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Epitaxial orientation of Mg,Si(110) thin film on Si(111) substrate
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Epitaxial Mg,Si(110) thin film has been obtained on Si(111) substrate by thermally enhanced
solid-phase reaction of epitaxial Mg film with underlying Si substrate. An epitaxial orientation
relationship of Si(111)[Mg,Si(110) and Si(110)IIMg,Si(110) has been revealed by transmission
electron microscopy. The formation of the unusual epitaxial orientation relationship is attributed to
the strain relaxation of Mg,Si film in a MgO/Mg,Si/Si double heterostructure. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2821916]

Mg,Si has promising applications in the infrared opto-
electronic devices.” Many attempts have been made to pre-
pare Mg,Si films on Si substrates due to their potential
applic:ations.zf4 However, the fact that Mg has a low conden-
sation coefficient with Si and a high vapor pressure even at
200 °C (~1077 mbar) makes it a formidable task to grow
Mg,Si epitaxial films on Si substrates."”” In addition, the lat-
tice mismatch between fcc Mg,Si (a=0.635 nm) and Si (a
=0.539 nm) is as large as 18%. As a consequence, no single-
crystalline Mg,Si thin film with a thickness over 1 nm has
been satisfactorily achieved so far, although many efforts
have been devoted to improve the growth methods."
Brause ef al.® acquired a Mg,Si layer on (111) Si without an
epitaxial relationship between them. Hosono et al.” obtained
polycrystalline Mg,Si with predominant (211) texture by
heating a bulk (111) Si under Mg vapor. By using molecular
beam epitaxy (MBE), Mahan er al." achieved a polycrystal-
line Mg,Si thin film with (111) texture on both (111) and
(100) Si substrates by codeposition of Mg with Si at 200 °C,
and they found no accumulation of Mg or formation of Mg
silicide on Si after reactive deposition of Mg onto the Si
substrate at 200 °C. It has been reported by several research-
ers that Mg,Si(111) layer would form on Si(111) surface
during the Mg deposition on Si(111).*'% In their reports, it
was found that, to minimize the in-plane lattice mismatch
between Mg,Si(111) and Si(111) planes, there was a 30°
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rotation between Mg,Si(111) and Si(111) planes along the
[111] direction. However, the grown Mg,Si layer can only be
very thin (<0.6 nm), otherwise, the Mg,Si layer would be
covered by metal Mg as Mg vapor continues. Until now, no
uniform Mg,Si thin film has been achieved on Si. In this
study, we demonstrate the realization of an epitaxial
Mg,Si(110) film on Si(111) in a MBE system. An unusual
epitaxial relationship has been revealed. By using several
techniques of transmission electron microscopy (TEM), the
film formation mechanism has been investigated by focusing
on the capping layer induced compressive strain in the
Mg,Si film.

The Mg,Si thin films studied here were prepared by us-
ing the thermally enhanced solid-phase reaction of epitaxial
Mg film with underlying Si(111) substrate in a radio fre-
quency plasma-assisted MBE system (OmniVac)."" Before
being loaded into the growth chamber, the Si wafers were
degreased in acetone and trichloroethylene, then etched with
5% HF solution for 5 min and rinsed in de-ionized water. A
Mg film with a nominal thickness of ~6 nm was deposited
on Si(111) with a rate of 0.2 A/s under ultrahigh vacuum
condition at —20 °C. Considering the high vapor pressure of
Mg, a capping layer involving 4 nm thick MgO and 100 nm
thick ZnO films was prepared on Mg layer to prevent Mg
from reevaporation during the temperature ramping and an-
nealing. After that, the sample was heated to 100 °C to en-
hance the solid-phase reaction between Mg and Si. Finally,
an epitaxial Mg,Si film was obtained after 3 h annealing at
this temperature. The samples were investigated by cross-
sectional TEM in a Philips CM200 field emission gun TEM
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FIG. 1. (Color online) (a) A bright-field TEM image showing a uniform

layer above the Si substrate. (b) A dark-field STEM image and (c) elemental

profiles extracted from (b) showing distribution of elements (Si and Mg)

within the film. The inset in (c) is the Si L edge of the EELS profile.

equipped with a Gatan image filtering system and a Tecnai
F20 field emission gun TEM [equipped with a scanning
functionality (STEM) and an energy dispersive spectroscopy
(EDS)]. TEM specimens were prepared by the conventional
mechanical grinding and polishing, followed by the ion beam
thinning in a Gatan precision ion polisher system.

