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a b s t r a c t

This work investigated the influence of Zn/O flux ratio and Mn-doped ZnO buffer layer on the epitaxial

growth of ZnO grown by plasma-assisted molecular beam epitaxy on c-plane sapphire substrates.

Atomic force microscopy (AFM), photoluminescence (PL) and X-ray diffraction (XRD) measurements

indicated that a small amount residual strain of ZnO epilayers was further relaxed under stoichiometric

small amount of Mn doping led to obtain a flatter surface with stronger lattice relaxation maybe due to

the greatly enhanced surface migration of the adatoms. By adding a Mn-doped ZnO buffer layer the

optical and electrical properties of the ZnO epilayers had significant improvement.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

Wurtzite-structure ZnO with a wide direct band gap of 3.37 eV
at room temperature (RT) has a large exciton binding energy of
60 meV. The fundamental properties of ZnO make it an attractive
candidate for UV light-emitters or laser diodes. Optical pumped
excitonic lasing at RT from ZnO has been reported [1,2], and
excitonic-stimulated emissions have been observed at tempera-
tures up to 550 1C [3]. Another possible application of ZnO is in the
field of spintronics [4,5]. After Dietl et al. [6] predicted RT
ferromagnetism for Mn-doped ZnO, a number of studies have
been carried out experimentally and theoretically to obtain
reliable Mn-doped ZnO diluted magnetic semiconductors [7–9].

Due to the hexagonal symmetry and low cost, ZnO epitaxial
layers grown by plasma-assisted molecular beam epitaxy (PA-MBE)
ll rights reserved.

+886 3 2653299.
have mostly been studied using c-plane sapphire as a substrate
[10–13]. However, there is a large in-plane lattice mismatch
(18%) and two types of in-plane rotation domains between
c-oriented ZnO and the oxygen sublattice of c-plane sapphire
(ZnO½1 1̄ 0 0�||Al2O3½1 1 2̄ 0� and ZnO½1 1 2̄ 0�||Al2O3½1 1 2̄ 0�).
These 301-rotation domains are surrounded by highly defective
domain boundaries with threading dislocations leading to
deterioration of the crystal quality [14,15]. Therefore, the lattice
strain relaxation and accompanying structural evolution in the
initial growth stage directly affect the surface morphology and the
crystalline quality [16,17]. Low-temperature ZnO homo-buffer
layers have been tried to reduce the defects and dislocation
density caused by the large lattice mismatch [18,19]. To eliminate
the hexagon-on-hexagon growth (ZnO½1 1 2̄ 0�||Al2O3½1 1 2̄ 0�),
some researchers have suggested that depositing a thin MgO
hetero-buffer layer, which has lattice mismatch of �8.4% and 9.1%
between ZnO and sapphire, respectively, at the interface between
ZnO and c-plane sapphire [20,21]. Furthermore, a dopant can
influence both the kinetic and thermodynamic factors in the

www.sciencedirect.com/science/journal/crys
www.elsevier.com/locate/jcrysgro
dx.doi.org/10.1016/j.jcrysgro.2008.07.108
mailto:jswang@cycu.edu.tw


ARTICLE IN PRESS

ro
w

th
 ra

te
 (n

m
/s

)

280290300310320330

(I):  Zn-rich
(II): Stoichiometry
(III): O-rich

TZn (°C)

10-2

J.S. Wang et al. / Journal of Crystal Growth 310 (2008) 4503–45064504
formation and growth of grains during film deposition. Kim et al.
[22] demonstrated that Mn doping (Mn ¼ 5%) greatly enhanced
the atomic alignment and led to a singly oriented film by totally
suppressing the hexagon-on-hexagon growth. Han et al. [23]
reported that ZnO doped with Mn increased the surface diffusion.
Nakayama et al. [24] showed that a Zn0.95Mn0.05O thin film is
preferentially oriented along the [0 0 0 1] axis and that the
interface and surface are very flat.

