growth.
.cn

ZnO main layer, respectively. Fig. 1 shows the detail
structures and the VI/II ratios in the growth process of the
two samples.
The thickness information of the samples was investi-

gated by the laser in-situ monitor. Surface morphology of
the samples was studied by atomic force microscopy
(AFM) in a contact mode (Chinese Benyuan Nano
Instrument 3100 system). Crystal perfection of the samples
was examined by double-crystal X-ray diffractometry
(DCXRD) (QC200, BEDE Instruments, UK). The Cu Ka

line (l ¼ 1:54056 Å) was used as the source, and Ge (0 0 4)
was used as the monochromator. Photoluminescence (PL)
of the samples was measured using the 325-nm line of a He-
Cd laser (8mW) as the excitation source. A closed cycle
refrigerator was used to control the temperature from 10 to
150K. The carrier concentration and mobility of the
samples were measured using the van der Pauw method at
room temperature, and the Ohmic contacts were made by
an indium electrode.
o3. Results and discussion

Fig. 2 show the in-situ laser reflectance curves of the two
ZnO samples. The regular interference periods appearing in
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Fig. 2. In-situ laser reflectance curves of the two ZnO samples:(a) Sample

A: (I) growth of the low temperature ZnO buffer layer using H2O as O

precursor; (II) re-crystallization at 800 1C for 5min; (III) growth of the

high temperature ZnO buffer layer using H2O as O precursor; (IV) growth

of the main ZnO layer using N2O as O precursor; (b) Sample B: (I) growth

of the low temperature ZnO buffer layer using H2O as O precursor; (II) re-

crystallization at 800 1C for 5min; (III) growth of the main ZnO layer

using H2O as O precursor.
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the traces of two samples indicates that a quasi-two-
dimension growth mode has been realized. The thickness
for one period can be calculated using the formula

2 n d ¼ l,

where l is the wavelength of the incident laser, n is the
refractive index of ZnO, and d is the thickness of a period.
If n ¼ 2:0 [13] is used, d can be calculated to be 158.8 nm.
For sample A (see Fig. 2(a)), the main successive steps of
the growth process are labeled I–IV and delimited by
vertical dash lines. Step I is the growth of the low
temperature buffer layer at 160 1C, with a reflectivity
increase corresponding to a deposited layer thickness of
about 500 Å. Step II is re-crystallization of the low buffer
www.sp
Fig. 3. AFM images of two samples (25mm� 25 mm): (a) Sample A; (b)

Sample B.
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Fig. 4. The DCXRD o-scan curves of two
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layer at 800 1C for 5min. Step III is the growth of the high
temperature ZnO buffer layer. The growth time for each
oscillation period is calculated to be 130 s from the
reflectance trace, the growth rate is about 4.3 mm/h, and
the thickness is about 0.8 mm. Step IV is the growth of main
ZnO layer . The growth period is about 250 s, the growth
rate is about 2.3 mm/h, and the ZnO thickness is about
1.5 mm. This growth rate of 2.3 mm/h is markedly faster
than that of 0.8 mm/h using N2O as O precursor under the
growth temperature of 900 1C reported by Dadagar et al.
[14], indicating a greater potential for mass production
using our growth method. It should be noted that the
growth rate with using H2O as precursor is higher than that
of using N2O as precursor may be due to the following two
main factors: the VI/II ratio and the growth temperature.
The smaller VI/II ratio and the lower growth temperature
will result in the higher growth rate. For sample B (see Fig.
2(b)), step I and step II are the same process with that of
sample A. The growth time is the only difference between
the step III of sample B and that of sample A. From the
reflectance curves, the two samples have the same total
thickness of about 2.3 mm. Compared to sample B, the
swing shrinking of the trace of sample A may be resulted
from the increasing of surface roughness.
Fig. 3 shows the AFM images of the two samples in a

scan area of 25 mm� 2 5 mm. For sample A, very large
hexagonal grains can be seen in Fig. 3(a). The mean
diameter of the grains is about 8 mm, which is larger than
m
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Fig. 5. Temperature-dependent PL spectra of two samples from 10 to

150K: (a) Sample A; (b) Sample B.
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the grain size of about 1 mm for ZnO film with N2O as O
precursor reported by Oleynik et al. [9]. The root mean-
square (RMS) roughness across this area is about 20 nm.
For sample B, in agreement with the result of in-situ laser
reflectance curves, a smooth surface can be seen in the Fig.
3(b) and the RMS roughness is about 2.5 nm, which is
smaller than that of sample A. However, many etch pits
can be seen on the surface in the AFM image of sample B,
suggesting a high dislocation density in the ZnO film.

