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1. Introduction

Recently, ZnO has been widely studied for its attractive
applications in ultraviolet light-emitting diodes and laser diodes,
because it has a direct bandgap of 3.37 eV at room temperature and
a large exciton binding energy of 60 meV [1–3]. Various techniques
have been employed to grow ZnO [3], such as hydrothermal
method [4,5], magnetron sputtering [6,7], pulse laser deposition
[8–10], metal-organic chemical vapor deposition [11–14], and
molecular-beam epitaxy (MBE) [15–37]. Among these growth
methods, MBE has some potential advantages, such as precise
control of growth parameters and in situ characterization
techniques. Although some other oxidants such as NO2 [35], O3

[36], and H2O2 [37] were tried, O2 plasma-assisted method is the
mainstream for ZnO MBE growth. Radio frequency (RF) and
electron cyclotron resonance (ECR) are the two main plasma

generation approaches. Generally ECR plasma [28–34] can sustain
much larger O2 flowing rate than RF plasma [20–27] during ZnO
growth. So oxygen rich condition is easier to be achieved by ECR
plasma-assisted MBE, which is very critical for p-type ZnO because
of the suppression of zinc interstitials and oxygen vacancies
[31,32]. Besides the general MBE growth parameters such as Zn cell
temperature, O2 flowing rate, and substrate temperature, ECR
plasma power is also critical for MBE ZnO growth. However, no
experimental studies have been reported. In this paper, the effect
of ECR plasma power on the growth rate, structural, electrical, and
optical properties of the ZnO thin films is reported.

2. Experiment

ZnO thin films were grown on r-plane sapphire substrates using
ECR plasma-assisted MBE. A radical effusion cell filled with
elemental Zn (6N) metals was used as Zn source. Zn flux is
controlled by the effusion cell temperature. An ECR plasma tube
supplied with O2 (5N) gas was used as the oxygen source. Oxygen
flow rate can be precisely tuned by a mass flow controller. The
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A B S T R A C T

ZnO thin films were grown on r-plane sapphire substrates using electron cyclotron resonance (ECR)

plasma-assisted molecular-beam epitaxy. The effect of the oxygen ECR plasma power on the growth rate,

structural, electrical, and optical properties of the ZnO thin films were studied. It was found that larger

ECR power leads to higher growth rate, better crystallinity, lower electron carrier concentration, larger

resistivity, and smaller density of non-radiative luminescence centers in the ZnO thin films.
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color of the oxygen plasma looks yellowish-white and white at
small (e.g. 76 W) and large (e.g. 228 W) ECR powers, respectively.
The sapphire substrates were cleaned by the following procedures
before growth. Firstly, the substrate was chemically cleaned in the
hot (�150 8C) aqua regia (HNO3:HCl = 1:3) solutions for 20 min;
rinsed by de-ionized water; dried by nitrogen gun; and transferred
into the MBE chamber. Subsequently, the substrate was thermally
cleaned by annealing it at 800 8C under vacuum in MBE chamber
for 10 min. Finally, 10 min oxygen plasma exposure treatment was
performed and the ZnO growth was immediately followed. The
substrate temperature was kept at �550 8C. Different growth
conditions were employed by tuning the Zn cell temperature, O2

flow rate, and ECR plasma power.
In situ reflection high-energy electron diffraction (RHEED)

measurements were performed on the as grown samples. X-ray
diffraction (XRD) measurements were performed using a Bruker
D8 Advance X-ray diffractometer. Hall effect measurements were
carried out using an Ecopia HMS-3000 Hall effect measurement
system at room temperature. Photoluminescence (PL) study was
carried out using a home-built PL system at room temperature. A
325-nm-wavelength He–Cd laser was used as excitation source
and a photomultiplier tube was used to detect the PL signals.

3. Results and discussions

3.1. Growth rates

Table 1 shows the growth parameters and growth rates of the
ZnO thin films. Samples A–D were grown with the same O2 flow
rate of 15 sccm and ECR plasma power of 76 W, but with different
Zn effusion cell temperatures ranging from 360 to 400 8C. Samples
D–F were grown with the same Zn effusion cell temperature at
400 8C and O2 flow rate of 15 sccm, but with different ECR plasma
powers, ranging from 76 to 228 W. Sample G was grown for
comparison to sample B, which only differs in the oxygen flowing
rate.

Fig. 1(a) shows the relation between the ZnO thin film growth
rate and the Zn effusion cell temperature within samples A–D. The
growth rate increases from 0.38 nm/min in sample A to 1.11 nm/
min in sample C with the increase of the Zn cell temperature from
360 to 390 8C. However, further increase of the Zn cell temperature
from 390 to 400 8C leads to the saturation of the growth rate, which
means zinc rich condition has been reached. It is concluded that
sample C was grown approximately under stoichiometric condi-
tion and oxygen rich condition is reached within the regime of Zn
cell temperature between 360 and 390 8C. In the oxygen rich
condition region, further increase of O2 flow rate while maintain-
ing the same Zn cell temperature (for example, 15 sccm for sample
B vs. 20 sccm for sample G) leads to slightly smaller growth rate
(0.87 nm/min for sample G and 0.94 nm/min for sample B). This is
attributed to the larger scattering rate from increased gas flow.
Fig. 1(b) shows the relation between the growth rate and the ECR
plasma power within samples D–F. The growth rate increases from

1.11 nm/min in sample D to 2.07 nm/min in sample F with
the increase of the ECR power from 76 to 228 W, indicating
that ECR power plays an important role for ZnO thin film growth
rate. The increase of the growth rate at the increased plasma power
is attributed to the increased atomic oxygen density, because the
Zn atoms react with the atomic oxygen instead of molecular
oxygen during the ZnO growth. Similar experimental results were
also reported in the ECR plasma-assisted MBE nitride growth that
larger plasma power leads to increased density of the atomic
nitrogen [38].

