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Study of Si(100) surface step convergence kinetics
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In this work, the convergence kinetics investigations of the Sx- and Sg-steps on Si(100) substrates with inclination
0.5° and 0.1° were carried out. Analysis of the time dependence of reflection high-energy electron diffraction
(RHEED) intensity was used to establish the growth kinetics character on vicinal Si(100) surfaces. It is shown that,
in a Si flow at the growth rate of 0.37 ML/s, the step convergence velocity has a decreasing exponential dependence
with the temperature increase. It is determined that the single-domain surface formation velocity increases with an
increase in the terrace width on the surface, which may be due to the partial participation of growth due to the
formation of two-dimensional islands. Above a temperature of 650°C, the dominant growth mode is due to the
step movement and the single-domain surface formation velocity decreases with an increase in the terrace width.
Thus, the single-layer step convergence is determined by both the MBE growth conditions and the Si(100) substrate
orientation. The convergence of Sx- and Sp-steps of the Si(100) surface is explained by the slowdown of the step
Sa-motion, which is associated with complex permeability mechanisms and a kink formation of steps. It is assumed
that the reason for the slowdown of the step convergence with increasing temperature is an increase in the kink

density at the Sa-step, which reduces the step Sa-permeability coefficient.
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1. Introduction

Phase diagram of vicinal Si(001) surface showing stability
regions of single- and double-layer steps was calculated
in early days [1]. Stepped Si(001) surface with single- and
double-layer steps will be formed at certain miscut angles
and temperatures of the Si(001) substrate. The Si(001) sub-
strate with a miscut angle less than 2.5° is characterized by
two-domain surface with monoatomic steps [2]. With certain
temperatures of the surface and a certain growth rate, the
surface with monoatomic steps will transit to the surface
with doubled steps. Previously it was shown [3-5], that
in the region of relatively low temperatures a single-domain
surface is formed, while in the region of high temperatures a
wo-domain surface is formed. The kinetics of monolayer
steps doubling into bilayer steps was previously investigated
by authors of [6], where the main attention was paid to the
misorientation of Si(100) plates at miscut angles of 0.5—4°
toward the [110] azimuth. In [7], the doubling of steps
was investigated in the temperature range of 450—550°C.
In our study we have investigated step convergence in the
temperature range of 450—700°C on Si(100) substrates
with miscut angles of 0.5 and 0.1°.

The applicability of these investigations consists in that
quality of epitaxial layers of the III-V (A3Bs) group
of semiconductor materials on silicon depends on the
orientation of domains in the terrace of the stepped surface
of Si(100) substrates and height of the steps [8-10]. This
study is focused on the formation of single-domain structure
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with doubled steps on Si(100) substrates with a small
miscut of up to 0.5°, for subsequent growth of A3Bs/Si(100)
type heterostructures.

Fig. 1 shows schematically a stepped surface and a pattern
of the RHEED (reflection high-energy electron diffraction).
The Si(100) surface with a miscut angle less than 2.5°
is a set of terraces separated by monoatomic steps [2].
The direction of dimer rows changes alternately on each
terrace. With a Si(100) surface miscut from the {100}
plane toward {111} plane strictly around the axis of (110},
one of steps will be positioned normally to dimer rows
of the top terrace (Sp-step), while another step will be
parallel to dimer rows of the top terrace (Sa-step) [11,12].
Due to these structural features the Sa-step is smooth,
and the Sp-step is rough [13]. The diffusion toward
the steps at Ta- and Tp-terraces is different [12]. This
leads to the situation when the concentration of adatoms
on the Ta-terrace is higher than that on the Tp-terrace.
It can be assumed that in the process of growth the
concentrations of adatoms on Sx- and Sp-steps will be
different as well. This is related to the fact that the
concentration of kinks on Sg-steps is higher than that on
Sa-steps [13]. Therefore, larger quantities of adsorbed
atoms are accumulated on Sa-steps than on Sg-steps. Thus,
a system composed of alternating monoatomic Sa- and
Sg-steps on a Si(100) surface is interesting for studying of
the kinetics of elementary processes.