Figure 1(a) is a low magnification bright-field TEM im-
age and shows the typical overview of the thin film with
respect to the Si substrate. As indicated in the figure, a white
thin layer with uniform thickness sandwiched between the Si
substrate and the MgO topmost layer is clearly illustrated,
and the MgO layer shows an island character. To understand
the chemical component of these layers, STEM/EDS analy-
ses were carried out and the results are shown in Figs. 1(b)
and 1(c), respectively. Figure 1(b) is a dark-field STEM im-
age in the area containing all epitaxial layers and the Si sub-
strate. Figure 1(c) shows the EDS line-scan profiles of Si and
Mg, respectively, along the growth direction [as indicated in
Fig. 1(b)]. These profiles qualitatively demonstrate the varia-
tions of both elements across different layers, from which
one can conclude that the layer adjacent to the Si substrate
contains both Mg and Si. There is only one stoichiometric
magnesium silicide phase, i.e., Mg,Si, available in the Si-Mg
phase diagram.6 Besides, our EDS point analysis for this
layer suggests a Mg/Si ratio of 2. This result was also con-
firmed by the electron energy loss spectroscopy (EELS) re-
sults [the inset of Fig. 1(c)], in which the Si L edge is similar
to the Si L edge found in bulk MgZSi.]2 Therefore, we an-
ticipate that this layer is Mg,Si.

To understand the interface structure between Mg,Si and
Si at atomic level, high resolution TEM (HRTEM) was car-
ried out. Figures 2(a) and 2(b) are typical HRTEM images

taken along Si [110] and [112] directions (both perpendicu-
lar to each other), respectively. A very sharp Mg,Si/Si inter-
face is observed, indicating a well-defined epitaxial layer of
Mg,Si with a thickness of ~3.5 nm, which is consistent with
the observation on Fig. 1(a), where the thickness of the
Mg,Si layer is very uniform.
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FIG. 2. Typical HRTEM images along (a) Si[110] and (b) Si[112], respec-
tively, showing atomic structures of the Mg,Si thin film and its associated
interfaces. [(c) and (d)] Fast Fourier transformations taken respectively from
(a) and (b) in which the regions contain the Mg,Si/Si interfaces. The dif-
fraction spots indexed with M denote Mg,Si. (e) A Fourier-filtered HREM

image from (b) using diffraction spots Si(220) and Mg,Si(220), showing

every six Mg,Si(220) planes match well with seven Si(220) planes (counted
from the dotted lines).

To determine the epitaxial relationship between the
Mg,Si thin film and its underlying Si substrate, fast Fourier
transformations (FFTS) (equivalent to the electron diffrac-
tion) were taken from the Mg,Si/Si interfacial region of the
HRTEM images as shown in Figs. 2(a) and 2(b)," and re-
sults are shown in Figs. 2(c) and 2(d), respectively. By care-
ful indexing the two FFT patterns (as indicated in the FFT
patterns, where M denotes Mg,Si), the crystallographic ori-
entation relationship between Mg,Si and Si can be deter-
mined as Si[111]1Mg,Si[110], Si[110]IMg,Si[110], and
Si[112]1IMg,Si[001].

To understand the nature of such an in-plane epitaxial
relationship, we examined the equilibrium lattice mismatches
F Si{nkI}IMg,Sifh'k'1'} = (DMgZSi{h’k’l’}_DSi{hkl}) ! Dsiniys where
D gy is the lattice spacing of the {ikl} atomic planes for
material A in the two perpendicular in-plane directions. A
schematic diagram of in-plane atomic structure [the
Mg,Si(110) atomic plane superimposed with the Si(111)
atomic plane] is shown in Fig. 3. Based on their lattice pa-
rameters, F3xsinoayimg,sifo02}=—3-8% and  Fgpniopmg,sif220}
=17.8%, in which the positive sign means that the epitaxial
layer experienced a compressive stress and the negative sign
indicates a tensile stress applied on the epitaxial layer. As can
be expected, such lattice mismatches can generate significant

misfit strains in different directions, particularly for the [110]
direction, in which the lattice mismatch reaches 17.8%. To
understand how this huge lattice mismatch was accommo-
dated between Mg,Si and Si, its interfacial structure was
investigated. To do this, Fourier-filtered TEM image of the
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FIG. 3. (Color online) A schematic diagram showing the atomic arrange-
ment of MgO(111)/Mg,Si(110) planes on Si(111) plane, where

