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Layered III-U semiconductor GaSe films have been grown heteroepitaxially on HF-
treated Si(11L) surfaces. Active dangling bonds on the Si(111) surface are regulary
terminated by hydrogen atoms. The GaSe film grows through weak van der Waals
interaction with the substrate, relaxing the lattice-matching condition drastically.
Single crystalline GaSe films can be grown from the initial stage in spite of the large
difference in their crystal structures. High resolution electron energy loss spec-
troscopy reveals a good quality of the grown GaSe films.

$1. Introduction

Heteroepitaxy is becoming one of the most
important technologies in realizing new
electronic devices. But so far good heteroepi-
taxial growth has been possible between lim-
ited number of materials, because good lattice
matching is needed between them to bind
dangling bonds on the substrate surface co-
herently with the atoms in the overgro\ryn
material.

The lattice matching condition, however,
can be drastically relaxed when the
heteroepitaxial growth proceeds with van der
Waals interaction on such dangling-bond-
free surfaces as cleaved faces of layered mate-
rials. This type of epitaxy was successfully
applied to the heteroepitaxial growth be-
tween many kinds of layered materials, and
called "van der Waal$ epitax5ru.t-el

Here we report a new extension of van der
Waals epitary. We ried to grow a layered ma-
terial on technologically important Si sur-
faces. Recently it has been reported by many
research groups that surface dangling bonds
on a Si(111) surface c€ut be regularly termi-
nated with hydrogen atoms by aqueous HF
treatrnenl,T-rr) In the case of dilute Fff treat-
ment, there mainly exist trihydrides (-SiHr)
on the flat part of the Si( 1 1 L ) surface (Fig.
l(a)).et In contrast, the surface treated by pH
modified buffered HF is covered only with
monohydrides (=SiH) (Fie. L(b)).to' ttt The hy-
drogen terminated Si(111) surface results in
very inert one with quasi van der Waals na-
ture. Then it is expected that a layered mate-

s-il-20

rial grows on that surface with the van der
Waals interaction.

Among many layered materials we have
chosen III-VI cornpound semiconductor GaSe,
because it can be grown at rather low sub-
strate temperature.6) As is shown in Fig, 2, a
unit layer of GaSe includes four atomic layers
of Se-Ga-Ga-Se, and the Se-Se length in the top
layer is 0.3755 nm. The Si-Si length in the top
layer of Si(111) substrate is 0.384 nm. Thus
the lattice mismatch between the substrate
and the overgrown film is about 2%.

$2. Experimental

Substrates were n-type Si(l11) wafers.
They were first cleaned by conventional RCA
method and boiled in HC}FITOT:H,O (1:1:4) solu-
tion for 10 min to make a thin oxidized layer,

@Si rfl

Fig. 1 Schematic views of hydrogen termi-
nated Si( 1 11) surfaces: (a) terminated by
-SiH3 radicals, (b) terminated by hydrogen
atoms.
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Fig.Z Perspective and top views of a unit layer
of GaSe.

Next the wafers were etched in L% FIF solution
fot 7 min, and rinsed in deionized water.
Then the surface oxide was removed and the
surface dangling bonds were terminated by
hydrogen atoms, The properly hydrogen-
terminated Si surface became hydrophobic.
As described in the previous section the Si
surface treated by this method is mainly cov-
ered with Si-trihydrides (-SiHr), and in this
report we discuss only the growth on that
substrate. Treated substrates lvere then im-
mediately introduced into the load-lock
chamber.

GaSe films were grown by MBE method.
The base pressure of the MBE chamber was
7x10-e Pa. Elemental Ga and Se were evapo-
rated from Knudsen cells and their flux in-
tensities were monitored by a flux monitor of
a nude ion gauge tlpe. Reflection high elec-
tron energy diffraction (RHEED) was used to
monitor the surface structure during growth.
Grown samples were transferred to an analy-
sis chamber without breaking a vacuum, and

high resolution electron energy loss spec-
troscopy (HREELS) was used to know their
crystallinity,

$3. Results and Discussions

To grow a GaSe film heteroepitaxially on
the hydrogen-terminated Si(llL) substrate, it
was important to control the substrate tem-
perature. We have already found that good
GaSe films grew on GaAs(lll)A, B surfaces at
the substrate temperature of 400 "C.6) How-
ever, no single domain GaSe film was obtained
when the growth of GaSe was tried at the sub-
strate temperature of 400 "C on a hydrogen-
terminated Si(111) surface. Figure 3 shows
RHEED patterns of the substrate (a, b), and of
the GaSe film as thick as 300 nm grown ar 400
"C (c, d). A same diffraction pattern was ob-
served with any direction of the incident
electron beam, indicating ttrat the grown film
has a fiber-texture structure. In other words,
the grown film consists of many domains of
GaSe. Each domain is single-crystalline lay-
ered GaSe and its c-ar<is is normal to the sub-
strate. But the a-axis of each domain, which
is distributed azimuthally, has random direc-
tions.

This may arise from the fact that the termi-
nating hydrogen atoms desorbed from the
Si(111) surface at 4O0 'C and active dangling
bonds had appeared before the growth of
GaSe. To control tlre desorption of hydrogen
atoms, the growth of GaSe was exarnined at the
substrate temperature of 300 'C at first, and it
was raised to 400 'C just after a monolayer-
equivalent amount of GaSe was deposited,
Figures 3(e) and 3(f) show RHEED patterns of

(e)

(d)

Fig. 3 RHEED patterns of a hydrogen terminated Si(111) substrate(a, b), a multi-domain GaSe
film_ (c, d) and a single-domaig GaSe film (e, f). The incident electon beam is parallel to the
[101] a>cis (a, c, e) and the U12l axis (b, d, O of the Si(111) substrate, respectively,
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the GaSe film as thick as 300 nm grown by this
method. Sharp bright streaks of the RHEED
pattern prove the single-domain growth and
the good crystallinity of the grown GaSe film.
Thus it is concluded that a single domain GaSe
film grows epitaxially on a Si(111) surface
provided that active dangling bonds zrre regu-
larly terminated by hydrogen atoms. The
good crystallinity of the grown film was also
checked by X-ray diffraction measurement.

High resolution electron energy loss spec-
trum (HREELS) of the grown GaSe film is
shown in Fig. 4. The energy loss peak at 30.0
meV comes from the excitation of a surface LO
phonon (Fuchs-Kliever mode).tzt Multiple
scattering of the FK phonon produces loss
peaks at 30.0 x n (n:2,3,4,...1 meV, and an en-
ergy gain peak is also observed on the left
side of the primary peak. The energy-loss
(or energy-gain) value of 30.0 meV agrees
well with that calculated from the dielectric
constlrnts and the optical absorption data of a
bulk GaSe crystal. This also indicates the good
quality of the grown GaSe film.

Since it has been already proved that a va-
riety of layered materials ranging from an
insulator to a superconductor can be epitaxi-
ally grown on GaSe, the present success has
opened a new ruay to grow various kinds of
layered materials on the silicon surface by
putting a GaSe layer as intermediating one.

$4. Conclusions

We have heteroepitaxially grown layered
ru-VI compound semiconductor GaSe on a hy-
drogen terminated Si(1l1) surface. The regu-
lar passivation of active dangling bonds and
the control of the substrate temperaftrre dur-
ing the growth made it possible to grow a
single-domain GaSe film with a good crys-
tallinity.
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Fig. 4 HREELS of a GaSe
film grown on a hydro-
gen-terminated Si( 1 11)
substrate.
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