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ZnO�0001� /Si�111� interface is engineered by using a three-step technique, involving
low-temperature Mg deposition, oxidation, and MgO homoepitaxy. The double heterostructure of
MgO�111� /Mg�0001� /Si�111� formed at −10 °C prevents the Si surface from oxidation and serves
as an excellent template for single-domain ZnO epitaxy, which is confirmed with in situ reflection
high-energy electron diffraction observation and ex situ characterization by transmission electron
microscopy, x-ray diffraction, and photoluminescence. The low-temperature interface engineering
method can also be applied to control other reactive metal/Si interfaces and obtain high-quality
oxide templates accordingly. © 2007 American Institute of Physics. �DOI: 10.1063/1.2722225�

Recently, ZnO has been considered as one of the most
promising candidates for the materials used in short-
wavelength optoelectronic devices because of its wide band
gap of 3.37 eV and high exciton binding energy of 60 meV
at room temperature.1 Much attention has been paid on de-
velopment of growth techniques to obtain high-quality
single-crystalline ZnO films.2,3 In those studies, sapphire is
extensively used as substrate, analogous with the case of
GaN epitaxy on sapphire. For potential integration of ZnO-
based optoelectronic devices with the well-developed Si
technologies, the epitaxial growth of ZnO films on Si sub-
strate is also highly desirable. Si substrate has advantage
over sapphire for ZnO epitaxy thanks to its lower cost, larger
size, better crystal quality, and smaller lattice mismatch
�−15.4% vs 18.3%�. However, the easy oxidation of silicon
surface, the formation of silicides even at room temperature
�RT�,4 and the big lattice mismatch between ZnO and Si
severely influence the quality of ZnO films. An appropriate
interface engineering such as prevention of the Si surface
from oxidation and/or deposition of some buffer layer before
ZnO growth is necessary for achieving high-quality ZnO ep-
itaxy. A MgO buffer layer grown at 350 °C has been used to
prepare ZnO films on Si, but the film quality needs to be
improved because of the formation of magnesium silicide.5

Though some groups attempted to use nonoxides as buffer
layers, such as ZnS,6 SiC,7 and Si3N4,8 the preparation of
high-quality ZnO films on Si remains a formidable chal-
lenge.

In this work, we have systematically investigated the
behavior of Mg on Si�111�-7�7 surface deposited at differ-
ent temperatures from −30 to 400 °C by in situ reflection
high-energy electron diffraction �RHEED� and ex situ cross-
sectional high resolution transmission electron microscopy
�HRTEM�. The results show that the interdiffusion between
Mg and Si could be suppressed completely at low tempera-
ture �LT�. As a result, a sharp interface of Mg�0001� /Si�111�
is obtained. Based on this finding, a LT interface engineering
technique is developed to prepare an excellent MgO template
for the growth of high-quality ZnO films.

Our ZnO films were grown on 2 in. Si�111� wafer by
using a rf-plasma assisted molecular beam epitaxy �MBE�
system �OmniVac�.2,3 Element Zn �6N� and Mg �5N� beams
were supplied with two commercial Knudsen cells �CreaT-
ech�, respectively. Active oxygen radicals �O*� were pro-
duced by a rf-plasma system �SVTA� using high-purity oxy-
gen gas �5N5�, which was further purified with an oxygen
gas purifier �Saes� before its entry to the UHV chamber.
Before loaded into the growth chamber, the Si wafers were
degreased in acetone and trichloroethylene, then etched by
5% HF solution for 5 min, and rinsed in de-ionized water.
Mg was deposited on Si�111� with a rate of 0.2 Å/s under
ultrahigh vacuum condition and the substrate temperature
was held at 400, 200, 100, 40, 0, −10, −20, and −30 °C,
respectively, which was obtained by controlling the power
supply of the substrate heater and/or liquid-nitrogen flow in
cryoshield. The MgO growth rate was 0.2 Å/s, and ZnO
epilayers were grown at 650 °C with a rate of 0.8 Å/s. The
flow rate of oxygen gas during oxidation and growth of MgO
and ZnO films were maintained at 2.0 SCCM �SCCM de-
notes cubic centimeter per minute at STP�.
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The Si�111� substrate was pretreated in the UHV growth
chamber to obtain the 7�7 reconstructed surface by using
the well-established annealing method.5 The well-defined
Si�111�-�7�7� reconstruction shown in Fig. 1�a� indicates a
clean surface before Mg deposition. In order to understand
the temperature-dependent behavior of Mg on the
Si�111�-�7�7� surface, Mg growth at different substrate
temperatures from 400 to −30 °C was performed with the
same magnesium flux. It is found that when the substrate
temperature is above 20 °C, only amorphous Mg2Si layer
forms due to the strong reactivity of Mg with Si according to
the RHEED patterns and x-ray photoelectron spectra �XPS�
�not shown here�. The formation of disordered Mg2Si could
be completely suppressed when the substrate temperature de-
creases to 0 °C or lower. In this case a well-defined single-
crystal Mg layer forms on Si�111�. Figures 1�b�–1�f� illus-
trate the evolution of RHEED patterns during the growth of
Mg layer at −10 °C. Here the �7�7� pattern is used to cali-
brate the Mg coverage, namely, when the �7�7� pattern dis-
appears completely, 1 ML of Mg was supposed to deposit
onto the substrate.9 It is obvious that the surface structure
will not change before another monolayer Mg is deposited,
indicating that the wetting layer growth is completed at about
2 ML. Mg starts to grow with a bulk hcp structure at 3 ML,
and is fully relaxed at 4 ML according to the rod spacing of
RHEED pattern, implying that a sharp interface of
Mg�0001� /Si�111� forms at −10 °C. When the Mg film was
kept at −10 °C for a couple of hours, no obvious change in
the RHEED patterns was observed. It suggests that the inter-
face is stable at LT. However, the RHEED patterns became
diffused and finally halo when the temperature increased to
20 °C or higher. Therefore, the Mg�0001� /Si�111� interface

