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Abstract
The growth of c-axis oriented ZnO thin films on c-plane Al2O3 via molecular beam epitaxy (MBE) using dilute ozone (O3) as

an oxygen source was investigated. Four-circle X-ray diffraction (XRD) indicates that films grown at 350 8C are epitaxial with

respect to the substrate, but with a broad in-plane and out-of-plane mosaic. The films were highly conductive and n-type.

Epitaxial film growth required relatively high Zn flux and O3/O2 pressure. The growth rate decreased rapidly as growth

temperature was increased above 350 8C. The drop in growth rate with temperature reflects the low sticking coefficient of Zn at

moderately high temperatures and limited ozone flux for the oxidation of the Zn metal. Characterization of the films included

atomic force microscopy (AFM), X-ray diffraction, photoluminescence, and Hall measurements. These results show that

molecular beam epitaxy of ZnO using ozone is rate limited by the ozone flux for growth temperatures above 350 8C.

# 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, significant attention has been

focused on the growth of ZnO thin films. This material

is used for acoustic wave devices, varistors, gas sensors,

piezoelectric transducers, transparent electrodes, and

transparent thin film transistors [1–8]. It is an n-type
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direct bandgap (3.37 eV) semiconductor having a large

exciton binding energy (60 meV) [9]. It has a hexagonal

wurtzite crystal structure with a = 0.32 nm and

c = 0.512 nm. It is naturally an n-type semiconductor

because deviations from stoichiometry result in

intrinsic donor defects, such as O vacancies (VO) and

Zn interstitials (Zni) [10]. In general, the selection of the

oxygen source for oxide film growth plays an important

role in determining the properties, including crystal-

linity, electrical transport, and optical characteristics

[11,12]. Epitaxial ZnO thin films have been grown by
.



Y.W. Heo et al. / Applied Surface Science 252 (2006) 7442–7448 7443
numerous methods, including chemical vapor deposi-

tion (CVD), RF sputtering, pulsed laser deposition

(PLD), and molecular beam epitaxy (MBE) [13–16].

For MBE growth, the high vapor pressure of Zn metal

along with the limited kinetics of Zn oxidation in

molecular oxygen (O2) makes the use of highly

oxidizing species necessary [11,12,17–19]. One source

of reactive oxygen used in oxide film growth is atomic

oxygen that is obtained by employing a plasma

discharge. Significant work has focused on the MBE

growth of ZnO epitaxial films using atomic oxygen

[20–24], yielding films with electron mobility as high as

145 cm2/(V s) [23]. However, maintaining an oxygen

plasma in an MBE environment can be limiting in terms

of required hardware and total working pressure.

Therefore, research into alternative oxidation sources is

useful. For the growth of many oxides, ozone (O3) has

proven to be effective. The use of ozone precludes the

need for a plasma source in the deposition system [25].

There have been limited investigations into the growth

of ZnO using ozone, with the only published report

focusing on polycrystalline ZnO deposition on Si [26].

In the present work, the epitaxial growth of ZnO thin

films on sapphire using ozone in molecular beam

epitaxy is reported.
Fig. 1. Growth rate of ZnO grown on c-plane Al2O3 as a function of

growth temperature with a Zn pressure of 2 � 10�6 mbar and O3/O2

pressure of 5 � 10�4 mbar.
2. Experimental details

The growth experiments were performed using a

conventional MBE system. c-Plane Al2O3 wafers were

used as substrates. Prior to film growth, the (0 0 0 1)

Al2O3 substrates were cleaned with trichloroethylene,

acetone, and methanol. Growth temperatures investi-

gated for ZnO growth on c-plane Al2O3 ranged from

Tg = 200 8C to 500 8C. The background base pressure

of the growth chamber was �5 � 10�8 mbar. An

ozone/oxygen mixture was used as the oxidizing

source. A nitrogen-free plasma discharge ozone

generator was used to generate an O3/O2 mixture

with ozone content in the order of 1–3%. No effort was

made to separate the molecular oxygen from the

ozone. The flux of Zn was provided by Knudsen

effusion cells using high purity Zn metal (99.9999%)

as the source. Zn and O2/O3 partial pressures were

determined via a nude ionization gauge that was

placed close to the substrate position prior to growth.