Si[110]1Mg,Si[110]IIMgO[101] and Si[112]1Mg,Si[001]IMgO[121].

interfacial region14 was acquired from Fig. 2(b) and the re-
sult is shown in Fig. 2(e). As can be clearly seen, for every
seven Si{220} atomic planes, there were six Mg,Si atomic
planes to associate them (indicated by dotted lines), and such
domain match periodically appeared. Based on the theoreti-

cal lattice parameters of Si and Mg,Si, the 7 X{220}s;:6

X {250}Mg25i match can relieve a misfit strain of 16.8%, leav-
ing a residual misfit strain (compressive) of 1% (17.8%—

16.8%) in that direction. By such a 7Xx{220}:6
X{ZEO}MgZSi match, we have misfit strains (f) of f=1% in

the [110]; direction and f=-3.8% in the [112]; direction.
The question now is why and how the cubic Mg,Si layer
form in such an epitaxial relationship, but not as reported
previously,g’10 with Si during the annealing. To answer this
question, we note that a MgO(111)/Mg(0001)/Si(111)
double heterostructure was formed at low temperature.“ The
annealing of this structure at 100 °C greatly enhanced the
solid-phase reaction of the Mg film with the Si substrate due
to the reactive nature of the Mg/Si interface even at room
temperature, resulting in the formation of cubic MgZSi,g’9
i.e., MgO(111)/Mg,Si/Si(111) structure was formed under
this thermoequilibrium condition. It is anticipated that such a
reaction drives the entire system toward to the stable situa-
tion (lower the system energy). To confirm this, we compare
the misfit strains of the system before and after the annealing
process. It has been reported11 that the as-grown structure
contains the Si substrate with the Mg layer and MgO layer
on top of Si and they have an in-plane epitaxial relationship
of (1 15)5i||<101_0>Mg|| (1 15>Mg0. Based on their lattice param-
eters, the lattice mismatches between Si and Mg can be es-
timated respectively as 26% in the [112]; direction and
—16% in the [110]g; direction. As discussed above, the misfit
strains between Mg,Si and Si are —3.8% in the [ 112]g; direc-
tion and 1% in the [110]g; direction (as most of the misfit
strain in this direction has been relieved through the forma-
tion of regular misfit dislocations during the Mg,Si forma-
tion), which is significantly lower than the Mg/Si case. In
addition, the signs of in-plane misfit strains are opposite, i.e.,
compressive in one direction and tensile in the orthogonal
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direction, so that most of the in-plane misfit strains can be
compensated within the interface by the in-plane distortion.
In contrast, for the reported epitaxial relationship
{11l {11 1}y i and (110)g;lI(112)yq :].> although the
theoretical lattice mismatch is only ~2%, the Mg,Si layer, in
fact, experiences a compressive stress from all directions
within the interface, which must be more significant than our
case. This analysis suggests that our epitaxial relationship
must be energetically favorable.

It is of interest to explore the role of MgO upon the
formation of such an epitaxial relationship. Since the Mg,Si
layer is formed by the solid-phase reaction between Mg and
Si, where MgO is a capping layer that prevents the desorp-
tion of Mg atoms during the annealing treatment and ensures
the formation of such a uniform Mg,Si layer. Interestingly,
the MgO layer tends to have an epitaxial relationship with
the underlying Mg,Si, with MgO (111)yg0ll(110)yq,si and

MgO [101_]Mg0||[11_0]Mg251. Although the theoretical lattice
mismatches in such an epitaxial relationship can be esti-

mated respectively as ~7% in the <1_2I>Mg0 direction and

—34% in the (1 1_0)Mg0 direction, the fact that the MgO layer
has a structural characteristic of islands suggests that the
MgO layer can tolerate (e.g., relax) more distortion or a large
amount of lattice mismatches induced during the reaction
than the underlying Si substrate does. In addition, the ZnO
overlayer should also play a similar role as the MgO on the
formation of the Mg,Si layer during the annealing.

In conclusion, single-crystalline Mg,Si thin films have
been achieved on (111) Si by the thermally enhanced solid-
phase reaction of epitaxial Mg overlayer with Si substrate in
a MBE system. An unusual epitaxial relationship between Si
and Mg,Si has been identified with Si(111)[IMg,Si(110) and
Si[110]IIMg,Si[110].
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