In our experiments, full-widths at half-maximum
(FWHMs) of (0 0 0 2) and skew (1 0 1̄ 2 ) o-rocking curves
are used as the indicators of the screw and total dislocation
densities, respectively according to the literature [15]. In
Fig. 4(a), sample A has very small line-width of the rocking
curves and the FWHMs of the (0 0 0 2) and (1 0 1̄ 2 ) rocking
curves are 260 and 350 arcsec, respectively. The result is in
agreement with the AFM result, which shows very large
grain sizes. Sample B shows a significantly narrowed
(0 0 0 2) line width (see in Fig. 4(b)), but its (1 0 1̄ 2 ) rocking
curve is broadened. The FWHMs of the (0 0 0 2) and
(1 0 1̄ 2 ) rocking curves are 255 and 828 arcsec, respectively
of sample B. This result means that the screw dislocation
density was kept constant but the total dislocation density
was reduced significantly with using N2O as O precursor
during the growth of ZnO main layer. Compared to the
ZnO film with H2O as O-precursor, the higher growth
temperature may be the main effect of N2O gas on the
quality of ZnO film. Heying et al. [15] have reported that
the device-grade GaN sample with a (1 0 2) FWHM of
413 arcsec has the total threading dislocation density of
4� 108 cm�2, so we estimate that the dislocation density of
sample A is less than or in the range of 108 cm�2.

Fig. 5 shows the temperature-dependent PL spectra of
two kinds of samples from 10 to 150K. Although the
trends of temperature-dependent PL spectra are the same,
the difference exists in the PL spectra of them at 10K. For
sample A, it is dominated by the bound exciton peak at
3.353 eV in the Fig. 5(a) which is closer to the acceptor-
bound exciton (A0X, i.e. I10) [16]. For sample B (see Fig.
5(b)), the dominant peak is located at 3.363 eV which is
usually ascribed to a hydrogen-related donor-bound
exciton (D0X, i.e. I4) [17], and a strong emission line at
3.331 eV originates from two-electron satellite (TES)
because the luminescence line decreased together with the
D0X (I4) line with increasing temperature [18]. At the
higher energy side, two peaks are shown at 3.372 and
3.383 eV, respectively in sample A (Fig. 5(a)). It should be
noted the 3.383 eV peak shows only a shoulder. They can
be attributed to the free A (FXA) and B excitons (FXB) due
to the energy positions very close to the FXA and FXB

observed in optical reflectance spectra of bulk ZnO crystal
[19]. The little red shift of these peaks compared to bulk
ZnO can be explained by exist of a tensile strain in the
films. For sample B (Fig. 5(b)), two peaks at 3.374 and
3.385 eV, can be attributed to FXA and FXB according to
the above. At the lower energy side, sample A has five
peaks. The peaks at 3.161, 3.233 and 3.307 eV can be
attributed to 1LO, 2LO and 3LO phonon replicas of the
FXA since these lines remain up to 150K together with the
zero phonon line of FXA the energy difference of each
neighbor is close to LO phonon energy (72meV) of ZnO
calculated by Klingshirn [20] (Fig. 5(a)). To our knowl-
edge, this is the first report of the three-phonon replicas of
the FXA of ZnO films using N2O as O precursor. For
sample B, there are four weak peaks in lower energy side.
The two peaks (3.231, 3.308 eV) and another two peaks
(3.218, 3.290 eV ) can be attributed to 1LO and 2LO
phonon replicas of the FXA and D0X (I4), respectively.
From the 10K PL spectra, the intensity ratios of FXA to
A0X and D0X for sample A and sample B are 0.55 and
0.12, respectively. Compared to sample B, the stronger
FXA and the appearance of its three-phonon replicas
strongly indicate the high quality of sample A.
Table 1 shows the measured carrier concentration and

electron mobility of the two samples. From the table, the
carrier concentration is decreased from 2.5� 1018 to
7.3� 1017 cm�3 and the electron mobility increased from
30 to 80 cm2/V s, respectively of sample B and sample A.
The result of the improvement of electron mobility may be
due to the following two main reasons: First, the
dislocation density was reduced according to DCXRD
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Table 1

Electrical properties of two samples

Samples Electron concentration

(cm�3)

Electron mobility

(cm2/V s)

A 7.3� 1017 80

B 2.5� 1018 30

J. Dai et al. / Journal of Crystal Growth 290 (2006) 426–430430
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result. Second, the unintended hydrogen was eliminated
according to the low PL spectra results, since a few
investigations have been reported that hydrogen could act
as a shallow donor in the ZnO film affect the electrical
property of ZnO film [21–23].

4. Conclusion

In conclusion, we fabricated high-quality ZnO epitaxial
films with AP-MOCVD using H2O and N2O as O
precursors with the typical growth rates of 4.3 and
2.3 mm/h, respectively. The surface morphologies, crystal
structures, optical and electrical properties of N2O-grown
and H2O-grown ZnO films were investigated. By AFM
measurement, the N2O-grown ZnO film has the lager grain
size and the relatively rougher surface compared to that of
H2O-grown ZnO film. The result of DCXRD show the
dislocation density of the N2O-grown ZnO film is less than
that of device device-grade GaN film. From the 10K PL
spectrum of the N2O-grown ZnO film, the A0X
(I10):3.353 eV dominated the spectrum and the hydrogen-
related D0X (I4):3.363 eV was disappeared. The results of
DCXRD and low-temperature PL measurements show
that the crystalline and optical properties of the ZnO film
using N2O as O precursor are significantly better than that
of H2O-grown ZnO film. Compared to the H2O-grown
ZnO film, the electron mobility of N2O-grown ZnO film
has been significantly improved. It should be noted that the
improvement of morphology of the N2O-grown ZnO film
will be the focus of future work.
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