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ABSTRACT 

The authors report that the growth rate of ZnO can be significantly increased by modifying the oxygen plasma condi-
tions in plasma-assisted molecular beam epitaxy. Both the aperture diameter and the distance between the plasma 
source and the substrate affect the growth rate and the quality of the ZnO films. A short source to substrate distance is 
essential in achieving higher growth rate, which is explained by reduced chance of oxygen atom collisions to accom-
modate the short oxygen mean free path at high background pressure. At a shorter source to substrate distance, the 
growth rate is higher with a larger aperture diameter. The quality of the ZnO thin films grown under different conditions 
is assessed by x-ray diffraction and room-temperature photoluminescence measurements. 
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1. Introduction 

ZnO is a wide bandgap semiconductor with a direct band-
gap of 3.37 eV at room temperature. The unique proper-
ties of ZnO and related compounds and structures make 
them potential materials for novel photonic devices work-
ing in the ultraviolet and visible light region. More effi-
cient light emitting devices may be realized due to the 
large exciton binding energy of ZnO (60 meV) [1,2]. ZnO 
is also a potential candidate for intersubband devices [3], 
especially for terahertz quantum cascade lasers working 
at room temperature [4], which is benefited from its large 
optical phonon energy (72 meV) [5]. Very recently, frac-
tional quantum Hall effect has been reported in ZnO/ 
ZnMgO heterostructures with electron mobility exceeds 
180.000 cm2/Vs [6]. Electrically pumped lasing from 
ZnO nanowires has also been reported [7]. 

ZnO thin films have been prepared by various growth 
techniques including radio frequency (RF) magnetron 
sputtering, pulsed-laser deposition (PLD), chemical-vapor 
deposition, and molecular-beam epitaxy (MBE). Among 
these, MBE has several advantages over the others such 
as the capability to grow high purity films under ultra- 
high vacuum conditions and the precise control of the 
growth procedure by applying in situ diagnostic tools. 
Plasma-assisted MBE (PAMBE) is the main approach in  

MBE growth of ZnO, in which the atomic oxygen was 
either generated by a RF plasma source or by an electron 
cyclotron resonance plasma source. PAMBE has been 
proven to yield ZnO films with the highest material qua- 
lity [8]. Critical parameters for PAMBE growth of ZnO 
are Zn flux, O2 flow, substrate temperature, and plasma 
power [8]. It has been reported that the growth rate of 
ZnO increases with the increase of plasma power [9,10]. 
For the growth with RF plasma sources, with a fixed total 
holes area (same conductance) of the aperture plate, the 
number of holes has also been shown to be correlated to 
the growth rate [10]. In this article, we report that the 
distance between the RF source and the substrate as well 
as the aperture diameter significantly affects the growth 
of ZnO thin films. 

2. Experiment 

The growth was performed in a modified DCA 350 MBE 
system. Elemental Zn and O2 gas, both with 6N purity, 
were used as source materials. Atomic oxygen was gen-
erated from an OAR CARS25AI atom/radical beam source, 
which is operated under a forward RF power of 350 W. 
Alumina aperture plates with two different diameters were 
used. Both aperture plates have 37 holes and the same 
hole distribution, as shown in the inset of Figure 1. The 
hole diameter for the small aperture is 0.5 mm and that 
for the large aperture is 1.5 mm. The optimum oxygen  *Corresponding author. 
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flow rates are 0.6 sccm and 4.0 sccm when the aperture 
plates with small and large holes are used, respectively. 
The RF plasma source cell was placed at two different 
positions which result in two different source to sub-
stratedistance (measured from the aperture plate) of 25.5 
cm and 42 cm. 

All samples were grown on 2” single-side polished 
epi-ready (0001) sapphire substrates. The substrates were 
mounted on indium-free molybdenum blocks and loaded 
into the growth chamber. Before the growth, the substrates 
were annealed at 720˚C for 30 minutes. The base pres-
sure in the growth chamber is approximately 2.5 × 10–9 

torr. During the growing, the background pressures were 
 torr and    torr when 0.5 mm 

aperture and 1.5 mm aperture were used, respectively. 
All samples were grown under oxygen limit conditions at 
a substrates temperature of 600˚C for 4 hours. Typical 
beam equivalent pressures for Zn are 1.0 × 10–7 torr and 
4.0 × 10–7 torr with the small and large aperture holes, 
respectively. No buffer layer was employed. The layer 
thicknesses were determined by Surface Profiler (Veeco 
De4kak 150) after wet etching with diluted HCl solution, 
The properties of the ZnO thin films were characterized 
by high resolution x-ray diffraction (Bruker D8 Advance 
x-ray diffractometer) and room-temperature photolumi-
nescence (PL) measurements. 

  51 2 10  41 2 10 

3. Results and Discussions 

Samples A, B, and C are three typical samples grown 
under three different plasma source configurations. Sam-
ples A and B were grown with the aperture plate with 0.5 
mm aperture diameter while sample C was grown with 
the aperture plate with 1.5 mm aperture diameter. Sample 
A was grown with a long source to substrate distance (42 
cm) while samples B and C were grown with a short 
source to substrate distance (25.5 cm). 

We started the experiments with a long source to sub-
strate distance and with an alumina aperture plate with 
0.5 mm aperture diameter. Under these growth condi-
tions the growth rate is very low. As showed in Figure 1, 
for a typical sample grown under these conditions (Sam-
ple A) the growth rate is about 30 nm per hour. In order 
to achieve a higher growth rate, we replaced the aperture 
plate with a plate with a larger aperture diameter (1.5 
mm). In principle, when the RF plasma source works under 
optimized conditions a fixed pressure within the discharge 
tube has to be maintained. Therefore larger apertures result 
in a larger oxygen flow. In fact, the optimum flow rate 
was increased from 0.6 sccm to 4.0 sccm when the aper-
ture diameter was increased from 0.5 mm to 1.5 mm. How- 
ever, with the increase of oxygen flow, instead of getting 
a higher growth rate we were unable to obtain any ZnO 
films. We explain the observation by the decrease of mean 

free path of oxygen atoms due to the increase of back-
ground pressure. 