In this work, we present our study on the growth of ZnO
epilayers varying with Zn/O flux ratio and the improvements
in crystal structures, optical and electrical properties by using a
Mn-doped ZnO buffer layer at the interface between ZnO and
c-plane sapphire substrates grown by PA-MBE.
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Fig. 1. Growth rates of ZnO films, grown under various Zn temperatures with fixed

O-plasma conditions, estimated from the cross-sectional SEM images as a function

of reciprocal Zn temperature. The solid line is the linear fitting of the lower-

temperature region.
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2. Experiment

The growth was carried out in a Veeco EPI 620 MBE system. An
Addon RF-plasma source with independently separated pumping
design was used to provide reactive oxygen radicals. The flux of
oxygen gas was controlled by a mass flow controller system.
Knudsen-cells were used for evaporating Zn and Mn metal
sources. Before deposition, the c-plane sapphire substrates were
cleaned by acetone and chemical etched by the heated acid
solution of H2SO4 and H3PO4 for 15 min. Following, the substrate
was desorbed at 920 1C. During growth, the substrate temperature
was fixed at 650 1C and the oxygen RF–plasma source was kept at
300 W with an oxygen flow rate of 1.5 SCCM. The whole growth
process was monitored by reflection high-energy electron diffrac-
tion (RHEED). Film thickness was measured by employing the
cross-sectional scanning electron microscope (SEM). After growth,
the samples were investigated by atomic force microscopy (AFM),
X-ray diffraction (XRD), Hall measurements, and photolumines-
cence (PL) spectroscopy. A 325 nm of He–Cd laser was employed
as the exciting source for PL measurements.
0

5

10

15

R
oo

t-m
ea

n-
sq

u

Temperature of Zn (°C)
295 300 305 310 315 320 325 330 335

Fig. 2. Root-mean-square surface roughness of the ZnO films, grown under various

Zn temperatures with fixed O-plasma conditions, over the scanned size of

5mm�5mm as a function of Zn temperature.
3. Results and discussion

3.1. Effect of Zn/O flux ratio

Recent reports have demonstrated that the ZnO layers grown
under the stoichiometric and/or the slight Zn-rich flux conditions
showed better crystalline qualities due to the better surface
migration of the adatoms [25,26]. Fig. 1 shows the growth rates of
ZnO, which was grown directly on sapphire substrates without
buffer layers, estimated from the cross-sectional SEM images as a
function of reciprocal Zn temperature. On the whole, the flux
of solid source is an exponential function of the reciprocal
temperature in a suitable range. As shown in Fig. 1, the ZnO
growth rate linearly increases up to near 310 1C and then saturates
at higher Zn temperature. This behavior indicates that the growth
mode is limited by the minority atom on the surface. When the
growth rate is governed under oxygen-rich conditions, the growth
rate linearly increases when Zn beam flux increases. When the
Zn/O flux ratio is close to unity (i.e. the stoichiometric flux
condition) the growth rate displays a gradual increase. Finally, the
growth condition gets into Zn-rich, as the growth rate becomes
saturated with further increases in Zn beam flux.

Fig. 2 shows the root-mean-square surface roughness of the
ZnO films over the scanned size of 5mm�5mm with different Zn
temperature. The smallest roughness occurred at near the
stoichiometric conditions due to the better surface migration of
the adatoms [25,26].

Fig. 3 displays the 10 K normalized PL spectra measured at the
near band edges from ZnO epilayers. The spectra show exciton
emissions at 3.357, 3.361, and 3.376 eV. According to their energy,
these emission lines can be ascribed to excitons bound to neutral
donors (D1X) and free excitons (FXA), respectively. However, the
spectra of samples, which were grown under near-stoichiometric
growth conditions (Zn ¼ 310 and 315 1C), revealed an energy red-
shift of about 2 meV. This indicates that a small amount residual
strain of ZnO epilayer was further relaxed under stoichiometric
growth conditions due to the better surface migration of the
adatoms. The (0 0 0 2) XRD measurements of ZnO epilayers, as
shown in Fig. 4, agreed with the results of PL. The larger angle
peaks in each spectrum are due to the Ka2 line of the X-ray
source, and the diffraction angles of all spectra have been
shifted to get the same angle from the sapphire substrates in
different samples. Because of the compressive residual strain
in ZnO epilayer, the lattice constant of c-axis became smaller as
the strain was further relaxed under stoichiometric growth
conditions.
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Fig. 3. Normalized 10 K PL spectra measured at the near band edge from ZnO

epilayers grown under various Zn temperatures with fixed O-plasma conditions.
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Fig. 4. Normalized (0 0 0 2) XRD spectra of ZnO epilayers grown under various Zn

temperatures with fixed O-plasma conditions. The larger angle peaks in each

spectrum are due to the Ka2 line of the X-ray source.