Fig. 2 shows terrace width as a function of surface miscut
angle. This function is plotted on the basis of trigonometric
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Figure 1. @ — schematic illustration of a stepped surface and an electron beam, b» — RHEED pattern from the Si(100) stepped surface.

formulae. With decrease in the miscut angle the terrace
width increases as it is shown in Fig. 2. In this study
we used Si(100) substrates with miscuts of 0.5 and 0.1°.
Terrace widths for Si(100) substrates with miscuts of 0.5
and 0.1° with monoatomic steps are approximately equal to
16 and 78 nm, and terrace widths for biatomic steps are 32
and 156 nm, respectively.

In the equilibrium state the steps are evenly spaced due
to the elastic and effective entropic interaction [2,14-17].
However, in the process of molecular-beam epitaxy (MBE)
growth of Si on Si(100) a convergence of Sa- and
Sp-steps takes place [18]. The step convergence is caused
by the presence of both the conventional and inverse
Ehrlich—Schwoebel barriers for adatoms attachment to the
edge of the Sa-step [19,20]. In [21] it is shown that
permeability of the Sa-step promotes faster convergence
of Sa- and Sp-steps. In [22], the authors theoretically
investigated mechanisms of the step permeability with the
use of a simple model of atomic events at the step edge.
In the same study [22] it is found that formation of non-
equilibrium kinks (the 1D-islands at the step edge) can
result in the non-monotonous temperature dependence of
the step permeability. Key parameters of the system that
takes into account step permeability and kinetic coefficients
of adatom incorporation to the step become the following:
density of kinks, energy barriers of the step, and diffusion
of adatoms at the step edge [23-25]. Also, as it is shown
in [26], there is an interaction between kinks. It is shown
with the use of simulation, that thermal coarsening of some
steps on a Si(100) surface can be interpreted in the best
way taking into account the interaction between kinks in
the effective Hamiltonian [26]. Thus, the formation of kinks
in the process of growth has an effect on the permeability
of steps.

The effect of step convergence was not studied experi-
mentally at temperatures higher 550°C. In this context, in
this work an attention is paid to the step convergence in the
process of MBE growth of Si on Si(100) in the temperature
range of 450—700°C, which is wider than that for the
previously obtained results known from the literature.

The goal of this study is to determine the effect of
conditions of the MBE growth of Si and orientation of

160 -,
140 |

Single layer steps (S, and Sp)
—— Bilayer steps (D, and Dg)

_—

S N

oS O
T T

Si(100) 0.5° = S () 16 nm, D (g, 32 nm
\ SI(IOO) 0.1°— SA(B) 78 nm, DA(B) 156 nm

Terrace width, nm
(@)} [e2e)
(e} (e}

——T

o
(e
T

SN

0 020406081012 14 16 1.8 20 22
Surface inclination angle, deg

[\
=]
T

R e SR

Figure 2. Terrace width as a function of surface miscut angle.

Si(100) substrate on the process of surface step conver-
gence. To achieve this goal, the following tasks were
performed: analysis of time dependencies of RHEED
reflection intensities |, and |ix; measurement of the
number of deposited Si monolayers at which the surface
step convergence takes place at different temperatures on
Si(100) substrates with miscut angles of 0.5 and 0.1°.

2. Experimental procedure

The growth was implemented in a ,Katun-S* MBE
setup equipped with an electron-beam evaporator for Si.
The analytical part of the chamber is composed of a
quadrupole mass-spectrometer, a quartz thickness meter,
and a diffractometer of fast electrons with an energy of
20keV. The results are obtained in different process cycles
on Si substrates with the same crystal-lattice orientations.
The growth was implemented in a flux of Si atoms with
a growth rate of 0.37ML/s (after the shutter opening).
We used Si(100) n-type substrates with a resistance of
5—10Q - cm that had 0.5 and 0.1° miscut off the {100}
plane toward the {111} plane strictly around the (110)
axis. RHEED patterns were recorded in the [100] azimuth
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direction. We analyzed intensities of the reflections located T, =600°C
on the fractional-order Laue zone. Change in the RHEED Shutter open Lyi  R=037ML/s
pattern was recorded by video camera. To achieve 0r l e e g sismabjuinen ke
stationary conditions of the growth, the diffraction patterns 2 80 _ !
were recorded after a period of time required for the k= L 70 i Stationary intensity level 75,
thermocouple readings stop changing after a change in the 2 70 lx,z . \
conditions of silicon atoms depositing. ?{ - ;ﬁr
After the procedure of Si(100) surface preparation in é’ 60 |- 70

