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Mechanism of reflection high-energy electron-diffraction intensity oscillations
during molecular-beam epitaxy on a Si(001) surface
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The mechanism for the reflection high-energy electron-diffraction intensity oscillations during
molecular-beam-epitaxy growth on the Si(001) surface is examined by using multiple-scattering theory,
combined with the birth-death model. The monolayer and bilayer mode oscillations that occur along the
[010] and the [170] directions can be reproduced well. It turns out that these oscillation modes are main-
ly caused by the interaction among the specular, two side bulk, and two surface reconstruction beams on
the zeroth Laue zone, which have monolayer or bilayer mode periodicity.

I. INTRODUCTION

Recent developments in reflection high-energy electron
diffraction (RHEED) have made it possible to directly ob-
serve not only fine surface diffraction patterns but also
beam intensity oscillations during crystal growth. Of
considerable importance to the development of
molecular-beam epitaxy (MBE) has been the application
of RHEED as an in situ surface analytical technique.
For semiconductors, the technique of RHEED intensity
oscillation has been used routinely to control thin film
and superlattice growth during MBE growth.! 3

In the case of Si(001) MBE on single and double
domains, it is reported that the period of the RHEED os-
cillation corresponds to a biatomic-layer height when the
incident-beam azimuth is along the [110] direction, and
corresponds to a monatomic height when the azimuth is
along the [010] direction.*”"® However, there are no con-
clusive interpretations of these intensity oscillations,
while several treatments using the kinematical theory and
the multiple-scattering theory including the effects of sur-
facg sltleps or surface reconstruction have been suggest-
ed.” ™

The main aim of this paper is to make clear the mecha-
nism of the RHEED monolayer and bilayer intensity os-
cillations on the Si(001) surface.

II. CALCULATION

In our calculation, the asymmetric dimer model'?~'* is
adopted for the Si(001) surface, whereas there has been
considerable controversy concerning the symmetric and
asymmetric dimer models. The displacements of the sur-
face dimer atoms are taken as the same as those of Chadi,
and those of atoms under the surface dimers are ignored

because these displacements are about one-seventh those -
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of surface dimer atoms. Using this structure model, the
surface potential V' (g,z), where g are the two-dimensional
reciprocal lattice vectors and z is the coordinate perpen-
dicular to the surface, can be obtained for both the 2 X1
and 1X2 surface structures. As shown in Fig. 1, the po-
tential V(g,z) can be divided into four layers having
5.43/4 A thickness, like the spreading out V*P(g), top
V'or(g), lower V'°%°'(g), and bulk V*X(g) parts. The
spreading out part V°P(g) is assumed to be a layer in a
vacuum region in order to avoid artificial ceasing of po-
tential at surface/vacuum interface. The top part poten-
tial V'P(g) corresponds to one layer of dimer atoms.
Due to the large displacements of the dimer atoms at the
top layer, the lower potential ¥°%¢'(g) deviates from the
bulk one, even though the displacements of lower-layer
atoms are themselves ignored. The bulk part potential
V%ulk(g) has the same periodicity as the bulk one.

During MBE growth, the system is considered to be
made of 1X2 and 2 X1 surface structures, and these sur-
face structures occur alternately, as shown in Fig. 2,
where odd-numbered layers correspond to the 2X1 sur-

/le bulk,

FIG. 1. The schematic diagram of corresponding atom posi-
tion for 2X 1.
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n=8 For the bulk part potential, a ratio is described as
n=7 Cr?u}kzen +2
\\\ \§ =6 and the bulk part potential is written as
N , -
M/%//////////é —— - V,‘,’“"‘(g) =C’ll)ulkaulk(g) .
\ WU / e \\\\ \\} Therefore, a total potential of a system is obtained by
\\ \\\\\XQ\ D_&QP_J n=4 the following summation:
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2x1 bulk. |7 / n=3 n\&)
1x2 bulk. =2 where
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n=1

%xl bulk, /

40 layers substrate

FIG. 2. The schematic diagram of potential construction for
MBE growth.

face structure and even-numbered layers correspond to
the 1X2 surface structure. Therefore, the potentials for
the growing system are simply obtained at each layer by
adding up these surface potentials in proportion to the
exposed ratio determined by the coverage value 6. In
dynamical calculations, the substrate potential, which
consists of 40 layers, is also included.

A simple birth-death model'® was used to obtain the
coverage value 6 in order to explore fundamental
behavior of oscillation during growth. By using the
solid-on-solid approximation'® excluding vacancies and
overhangs, the coverage 6 of the nth surface layer
satisfies the following set of differential equations:!°

do,

=1 _
dt 7'(9"_1

6,)+D(6, 41— 6,4+,)6,-,—6,)

—D(en_6n+1)(9n—2_9n—l) ’

where 7 is the time to deposit a monolayer and D a
diffusion parameter. For all the calculations, 1/7=1 and
diffusion parameter D =3500 were chosen so as to make
a nearly perfect layer-by-layer growth mode. The growth
was started from the states 6;=1 and 6,=0 (n51),
which correspond to the single domain surface.

By using the coverage 60,(¢) obtained from a set of
differential equations, the exposed ratio at the nth layer
can be expressed as

C;:9n*9n+l .