Fig. 5. RHEED patterns of (a) the sapphire substrate after oxygen plasma

treatment, Al2O3 ½1 1 2̄ 0�, (b) 6 nm-thick ZnO epilayer, ZnO ½1 1 2̄ 0�, and (c) 6 nm-

thick ZnO:Mn epilayer, ZnO:Mn ½1 1 2̄ 0�. The substrate temperatures were 650 1C.
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3.2. Effect of Mn-doped ZnO buffer

Fig. 5b and c shows the RHEED patterns of 6 nm-thick ZnO and
Mn-doped ZnO (ZnO:Mn) at substrate temperature of 650 1C,
respectively. The sapphire substrate displays a sharp streaky
pattern, as shown in Fig. 5a, directly after oxygen plasma
treatment, indicating a clean and flat surface. A 301 rotation in
the basal plane of the ZnO layer was observed by RHEED, and the
½1 1̄ 0 0� direction of ZnO was found to align with the ½1 1 2̄ 0�
direction of Al2O3. This indicates the ZnO lattice aligns itself with
the oxygen sublattice in Al2O3, and the lattice mismatch is
reduced from 32% to around 18% [13]. The RHEED patterns show
that the crystal structure of ZnMnO buffer layers is the same as
that of the ZnO. Besides, the in-plane lattice mismatch between
the sapphire substrate and the 6 nm-thick ZnO and ZnO:Mn layers
was estimated from the rod spacing of RHEED patterns to be
around 12.1% and 15.4%, respectively. Moreover, AFM measure-
ments revealed the root-mean-square surface roughness of the
ZnO and ZnO:Mn layers was about 0.4 and 0.1 nm, respectively.
We determined the concentration of Mn in this 6 nm-thick
ZnO:Mn epilayer is less than 0.6% through the X-ray photoelectron
spectroscopy (XPS) measurements. Our results suggest that a
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Fig. 6. Normalized 10 K PL spectra measured at the near band edge from 0.25mm-

thick ZnO epilayers grown under near stoichiometric growth conditions with and

without 6 nm-thick ZnO:Mn buffer layers, respectively.
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small amount of Mn doping greatly enhanced surface migration of
the adatoms, and led to obtain a flatter surface with stronger
lattice relaxation. Therefore, the ZnO:Mn layer could be a very
promising buffer for the growth of high-quality ZnO.

Fig. 6 shows the 10 K normalized PL spectra measured at the
near band edges from 0.25mm-thick ZnO epilayers grown under
near-stoichiometric growth conditions with and without 6 nm-
thick ZnO:Mn buffer layers, respectively. By comparison the
sample with ZnO:Mn buffer layer shows the much stronger FXA

emission and the smaller FWHM of D1X peak. On the other hand,
decreased defect and/or dislocation density might result in a
lower residual carrier concentration, and a higher mobility due to
the decreased concentration of scattering centers. Hall measure-
ments showed the mobility was enhanced from 24 to 50 cm2/V s,
and residual carrier concentration decreased from 1.4�1019 to
4.3�1018 cm�3 by adding a 6 nm-thick ZnO:Mn buffer layer,
indicating that this initial ZnO:Mn buffer layer could improve the
crystalline quality of ZnO film.
4. Conclusion

The effects of the Zn/O flux ratio and the ZnO:Mn buffer layers
on the material properties of ZnO epilayers grown by PA-MBE
were investigated. A small amount of residual strain of ZnO
epilayer was further relaxed under stoichiometric growth condi-
tions, and caused a red-shift of near band edge emissions.
Moreover, we proposed a ZnO:Mn buffer layer with simple growth
process for the ZnO PA-MBE growth on c-plane sapphire
substrates. A small amount of Mn doping could greatly enhance
surface migration of the adatoms, and led to obtain a flatter
surface with stronger lattice relaxation. Our results demonstrated
that by using a ZnO:Mn buffer layer the optical and electrical
properties of the ZnO epilayers had significant improvement.
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