an ultrahigh-vacuum chamber (removal of chemical oxide 8L 2 ' ' ' ]
by annealing at 800°C in a flux of silicon atoms of g0 I Stationary intensity level /7,
10'% atom/cm?/s and growth of a 50 nm buffer layer of Si), S a0t
the substrate was annealed at a temperature of 900°C for % L
40 min (without the Si atoms flux) [27]. Then the substrate ~ 30| s ottty s ! x2 g
temperature was decreased evenly. In the substrate tem- I AR
perature range of 450—700°C and a Si atoms flux with a 20¢ L N U —
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growth rate of 0.37ML/s the intensities of superstructure
reflections were measured with open shutter.

According to [28-30], under certain conditions of diffrac-
tion a constructive or destructive interference is realized.
Electrons scattered by atoms with a distance of r between
them can interfere constructively or destructively depending
on the wavefunction phase shift between points [29,31],
which results in the situation when either the delta func-
tion term or the pair correlation function term will be
predominant in the beam intensity expression depending on
incident and reflection angles of the electron beam [29]. As
it is shown in [32,33], the dependence of beam intensity
on main parameters of the new growing phase is different
in case of predominance of the delta function term or the
pair correlation function term. Parameters that describe the
beam intensity can be the number of scatterers N, the size
of two-dimensional objects L, and the occupancy 6. Due to
the low resolution and interpretation complexity of RHEED,
it may be difficult to determine precisely the dependence
of beam intensity on the main parameters. Therefore, the
analysis of RHEED intensity, perhaps, does not reproduce
to the full possible extent the surface state. In our study
we have initially selected the diffraction conditions with
the maximum beam intensity and rounded shape of the
beam with the smallest size. The study is carried out
in an attempt to reproduce the conditions of growth and
diffraction close to those in [7]. Values were determined
for the stationary condition. Following the study of [32],
our study assumes a direct dependence of the intensity on
the number of scatterers and a quadratic dependence on the
size of 2D-islands.

3. Results

Fig. 3 shows RHEED reflection intensities 12«1 and |12
as functions of time after the shutter opening (in the flux
of Si atoms) for the Si(100) substrate with a miscut of
0.5°. The growth was implemented in a flux of Si atoms
with a growth rate of 0.37 ML/s (after the shutter opening)
and a substrate temperature of 600°C. After the shutter
opening, the intensity |,x; increases, while |1y, decreases.
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Figure 3. RHEED reflection intensities 2% and |1, as functions
of time.
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intensities (15,1 — 195;)/19x; and (19, — 15,,)/19,, after they
have achieved a stationary level.

The dependencies of 1,5 and | ;x> on time have the shape
of saturation curves. The maximum step convergence takes
place upon achievement of the stationary level of I,y
and |;x» curves. In Fig. 3 the initial intensities before the
shutter opening (without the silicon atoms flux) 19, , and
19, are indicated together with the time to achieve the
stationary level of intensity s, stationary level of intensity
15, and I3 ,, and actual intensities of superstructural
reflections 1,1 and |1y>.

Fig. 4 shows dependencies of the relative change in the
intenSity (I%xl - ngl)/lgxl and (|(1)><2 - IiXZ)/I(l)X2 on the
substrate temperature after they have achieved a stationary
level. The graph is plotted on the basis of the data for
Si(100) substrates with a miscut of 0.5°. The stationary level
of (19, —15,,)/19,, is weakly dependent on temperature
in the range of 350—600°C and starts decreasing at a
temperature above 600°C. The temperature dependence of
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Figure 5. The number of deposited monolayers at which the step
convergence occurs as a function of temperature of the Si(100)
substrate for a miscut of 0.5°.
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Figure 6. The number of deposited monolayers at which the step
convergence occurs as a function of temperature of the Si(100)
substrate for miscuts of 0.5 and 0.1°.

(157 —19,1)/19,; in the temperature range of 400—700°C
demonstrates increasing behavior.

Based on the dependence of the intensity 1,5 and |12
on time, the quantity of deposited material was measured.
The measurements were conducted by drawing tangent lines
to intensity curves lox; and li1x2 as functions of time: in
the beginning, when |, and |1« start to change sharply,
and at the moment of stationary level achievement [34-36].
Thickness of the deposited layer was determined by the
time of stationary level achievement by the time&ependence
of the intensity.