structure is very sensitive to temperature and is unstable even
at RT.

After the 4-nm-thick Mg�0001� film deposition at
−10 °C �Fig. 1�f��, oxidation of Mg film was performed at
the same temperature under O* ambient for 20 min. Figure
1�g� shows the RHEED pattern of the single-domain MgO
formed. The thickness of MgO is quite limited because the
oxidation is governed by diffusion.10 Therefore, the Mg layer
remains below the ultrathin MgO layer and a double hetero-
structure of MgO�111� /Mg�0001� /Si�111� forms. With this
double layer, the Si surface is free from O* and formation of
amorphous silicon oxide is prevented. In the third step, fur-
ther MgO growth was performed to increase the MgO layer
thickness �Fig. 1�h�� to about 6 nm, and three-dimensional
islands are prevailing on the surface, which can serve as
nuclei for subsequent ZnO growth. Finally, 1-�m-thick ZnO
epitaxial film was grown on the MgO template. The sharp
streaky lines in Figs. 1�i� and 1�j� imply that the ZnO film is
single crystalline with a good quality. In the RHEED pat-
terns, ZnO�0001�, MgO�111�, Mg�0001�, and Si�111� are
parallel with each other with an in-plane epitaxial relation-

ship as �101̄0�ZnO � �112̄�MgO � �101̄0�Mg� �112̄�Si �the lattice
constant for MgO versus ZnO along these directions is 5.16
versus 5.63 Å�.

Figure 2 shows cross-sectional HRTEM images and cor-
responding selected area electron diffraction �SAED� pattern
near the interface region of the ZnO sample taken along

�101̄�Si direction. A well-defined MgO layer below ZnO and
an amorphous layer above Si can be clearly seen from Fig.
2�a�, suggesting that the good crystal quality of MgO is
maintained during the temperature ramping and even after
high-temperature growth of the ZnO epilayer, though severe
degradation of the Mg�0001� /Si�111� interface occurs. The
SAED pattern shown in Fig. 2�b� illustrates a rocksalt phase
of MgO and a crystalline orientation relationship of

�112̄0�ZnO � �11̄0�MgO � �101̄�Si, which are consistent with the
RHEED observations shown in Fig. 1. Figure 2�c� shows a
sharp interface of ZnO�0001� /MgO�111�. Moreover, a do-
main matching epitaxy �DME� of ZnO is realized on
MgO�111� via matching of 10-unit ZnO cells and 11-unit

MgO cells along �11̄00�ZnO direction resulting in only −0.8%
residual strain. The DME is confirmed with the misfit dislo-
cations in the sharp interface of MgO/ZnO, which strongly
demonstrates the role of the MgO layer as a well-defined
template in high crystal-quality ZnO epitaxy.

FIG. 1. RHEED patterns with incident electron beams along �112̄�Si azi-
muths, obtained from Si�111�-7�7 surface �a�; after Mg growth at −10 °C
with Mg coverages of 1 ML �b�, 2 ML �c�, 3 ML �d�, 4 ML �e�, and 4 nm �f�;
after exposure of Mg layer to O* at −10 °C for 20 min �g�; after homoepi-
taxial growth of MgO at −10 °C �h�; and after ZnO epitaxial growth at

650 °C for 3.5 h along �112̄�Si and �101̄�Si electron-beam azimuths ��i�
and �j��, respectively.