The mean free path is the average distance a moving 
particle could travel without collisions, as expressed by 
the following equation [11] 

22π a

RT

d LP
                  (1) 

where λ is the mean free path, R the gas law constant 
(8.314510 joule·K–1·mole–1), L the Avogadro’s number 
(6.0221367 × 1023 mole–1), T the temperature (300 K), da 

the Collisional Cross Section, and P the pressure. Ac-
cording to Equation (1), the mean free path of the active 
atomic oxygen is inversely proportional to the background 
pressure in the growing chamber. By replacing the alu-
mina plate with small apertures with the one with large 
apertures the background pressure increased by an order 
of magnitude which results in the decrease of oxygen 
mean free path by an order of magnitude. Using da = 3.04 
× 10–10 m and P = 2 × 10–4 torr, a mean free path is esti-
mated to be 38 cm, which is very close to the source to 
substrate distance of 42 cm. Therefore at that source to 
substrate distance, most of the oxygen atoms generated 
by the RF source collide to form oxygen molecules, 
which cannot be used for ZnO growth. 

To prove our assumptions, we reduce the distance be-
tween the RF source and substrate to 25.5 cm. Sample C 
is a typical sample grown under that short source to sub-
strate distance (with large apertures). A growth rate of 
approximately 680 nm per hour was obtained for samples 
with a source to substrate distance of 25.5 cm and an 
alumina plate aperture diameter of 1.5 mm (Figure 1). 

With the short source to substrate distance the growth 
rate is also greatly increased when the alumina plate with 
a small aperture diameter is used. Sample B is a typical  

 

 

Figure 1. ZnO growth rate as a function of source to sub-
strate distance for two different alumina plate aperture dia- 
meters. 
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sample grown under these conditions. The growth rate is 
approximate 105 nm per hour (Figure 1). The increase of 
growth rate with the decrease of source to substrate dis-
tance is attributed to the increase of atomic oxygen den-
sity at the substrate surface as schematically illustrated in 
Figure 2. If we neglect the aperture plate size, the ratio 
of atomic oxygen density is reversely proportional to the 
square of the ratio of the source to substrate distance. 
Therefore the decrease of the source to substrate distance 
from 42 cm to 25.5 cm increases the atomic oxygen den-
sity by 2.7 times, which is quite close to the actual in-
crease of the growth rate by 3.5 times (105/30). 

Figure 3 shows the XRD rocking curves obtained with 
(0002) reflection. The full width at half maximum (FWHM) 
for sample A, B, and C are 0.025˚, 0.015˚, and 0.063˚ 
respectively. The results show that generally for samples 
grown with large apertures and/or with too high a growth 
rate (like sample C) the structural quality of films is sig-
nificantly degraded. Although the FWHM value of sam-
ple A is slightly larger than that of sample B, considering 
that sample B is nearly 4 times thicker than sample A, 
their structural quality may actually comparable. For all 
our samples, XRD pole figure measurements showed that 
there are no rotation domains in the films. Figure 4 is a 
typical (1011) XRD phi scan for one of our samples. 
The 6-fold symmetry indicates that the ZnO has hexago-
nal crystal structure. No secondary peaks are observed, 
which is evidence that there are no rotation domains in 
our films. Rotation domains have been widely reported in 
ZnO when the films are directly grown on c-plane sap-
phire by PAMBE [12-17]. 

Figure 5 shows the PL spectra for samples A, B, and 
C, which were measured at room temperature with a 266 
nm solid state laser as the excitation source. All the sam-
ples showed a predominant emission peak at 3.30 eV. 
The FWHM values of the PL spectra for samples A, B, 
and C are 109 meV, 105 meV, and 126 meV, respectively, 
indicating the degrading of optical quality for the samples  

 

 

Figure 2. A schematic drawing showing the increase of oxy-
gen atom density at the sample surface when the source to 
substrate distance is reduced. 

grown with large apertures and/or with too high a growth 
rate. This result is consistent with the XRD rocking curve 
measurement results. The peak intensity of the PL spec-
tra decreases with the increase of the growth rate (the 
inset of Figure 5), also suggest the degrading of optical 
quality with the increase of the growth rate. 

4. Conclusion 

We have studied the growth of ZnO thin films under dif-
ferent plasma configurations and found that the growth 
rate can be increased by reducing the distance between 
the RF source and the substrate. At a short source to sub-
strate distance, the growth rate is higher with an alumina  

 

 

Figure 3. X-ray rocking curves obtained with (0002) reflec-
tion for a set of samples grown under difference plasma 
source configurations. 

 

 

Figure 4. X-ray phi scan with (1011 ) reflection for a typical 
ZnO thin film grown on c-plane sapphire substrate. 
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Figure 5. Room temperature PL spectra for a set of ZnO 
thin films grown under difference plasma source configura-
tions. 

 
plate with a larger aperture diameter (with the same hole 
distribution). The observation was explained by the de-
crease of oxygen mean free path with the increase of 
background pressure and the increase of atomic oxygen 
density with the decrease of source to substrate distance. 
We demonstrated that high crystalline quality ZnO thin 
films without rotation domains could be grown on c-plane 
sapphire substrates without applying any buffer layers. 
XRD and PL measurement results indicate that quality of 
the films is degraded for ZnO grown with a larger aper-
ture diameter and/or too high a growth rate. 
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