Fig. 5 shows dependencies of the number of deposited
monolayers at which the step convergence occurs on the
temperature of the Si(100) substrate with a miscut of
0.5°. The growth rate of Si was 0.37ML/s. The number

of deposited monolayers was measured by the change in
intensities l2x; and |;x, individually. Black dots on the
graph in Fig. 5 show the number of monolayers n(l,x1),
that were measured by the change in intensity |, while
red dots show the number of monolayers n(l;7) that were
measured by the change in intensity |;x,. The numbers of
monolayers measured on the basis of the time dependence
of |51 appeared to be less than those measured on the basis
of the time dependence of |x,. The general trend for all
curves is an increase in the number of deposited monolayers
at which maximum step convergence occurs with increase
in the substrate temperature. The curve n(l;x>) has an
exponential dependence on the substrate temperature, and
the curve n(l,1) has a growing dependence which is less
manifested.

Fig. 6 shows dependencies of the number of deposited
monolayers at which the step convergence occurs on the
temperature of the Si(100) substrate with a miscut of 0.5
and 0.1°. The growth rate of Si was 0.37 ML/s. Black dots
show the number of monolayers measured in the process
of growth on Si(100) substrates with a miscut of 0.1°,
red dots show this number for Si(100) substrates with a
miscut of 0.5°. In both cases for Si(100) substrates with
miscuts of 0.5 and 0.1° the number of monolayers was
measured on the basis of change in the intensity I;x».
The temperature dependence of the number of monolayers
measured on Si(100) substrates with a miscut of 0.1°, in
a similar manner to the Si(100) substrate with a miscut
of 0.5°, has an exponential behavior. At temperatures
below 650°C, the numbers of monolayers for Si(100) 0.1°
substrates are less than those for Si(100) 0.5° substrates. At
temperatures over 650°C, on the contrary, the numbers of
monolayers for Si(100) 0.1° substrates are higher than those
for Si(100) 0.5° substrates.

4. Discussion of results

Time dependencies of intensities l,x; and |;x, can
be either symmetric or asymmetric, depending on the
substrate temperature. At temperatures of 500—600°C, time
dependencies become approximately symmetric, while at
other temperatures they are asymmetric. As shown in Fig. 4,
the relative change in (19, —15,,)/1%,, at the stationary
level is weakly dependent on temperature in the range of
350—600°C and decreases at temperatures over 600°C.
A stronger dependence on temperature has the relative
change in (15, —19,,)/19,, at the stationary level or near
the first maximum. This behavior of intensities is probably
related to the diffusion background.

The time dependence of the relative change in
(19, = 15,,)/19,, at different temperatures has approxi-
mately the same stationary level of intensity. This may be
related to the fact that along with the growth the width of
Ta-terrace decreases and, as a result, it occupies a minimum
area on the surface, while the width of Tg-terrace increases.
Perhaps, it leads to an increase in point defects such as
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Figure 7. Adsorbed atoms on growing stepped surfaces and
curves of their distribution over the surface. Diffusion regions near
steps are a) not overlapped (1 > 21;), b) overlapped (1 < 24s).

adatoms and vacancies on the surface of Tg-terrace, as well
as to an increase in the diffusion background [37,38]. Due to
the formation of point defects and the increase in diffusion
background with temperature decrease, the relative change
in (15, —19,.1)/19,, at the stationary level decreases. The
diffusion scattering, in general, increases if the density of
step edges increases, while the intensity of mirror-reflection
beam decreases [38].

Causes of the different behavior of intensities |,y
and | ;x> shown in Fig. 4 and 5 are not clear so far. Perhaps,
this difference is related to RHEED features of the kinetics
of growth. However, in [7] measurements were only carried
out by the time dependence of the decreasing reflection
intensity |;x2. In this study, in a similar way to [7], we
shall be limited by the analysis of time dependencies of the
intensity |1x2.