The beam pressure of the O3/O2 mixture could be
varied from 5 � 10�6 mbar to 5 � 10�4 mbar, yield-

ing an O3 partial pressure of 5 � 10�8 mbar to

5 � 10�6 mbar. Gas flow was controlled by a leak

valve between the ozone generator and the chamber.

The Zn pressure was varied between 5 � 10�7 mbar

and 5 � 10�6 mbar. After growth, the samples were

cooled to room temperature while maintaining the O3/

O2 growth pressure. Surface profilometry across a film

step was used to determine film thickness. The

properties of the ZnO thin films were measured as a

function of Zn flux, ozone flux, and growth

temperature. The film properties were examined using

atomic force microscopy (AFM), X-ray diffraction

(XRD), photoluminescence, and Hall measurement.
3. Results and discussion

Initial film growth experiments investigated the

possible MBE growth of ZnO with molecular oxygen

only. At low substrate temperature, Zn metal was

deposited but no ZnO was formed. As the deposition

temperature was increased, no deposition occurred. In

particular, the growth of ZnO using molecular oxygen

was not observed under any conditions. However,

employing the dilute O3/O2 mixture yielded ZnO

film growth. Fig. 1 shows the growth rate of ZnO

as a function of growth temperature for a Zn pressure

of 2 � 10�6 mbar and an O3/O2 pressure of

5 � 10�4 mbar. The growth rate is relatively low

and is measured to be approximately 50 nm/h for
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Fig. 2. XRD patterns of ZnO grown on sapphire (0 0 1) at 350 8C
growth temperature as a function of Zn and O3/O2 pressures: (a) Zn of

2 � 10�7 mbar and O3/O2 of 5 � 10�6 mbar, (b) Zn of 2 � 10�7

mbar and O3/O2 of 5 � 10�5 mbar, (c) Zn of 5 � 10�7 mbar and O3/

O2 of 5 � 10�4 mbar, (d) Zn of 2 � 10�6 mbar and O3/O2 of

5 � 10�6 mbar, (e) Zn of 2 � 10�6 mbar and O3/O2 of 5 �
10�5 mbar, and (f) Zn of 5 � 10�6 mbar and O3/O2 of 5 � 10�4 mbar.

Fig. 3. XRD pattern of ZnO grown on sapphire (0 0 1) with a Zn

pressure of 2 � 10�6 mbar and O3/O2 pressure of 5 � 10�4 mbar as

a function of growth temperature (a) 200 8C, (b) 250 8C, (c) 300 8C,

(d) 350 8C, (e) 400 8C, and (f) 450 8C.
temperatures up to 350 8C. Note that the O3/O2 flux

rate was relatively high in order to achieve this modest

growth rate. For growth temperature greater than

350 8C, the rate dramatically decreased. In fact, for

growth temperatures above 450 8C, continuous films

were not realized. An increase in growth temperature

causes a decrease of the sticking coefficient of Zn on

the Al2O3 substrate which, subsequently, causes a

decrease in the growth rate, even though the reactivity

between Zn and the oxygen source is expected to

increase with growth temperature. It is also possible

that decomposition of ZnO at the surface plays a role

in the lack of film growth under these conditions. Note

that there was no growth under any conditions when

only O2 was used as the oxygen source. This directly

reflects the relatively high dissociation energy of

molecular oxygen, which is in the order of 5.2 eV. In

contrast, ozone decomposes exothermically, with a

heat of decomposition around 1.69 eV/molecule [27].

At substrate temperatures sufficiently high to drive

the reaction between O2 and the Zn metal and form

ZnO, the sticking coefficient for Zn is too low to

sustain a surface reaction with O2 on the Al2O3

surface. At temperatures greater than 350 8C, the drop

in deposition rate reflects the high vapor pressure of

Zn metal, which is in the order of 10�2 Torr, limiting

surface collisions with ozone, as well as the

decomposition of ZnO at the surface.