So the spreading out, top, and lower part potentials are
described as

V(@) =C¥
v, P(g)=

-(8)
CVre)
and

lower (g) — Cs Vlower(g)

n—l

III. RESULT AND DISCUSSION

For the multiple-scattering calculations, Ichimiya’s
method was used and each nth layer was also divided into
30 slices parallel to a surface.'”!®!! It is known that the
treatment gives rise to the same result as that obtained by
Maksym and Beeby.!*? Inelastic scattering was included
as an imaginary part of a potential taken as 10% of the
real part. The accelerating voltage and incident angle
were fixed at 40 kV and 14 mrad in order to create the
same condition as the experiment.>’

In Figs. 3 and 4, the RHEED intensity oscillations of
the three different diffraction spots are plotted for the
[110] and [010] azimuths, together with beam sets for the
[110] and [010] directions and their schematic diffraction

patterns. The beam numbers included in these calcula-
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FIG. 3. The result of 15-beam calculation of RHEED inten-
sity oscillations of the three different diffraction spots taken in
the [110] azimuth: (a) specular beam, (b) 2X 1 reconstruction
spot, and (c) 1X2 reconstruction spot. Inset figures show
schematically the reciprocal lattice points of (001)2X1+1X2
taken into the calculation and a corresponding diffraction pat-
tern: (a) large solid circles, (b) small open circles, and (c) small
solid circles represent the bulk diffraction, 2X 1 reconstruction-
related spots, and 1X2 reconstruction-related spots, respective-

ly.
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FIG. 4. The result of 13-beam calculation of RHEED inten-
sity oscillations of the three different diffraction spots taken in
the [010] azimuth: (a) specular beam, (b) 2X1 reconstruction
spot, and (c) 1X2 reconstruction spot. Inset figures show
schematically the reciprocal lattice points of (001)2X1+1X2
taken into the calculation and a corresponding diffraction pat-
tern: (a) large solid circles, (b) small open circles, (c) small solid
circles represent the bulk diffraction, 2X1 reconstruction-
related spots, and 1X?2 reconstruction-related spots, respective-

ly.

tions are 15 and 13 beams for the [110] and [010] az-
imuths, respectively. It has been confirmed that the num-
ber of beams and the number of slices are large enough
for accurate calculations.

In the case of the [110] azimuth, our method repro-
duces well biatomic-layer mode oscillation for 2 X1 and
1X2 reconstruction beams as well as biatomic-layer
mode oscillation for the specular beam. The period for
the biatomic-layer mode oscillation consists of the
biatomic-layer height growth. However, there is a 7 out
of phase between the a and b beams, while 7/2 (Refs. 5
and 7) or 7 (Ref. 8) phase differences are observed in the
experiments.

As for the [010] azimuth, the present calculations are
in good agreement with biatomic-layer mode oscillation
for 1X2 and 2X1 reconstruction beams, and
monatomic-layer mode oscillations for the specular beam.
These oscillation modes correspond accurately to mono-
layer and bilayer height growths. In addition, these
phases agree with the experiment. However, the intensi-
ties of the reconstruction beams on the half Laue zone for
both [110] and [010] azimuths are much smaller than
those of the experiments. The reasons for these large
differences are considered as follows. One is the
simplified surface structure which is far from a realistic
surface excluding irregular arrays of steps and islands.
Another is that there may be a slight difference in
incident-beam angle between experiment and calculation,
because the discrepancy of intensity is improved to one-
sixth with a slightly shallower incident angle of 12 mrad.

Now, we return to a qualitative description in order to
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FIG. 5. The result of 3-beam calculation of RHEED intensi-
ty oscillations in the [110] azimuth. Inset figures show the re-
ciprocal lattice points of (001)2X 1+ 1X2 taken into the calcu-
lation.

clarify the mechanism of oscillations. Since the RHEED
intensities are controlled by a few beams on the zeroth
Laue zone,?! we have carried out the multiple-scattering
calculations for [110] and [010] azimuths in a simplified
way where the surface reconstruction is not taken into
account. The results in Figs. 5 and 6 are obtained in
three-beam calculations; i.e., only the specular-beam and
two side bulk beams are taken into account where these
beams are evanescent waves.

As the [10] and [10] beams have the bilayer mode
period against surface normal direction like the 1X2 and
2X1 reconstruction beams and the [11] and the [11]
beams have the monolayer mode period, monolayer and
bilayer mode oscillations for the specular beam are quali-
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FIG. 6. The result of 3-beam calculation of RHEED intensi-
ty oscillations in the [010] azimuth. Inset figures show the re-
ciprocal lattice points of (001)2X 1+ 1X2 taken into the calcu-
lation.
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tatively reproduced by the three-beam calculations.
Then, it is possible to conclude that a Si(001) surface
gives rise to monolayer and bilayer mode oscillations for
the specular beam at the [110] and [010] azimuthal direc-
tions, respectively, irrespective of the 2X 1 and 1X?2 sur-
face reconstruction.

Although the multiple-scattering calculations includ-
ing the 1X2 and 2X1 surface reconstruction beams
reproduced the experimental intensity oscillations much
better, as Figs. 3 and 4 show, our three-beam calculations
suggest that the azimuthal dependence of the RHEED in-
tensity oscillation periods may essentially stem from the
periodicity of the diamond structure.

IV. CONCLUSION

We have shown that the multiple-scattering theory
combined with the birth-death model can reproduce well
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the RHEED oscillation modes without steps. The mono-
layer and bilayer mode oscillations are mainly caused by
the interaction among the specular, two side bulk and
two surface reconstruction beams on the zeroth Laue
zone, and the key to this is the periodicity of these beams
against surface normal direction. Of course, a real sur-
face during MBE growth has elongated islands, surface
reconstruction, and steps. Further study is necessary to
clarify the contribution of these surface structures to the
RHEED intensity oscillations.
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