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We have grown high quality ZnO epilayers on a-plane sapphire substrates by RS(radical source)-MBE. 
A flat a~d smooth surface has been obtained for ZnO grown under Zn rich condition with initial growth 
done usmg a low temperature buffer layer. RHEED pattern showing (3x3) surface reconstruction 
was observed during growth. A high Zn flux is required to grow ZnO at high temperature. High 
te~perature ZnO ~r?~th has made possible improvement in ZnO electrical properties. ZnO epilayers 
w1th electron mob1ht1es of over rv 120cm2 V-1s-1 and electron concentrations of< 6 x 1Q16cm-3 
have been grown. 
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1 INTRODUCTION 

ZnO device applications are numerous for exam
ple, blue-violet optical emission devices, wide bandgap 
high power devices, SAW (surface acoustic wave) 
devices and ferro-electric memories, among others. 
If it were possible to combine all of those applica
tions monolithically, semiconducting ZnO will play 
an important role in their fabrication. Semicon
ducting ZnO has thus gathered much attention as a 
hub for monolithic multi functional devices as well 
as for optical device applications due to its 3.4 eV 
direct bandgap, and large exciton binding energy 
of 60 meV.[1] For device applications, however, p
type ZnO must be realized.[2, 3] In order to investi
gate p-type doping mechanisms, intrinsic high qual
ity ZnO single crystal thin films are necessary.(4] In 
1999, high quality ZnO bulk crystal becomes com
mercially available in large part due to fine control 
of impurity levels. [5] Purity control is also an impor
tant factor in obtaining high quality semiconducting 
ZnO. [6] MBE has the advantage of in-situ RHEED 
observations which can be used to provide immedi
ate feedback on epilayer quality. In this paper, we 
report on improvement of ZnO electrical properties 
based upon the optimization of growth kinetics. 

2 EXPERIMENTAL 

ZnO layers were grown by RS (radical source)
MBE using a RF (radio frequency) radical cell with 
an electrostatic ion trap operated at rv300 V onto 
a-plane sapphire substrates. The sources used were 
elemental Zn with a purity of 7N and 0 2 gas of 
6N purity.[1, 7] The Zn flux was measured by an 
ion gauge at the sample position and was varied 
from 7xl0-7 to 4x10-6 Torr. The oxygen flow rate 
was 0.3 SCCM. (1120) (a-plane) sapphire substrates 
were used for ZnO growth making possible uniaxial 
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locked growth (ULG) as reported in Ref.[8] and [9] 
. ZnO layers were grown at 550°C after growth of 
a low temperature ZnO buffer at 350°C. The RF 
power of the 02 radical source during growth was 
300 W. Sapphire a-plane substrates were heated in 
a load lock chamber before growth at 400°C to re
move contamination and thermally cleaned at above 
700°C for 15 min in the growth chamber without 
plasma-enhanced oxygen irradiation from the radi
cal source just prior to the growth of the ZnO low 
temperature buffer. The growth rate of the ZnO 
layer was 0.25-0.50 J.tm/hr and the thickness of the 
as-grown films was 0.4-0.9 J.tm. The substrate tem
perature was measured by an infrared optical py
rometer calibrated by the melting point of an Al-Ge 
eutectic (420°C) and Al (660°C). The crystalline 
quality of the ZnO layers was determined by re
flection high energy electron diffraction (RHEED), 
AFM(atomic force microscopy) surface observation 
and X-ray diffraction (XRD) pole figures using Cu 
Ka1 radiation. Photoluminescence (PL) measure
ments were conducted at 1.4 K using a He-Cd laser 
(325 nm, 19 m W) as an excitation source. Carrier 
concentration, resistivity and carrier mobility were 
measured by the Van der Pauw method. 

3 RESULTS AND DISCUSSION 

3.1 In situ observation during growth 
The surface of the final ZnO film as grown by RS
MBE using a low temperature ZnO buffer layer ex
hibited a (3x3) reconstruction. A photograph of the 
(3x3) reconstructed surface observed by RHEED is 
shown in Fig. I. This reconstruction is present when 
ZnO is grown under Zn rich conditions. 

A phase map of the observed surface reconstruc
tions as a function of Zn flux is shown in Fig.2. 
This is similar to that present in GaN growth un-
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Figure 1: In situ RHEED observations of ZnO (3x3) 
reconstruction surface during growth. 

der a Ga excess.[lO] For growth conditions typically 
used, the growth rate is exclusively determined by 
the oxygen flux. In this case, it is possible to define 
a steady-state free Zn surface coverage Ozn- The 
temperature dependence of Ozn is expected to be a 
Boltzman-like or 

Ozn = Aexp(-Ea/kTs) (1) 

where T s is the growth temperature, Ea is a thermal 
activation energy and the pre-exponential factor A 
is assumed to be temperature independent.[ll] 

~ :: '.:'" .. ;l~ZY:~·~;.;:: c~h:::·.~!::on:::~d~r~:·::!;2rj~~.~~~t~~:r:\
0

i~,zl~': 
'-' 

s 
c10·7 
= N 

0 

(lx1) 

0 zn =Aexp(-E.fkT,) 

1.3 1.4 1.5 1.6 
1000ff sub (K1

) 

1.7 

Figure 2: The boundary line between the (3x3) and the 
(lxl) reconstruction indicating the ZnO surfaces grown 
under oxygen rich and Zn rich conditions, respectively. 