For film growth at the substrate temperature of

350 8C, the dependence of ZnO thin film crystallinity

on Zn and oxygen flux was also investigated. If ZnO

growth is limited by oxidation as suggested in the

above discussion, the crystallinity should be a strong

function of Zn flux and O2/O3 partial pressure.

Formation of stoichiometric ZnO requires high flux of

both Zn and the oxidizing species. Fig. 2 shows the X-

ray diffraction patterns for films deposited at 350 8C
under various Zn and O3/O2 flux rates. As shown in the

figure, the growth of ZnO was not observed for a Zn

pressure less than 2 � 10�7 mbar at a growth

temperature of 350 8C. The highest (0 0 0 2) XRD

peak intensity for the c-axis oriented ZnO films was

observed with a Zn pressure of 2 � 10�6 mbar and an

O3/O2 pressure of 5 � 10�4 mbar. This was the

highest reactant flux investigated in this study,

suggesting that growth is very much limited by

ZnO formation at the substrate surface. In addition, the

crystallinity of ZnO films grown at different tempera-
tures was also examined. Fig. 3 shows the XRD

patterns of ZnO films deposited on the c-plane Al2O3

at different growth temperatures with a Zn pressure

of 2 � 10�6 mbar and an O3/O2 pressure of

5 � 10�4 mbar. The intensity of the (0 0 0 2) peak

increases with growth temperature up to 350 8C, and

then decreases for higher temperature. The ZnO

(0 0 0 2) peak disappears at growth temperature of

450 8C. This behavior differs from molecular beam

epitaxy grown ZnO films using a high flux of atomic
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oxygen [23] where growth is possible at much higher

temperatures, thus reflecting the limitations on Zn

oxidation for the ozone fluxes considered.

Despite the limited range of deposition conditions

for ZnO formation, epitaxial ZnO films were realized.

The epitaxial crystallinity of the films was confirmed

using four-circle X-ray diffraction [28–30]. Fig. 4

shows the out-of-plane rocking curve (a) and in-plane

f-scan. The rocking curve through the (0 0 0 2) plane

for the ZnO film grown at Zn pressure of 2 �
10�7 mbar and O3/O2 pressure of 5 � 10�4 mbar at

350 8C shown in Fig. 4(a) yields a full width half

maximum (FWHM) of 1.28, which is significantly

broader compared to epitaxial films reported using

atomic oxygen as the oxidation source [20–24]. Only

the c-axis ZnO peaks are evident in a u–2u X-ray

diffraction scan (not shown) along the surface normal.

A high-resolution u–2u-scan through the (0 0 0 2)

plane indicate that the 2u FWHM is 0.26 8. A high-

resolution scan through the (0 0 0 2) peak yields a
Fig. 4. (a) Rocking curve through (0 0 0 2) and (b) f-scans for

(1 0 1 1) plane of ZnO grown on c-plane Al2O3.
c-axis lattice parameter of 5.1948 Å, which is slightly

smaller than the bulk value. f-Scans through the ZnO

(1 0 1 1) plane in Fig. 4(b) show in-plane alignment

with Df = 1.68. The six-fold symmetry of the peaks in

the f-scan confirms that the hexagonal film is epitaxial

[28–30]. Note that there is a 308 rotation between the

in-plane ZnO and Al2O3 direction, determined by

indexing the substrate in-plane axes relative to the

ZnO peaks. This rotation is due to the 18% of lattice

mismatch between film and substrate. The X-ray

diffraction rocking curves for the films grown with

ozone are somewhat broader than that seen in MBE

films grown at higher temperatures using the plasma

source. Again, this points to the oxidation of the Zn

metal cation as a limiting factor in the growth of ZnO

films.