FIG. 2. Cross-sectional HRTEM micrograph along �101̄�Si direction near the
interface region �a�, corresponding SAED pattern �b�, and high magnifica-
tion image near the ZnO/MgO interface �c�, in which a clear configuration
of domain matching epitaxy of ZnO�0001� on MgO�111� is illustrated. Ev-
ery 10-unit ZnO cells �marked by upper arrows� is matched with every
11-unit MgO cells �lower arrows�.
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The crystal quality of the ZnO film is further confirmed
by x-ray diffraction �XRD� measurements. Figure 3�a� shows
a �-2� scan of XRD, in which the sharp diffraction peaks of
ZnO�0002� and ZnO�0004� indicate that the ZnO film is
strictly grown along c axis without a second phase. To fur-
ther study the symmetry of the ZnO film off the growth

direction, �-scan test was performed on the ZnO�101̄2� and
�220� planes, respectively, by azimuthally rotating from 0° to
360° along c axis. It is obvious from Fig. 3�b� that the ZnO
film has a single-domain wurtzite structure, and the surface
lattices of ZnO�0002� and Si�111� are exactly overlapped
without any rotation, which is consistent with the above
RHEED observations.

The ZnO film is also proven to have a good optical qual-
ity by photoluminescence �PL� measurements at both 300 K
�Fig. 4�a�� and 10 K �Fig. 4�b��. No deep-level emissions are
detected at 300 K. Moreover, a strong near-band-edge emis-
sion is found at 3.30 eV with a full width at half maximum
�FWHM� of only 95 meV. In comparison with those of other
ZnO films on Si�111� prepared by using other buffer layers,
such as ZnS ��100 meV�,6 and Si3N4 �110 meV�,8 the ZnO
film obtained by this LT interface technique has a superior
optical quality, which is also comparable to those of ZnO
bulk crystal,11 and high-quality ZnO films on sapphire,12

ScAlMgO4,13 and CaF2.14 Furthermore, at the high-energy
side of the PL spectrum at 10 K �Fig. 4�b��, B free exciton
�FXB� and A free exciton �FXA� can be distinguished clearly
at 3.379 and 3.373 eV. A broad peak centered at 3.363 eV of
H-donor-bound exciton emission �I4� covers the range of
3.369–3.355 eV,15 and the free exciton emissions accompa-
nied by single phonon �FE-1LO� and dual phonons �FE-
2LO� are also observed at 3.310 and 3.238 eV with an inter-
val of 72 meV. As the FWHM of FXA is very sensitive to the
residual strain in film,14 the narrow FWHM of 3 meV indi-

cates that the residual strain in the ZnO film is very small.
Considering that the interface control was carried out at

LT while the growth of ZnO epilayer was performed at
650 °C, an important question arises: how does the
MgO�111� /Mg�0001� /Si�111� structure change during the
increase of temperature? Our XPS and HRTEM measure-
ments prove that Mg2Si layer forms due to the strong inter-
diffusion at 20 °C or higher, resulting in a double hetero-
structure of MgO/Mg2Si/Si. Surprisingly, if MgO layer is
thick enough, the crystal quality of thermodynamically stable
MgO layer does not degrade, which serves as a proper tem-
plate for ZnO epitaxy. On the other hand, Mg2Si will form
when Mg is deposited at 20 °C or higher, making the forma-
tion of high-qualtiy MgO and ZnO difficult.

In summary, a three-step LT interface engineering
method, involving LT deposition of Mg, oxidation of
Mg film, and further homoepitaxy of MgO, has been
developed to grow ZnO films on Si�111� by MBE. The for-
mation of a well-defined double heterostructure of
MgO�111� /Mg�0001� /Si�111� at −10 °C prevents the Si
surface from oxidation and serves as an excellent template
for single-domain epitaxy of ZnO which shows high crystal
and optical quality. This technique should also be very useful
to control various reactive metal/Si interfaces to obtain high-
quality oxide templates on Si substrate.
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FIG. 3. XRD spectra of the ZnO film on Si�111�: �a� �-2� scan; �b� F scans

of ZnO�101̄2� and Si�22̄0� planes.

FIG. 4. PL spectra of the ZnO film on Si�111�: �a� obtained at 300 K; �d�
spectrum in near-band-edge region taken at 10 K.
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