3.2. Structural properties

Fig. 2 shows the RHEED patterns of samples A–F. From A–C, the
RHEED patterns become more and more streaky, indicating that

Table 1
Growth parameters and growth rates of the ZnO thin films.

Sample Zn cell temperature (8C) O2 flow rate (sccm) ECR current (mA) ECR power (W) Growth rate (nm/min)

A 360 15 20 76 0.38

B 380 15 20 76 0.94

C 390 15 20 76 1.11

D 400 15 20 76 1.11

E 400 15 40 152 1.78

F 400 15 60 228 2.07

G 380 20 20 76 0.87

Fig. 1. (a) Growth rate as a function of Zn cell temperature. O2 flow rate and ECR

power were kept at constants of 15 sccm and 76 W, respectively. (b) Growth rate as

a function of the ECR plasma power. O2 flowing rate and Zn cell temperature were

kept at constants of 15 sccm and 400 8C, respectively.
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the surface is smoother. Also, sample C shows a streakier pattern
than sample D. No evident RHEED pattern difference was observed
among samples D–F, but differences were observed in the XRD
spectra. Fig. 3 shows the XRD spectra of samples D–F. The peaks at
25.88 and 52.88 originate from the ð1 1̄ 0 2Þ and ð2 2̄ 0 4Þ planes of r-
cut sapphire substrates. The peaks located at around 56.78 are from
ZnO ð1 1 2̄ 0Þ plane. The insets show the full width at half maximum
(FWHM) of the ð1 1 2̄ 0Þ ZnO peak, which decreases from 0.318 in
sample D to 0.218 in sample F, indicating that larger ECR plasma
power leads to better ZnO crystallinity. This is attributed to the
decreased ionic oxygen (increased atomic oxygen) density from
enhanced plasma power [38,39]. Ionic particles generally degrade
thin film quality during the epitaxial growth. The FWHM values are
also summarized in Table 3.

3.3. Electrical properties

Fig. 4(a) and (b) shows the relations between the electron
carrier concentration and resistivity and the Zn cell temperature,
respectively. The plasma power was fixed for all samples. Larger
electron carrier concentration and lower resistivity were
observed in thin film samples grown with higher Zn cell
temperature, which was attributed to the larger density of Zn
interstitials. Fig. 5(a) and (b) shows the relations between the
electron carrier concentration and resistivity and the ECR
oxygen plasma power, respectively, with the Zn cell tempera-
ture at constant. Smaller electron carrier concentration and
higher resistivity were observed in thin film samples grown
with larger plasma power, which was attributed to the

Fig. 2. (a)–(f) RHEED patterns of samples A–F, respectively. Samples A–D were grown with the same O2 flow rate and ECR power but different Zn cell temperature. Samples A

and B are under oxygen rich condition while sample D is under zinc rich condition. Sample C was grown with stoichiometric condition, showing the streakiest pattern.

Samples D–F were grown with the same Zn cell temperature and oxygen flow rate but different ECR power. Samples D–F show similar RHEED pattern, indicating no evident

roughness variation of the films with increased plasma power.
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suppression of Zn interstitial formation with increased plasma
power. When the ECR oxygen plasma power increases, although
the oxygen flow rate does not increase, the atomic oxygen
supply increases. This suggests that during plasma-assisted MBE
ZnO growth, oxygen rich condition can be obtained not only by
decreasing Zn cell temperature or increasing oxygen flow rate,
but also by increasing oxygen plasma power. Hall effect
measurements results of the ZnO thin films were also
summarized in Table 2.

3.4. Optical properties

Fig. 6 shows room-temperature PL spectra of samples D–F. The
peaks around 3.30 eV are from ZnO near band-edge (NBE)
emission. FWHM of the ZnO NBE emission peaks decreases
from 190 to 175 meV from samples D to F. FWHM values of
the PL peaks were also summarized in Table 3. Narrow room
temperature PL peak width indicates small density of non-
radiative centers. So it shows that better optical properties
can be achieved with larger ECR oxygen plasma power during
ZnO growth. The reason is also attributed to the decreased ionic
oxygen density from enhanced plasma power. The decreased ionic
oxygen reduces the crystalline degradation of the ZnO film arising
from the ionic oxygen hitting the film surface during growth. The
density of the non-radiative centers of epitaxial grown materials is
closely related to the crystallinity.

4. Summary

ZnO thin films were grown on sapphire substrates using ECR
plasma-assisted MBE. ECR plasma power plays an important role
to the growth rate and crystallinity of ZnO thin films. The growth
rate increases with the increase of plasma power because of the
increased atomic oxygen density. The enhanced plasma power
improves ZnO film crystallinity, decreases the density of Zn
interstitial defect formation, and improves optical properties
because of decreased ionic oxygen density.

Fig. 4. (a) Electron carrier concentration as a function of Zn cell temperature with

plasma power at constant. (b) Resistivity as a function of Zn cell temperature with

plasma power at constant. Larger electron carrier concentration and lower

resistivity were observed in thin film samples grown with higher Zn cell

temperature, which was attributed to the larger density of Zn interstitials.

Fig. 3. XRD spectra of samples D–F. The insets show FWHM of the ð1 1 2̄ 0Þ ZnO peak,

which decreases from 0.318 to 0.218 from sample D to F, indicating better

crystallinity.
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