The surface morphology of the ZnO film was

measured using atomic force microscopy measure-

ments. AFM measurement was performed in air using

a Nanoscope III. All samples were scanned over a

1 mm � 1 mm area. In Fig. 5, the AFM images for

ZnO films grown on sapphire at various temperatures

are shown. A Zn pressure of 2 � 10�6 mbar and O3/O2

pressure of 5 � 10�4 mbar were employed during the

growth. As the temperature increased from 200 8C, the

roughness increased, reflecting an increase in ZnO

grain size for growth temperatures up to 350 8C. At

450 8C growth temperature, the nucleation of ZnO

decreased rapidly, with little or no ZnO film growth

occurring. This was consistent with the XRD and

growth rate behavior discussed earlier.

In addition to growth kinetics and crystallinity, the

optical properties of these MBE-grown ZnO films

using ozone were characterized using photolumines-

cence at room temperature. Photoluminescence

spectra for films grown with a Zn pressure of

2 � 10�6 mbar and ozone pressure of 5 � 10�4 mbar

mbar at a growth temperature of 350 8C were

measured using a He–Cd laser (325 nm). The power

density was 1 W/cm2. A 0.3 m scanning grating

monochromator with a Peltier-cooled GaAs photo-

multiplier was utilized. Fig. 6 shows the spectrum

indicating a near band-edge emission at 3.30 eV for

the film. The photoluminescent properties of ZnO

typically reflect the intrinsic direct bandgap, a

strongly-bound exciton state, and gap states due to

point defects [31–34]. The strong room tempera-

ture near band-edge UV photoluminescence peak at
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Fig. 5. AFM images of ZnO grown on sapphire with a Zn pressure of 2 � 10�6 mbar and O3/O2 pressure of 5 � 10�4 mbar as a function of

growth temperature (a) 200 8C, (b) 250 8C, (c) 300 8C, (d) 350 8C, (e) 400 8C, and (f) 450 8C.
�3.2 eV is attributed to an exciton state, as the exciton

binding energy is in the order of 60 meV [35]. In

addition, visible emission is also observed due to

defect states. In particular, broadband orange-red
emission is seen at 1.9 eV and blue emission at

2.73 eV. The blue-green emission, centered at around

500 nm in wavelength, has been explained within the

context of transitions involving self-activated centers
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Fig. 6. Photoluminescence spectrum at room temperature of ZnO

grown on sapphire with a Zn pressure of 2 � 10�6 mbar and O3/O2

pressure of 5 � 10�4 mbar at 350 8C growth temperature.
formed by a doubly ionized zinc vacancy and an ionized

interstitial Zn+ [34], oxygen vacancies [36–39], donor–

acceptor pair recombination involving an impurity

acceptor [40], and/or interstitial O [41–43]. The broad

orange-red photoluminescence emission at �1.9 eV

has been observed in other ZnO film materials and has

been assigned to defect states as well.

The carrier concentrations of these films were

measured using Hall measurements. Fig. 7 shows the

carrier concentration and resistivity of ZnO films grown

on sapphire with a Zn pressure of 2 � 10�6 mbar and

ozone pressure of 5 � 10�4 mbar as a function of

growth temperature. Note that the carrier density was

high in all samples relative to films grown using a
Fig. 7. Carrier concentration and resistivity of ZnO grown on

sapphire as a function of growth temperature with a Zn pressure

of 2 � 10�6 mbar and O3/O2 pressure of 5 � 10�4 mbar.
plasma source. Interestingly, the carrier concentration

increased and resistivity decreased with the growth in

temperature. Assuming that the films grown at low

temperatures are oxygen deficient, one might anticipate

higher carrier densities at the low growth temperatures.

In conclusion, the growth of ZnO thin films on c-

plane Al2O3 via molecular beam epitaxy using ozone

as an oxygen source was investigated. Epitaxial

growth required high Zn and O3/O2 flux rates, with a

limited temperature range for film growth. For the

accessible O3 flux rates, ZnO films grown at 350 8C
using ozone (O3/O2) were highly conductive and n-

type. At the higher temperatures, ZnO nanoscale

island form, but do not appear to coalesce.
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