The boundary between the (3x3) and (1x1) re
construction is given by the curve shown in Fig.2. 
This is consistent with the surface reconstructions 
reported in the literature in which sample surfaces 
were thermally cleaned without the presence of a 
Zn flux [12, 13, 14]. The ZnO growth rate in the 
presence of a (3x3) surface reconstruction is limited 
by the amount of radical oxygen supply. It is spec
ulated that Zn rich conditions lead to a Zn excess 
and an oxygen poor surface and this surface com
position change lead to the formation of the (3x3) 
reconstruction. 

3.2 Optical property 
PL spectra obtained from ZnO samples grown un-

der Zn rich conditions are shown in Fig.3. Strong 
near band edge excitonic emissions are observed 
with no deep emissions at 2.2 eV. 
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Figure 3: PL spectra of ZnO on a-plane sapphire sub
strate with near band edge excitonic emission at 3.38 eV 
with no deep emission at 2.2 eV. 

In addition, many sharp peaks were observed 
around near band edge. A free exciton (FE) PL 
peak at 3.377 eV is visible. The PL peaks at 3.366 
eV, 3.3610 eV and 3.357 eV represent donor-bound
exciton transitions (D0 ,X) while the emissions at 
3.333 eV, 3.326 eV and 3.317 eV are due to LO 
phonon replicas.[15] These PL spectra indicates im
proved quality of the ZnO layers. 

3.3 Electrical property 
Figure 4 shows the room temperature electrical prop
erties of ZnO thin films. 

The solid line in Fig.4 indicates the theoreti
cal calculated value for electron scattering in ZnO, 
which can be used as a guide for improving ZnO 
electrical properties. The total electron mobility 
/-Ltotal is given by; 

(2) 

where /-Lpop is electron mobility due to polar op
tical photon scattering, /-Lacpis that due to acoustic 
phonon scattering and /-Liis is that due to ionized 
impurity scattering as given by the Brooks-Herring 
approximation. The electron mobility of /-Lpop , /-Lacp 

and /-Liis are given by; 

/-Lpop 0.199(T /300) 112 (e/e~) 2 (mo/m *) 3/ 2 

(1022 M)(l023va)(10-13wo) 

(ez - l)G(z) 

G(z) = 2 X 10-5 z 6 + 8.5 X 10-4 z 5 

(3) 

+ 1.4 X 10- 2 z4 
- O.lz3 + 0.5z2 

- 0. 7z + 1.0 

z = nwo/ksT 
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Figure 4: Calculated values for electron mobility in 
ZnO. Bulk single crystal results are shown as open 
squares and thin films results on a- and c-plane sap
phire substrates are shown as filled squares and circles, 
respectively. 
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a N;(m* /mo)l/2 ln(l +b) - 1 + b (5) 

0: = 3.284 X 1015 

where e~ is the Callen effective charge, M is the 
reduced mass, Va is the unit cell volume, wo is the 
angular frequency of the zone-center LO phonons, 
Ez is the deformation potential, p is the mass den
sity and ks is the static dielectric constant.[16] Re
cently high quality ZnO bulk crystals have been fab
ricated by the Eagle-Pitcher Corporation in U.S.A. 
These bulk crystals have the best reported electrical 
properties at present and the mobility and the car
rier concentration values of these samples are plot
ted in Fig.4. The electrical properties for our sam
ples are also shown in Fig.4. The electrical proper
ties of these recent ZnO samples are now approach
ing the Eagle-Pitcher results. 

3.4 Resistivity control of n-ZnO 

Figure 5 shows the resistivity dependence on n-type 
ZnO carrier density at room temperature. ZnO 
resistivity can be varied over a wide range from 
2xlo- 4 ncm to 4xl03 ncm. We used two dopants to 
obtain low and high resistivity ZnO. Ga was used 
for low resistivity and Nitrogen for high resistivity 
samples. Ga is a suitable dopant for MBE. 
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Figure 5: Resistivity dependence on n-type ZnO car
rier density. Dopant for low and high resistive ZnO is 
Ga and Nitrogen, respectively. 

It is speculated that acceptors induced by Ni
trogen compensate donors in the high resistivity re
gion. The thin and dot lines in Fig.5 indicate the 
case of n-type Si and GaAs, respectively. A com
parison of the values shown in Fig.5 indicates that 
the n-ZnO is already practical for fabrication of ma
jority carrier devices. 

4 CONCLUSIONS 
We have grown high quality ZnO crystal on a-plane 
sapphire substrates. A Zn rich surface composition 
leads to a (3x3) reconstructed surface. The con
trol of surface composition and lattice polarity of 
ZnO growth by in situ RHEED observation have 
made possible the improvement of ZnO electrical 
properties. ZnO electron mobilities of 120 cm2 /Vs 
and electron concentrations of 7xl016 cm - 3 were ob
tained. It has been varied ZnO resistivity widely 
from 2x1o-4 ncm to 4x103 ncm. These results are 
promising for fabrication of ZnO devices. 
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