The growing steps of surface are fed not only (and not
so much) by the particles falling on them directly from
vapor, but collect the substance from their adjoining surface
areas. Atoms and molecules form on the smooth and step-
free surface the adsorption gas or liquid in the equilibrium
state with the vapor. The substance is delivered to the
surface steps by means of surface diffusion. The effect of
terrace width on the crystal growth is illustrated in Fig. 7.
This figure shows adsorbed atoms on the growing stepped
surfaces and curves of their distribution over the surface.
a — diffusion areas near steps are not overlapped (1 > 24;),
b — overlapped (1 < 24;). At 1 < 24, the adjacent steps
are attract from each other the material delivered from
the gas, and the rate of each of them is less than in the
case without overlapping. A step can be considered as a
continuous linear source or sink for adsorbed particles. In
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the case of crystal growth this sink absorbs the particles
adsorbed on the surface in band with a width of A on
both sides of the step, with a predominant probability of
re-evaporation [39].

As it is shown on the basis of temperature depen-
dencies of the number of deposited monolayers after the
step convergence at temperatures below 650°C, the step
convergence occurs faster on Si(100) substrates with wider
terraces (Fig. 6). This can be explained by the effect of
nucleation of 2D-islands on the Ta-terrace and decrease in
the rate of steps motion due to crossing of the diffusion
regions. At temperatures over 650°C, the step convergence
goes slower on the same substrates. This may be related
to the fact that the elastic and effective entropic repulsion
between the steps acts stronger.

The speed of step motion is proportional to the number
of incorporated adatoms [25,40]. Since the concentration
of kinks is high on the Sg-step, the predominant number
of adatoms are incorporated in this step. Probably, the
Sp-step moves with maximum speed. It is assumed that
motion of this step takes place in the mode of limited
diffusion growth [21,41,42]. The step convergence occurs
due to slowed motion of the Sa-step. A lower number
of adatoms are incorporated into the Ss-step as compared
with the Sp-step. Perhaps, it happens due to the lower
length of diffusion along the step in relation to the distance
between kinks, which creates conditions for realization of
permeability of the Sa-step. In this case adatoms do not
incorporate into kinks and jump over the step, and the
step moves slower. The growing temperature dependence of
the monolayers number can be explained by the increasing
length of adatoms diffusion along the Sa-step.

An alternative explanation of the growing dependence of
the deposited monolayers number with temperature is that
kinks are formed on the Sa-step. Since the Sa-step contains
a considerably lower number of kinks as compared with
the Sp-step, growth of the Ss-step requires pre-formation
of kinks. Since thermal-activated formation of kinks with
a sufficiently high density is slowed down, it is clear that
another mechanism should be used [13,41,43-45]. In a
similar manner to the formation of 2D-islands on a smooth
defect-free surface, 1D-islands can be formed on the step
edge. These 1D-islands will be implemented as finite atomic
rows and form two kinks. The concentration of adatoms on
the step edge will be dependent on the size of the smooth
area of the Sp-step. The probability of 1D-islands formation
increases in the case of very long section of the Sa-step and
a large flux of adatoms to the step. With shorter section
of the smooth Sa-step, adatoms will incorporate into kinks
by-passing the formation of 1D-islands. Speed of the step
will be actually related to the formation and motion of kinks
along the step. To make the step moving faster, a number
of elementary atomic processes will happen, for example,
attachment of adatoms to the step, motion along the step,
and incorporation into the kink, while the Sg-step will move
due to the direct incorporation of adatoms into kinks on
the step.
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5. Conclusion

The number of monolayers at step convergence on
Si(100) substrates was investigated. It is shown that in
a Si flux with a growth rate of 0.37ML/s the speed of
step convergence of a Si(100) surface with miscuts of
0.5 and 0.1° has a decreasing dependence with substrate
temperature increase. It is found that the rate of formation
of a single-domain surface increases with increase in terrace
width on the surface, which, perhaps, is related to the
partial participation of the growth due to the formation of
2D-islands. The nucleation of 2D-islands on the Ta-terrace,
perhaps, promotes a faster formation of the single-domain
surface. The presented results show a nonmonotonous
dependence of the step convergence kinetics at temper-
atures of 450—700°C on Si(100) substrates with miscut
angles of 0.5 and 0.1°. At temperatures above 650°C, the
predominant growth mode due to steps motion and the rate
of single-domain surface formation decrease with increase in
width of terraces. This can be explained by the fact that at
higher miscut angles of the substrate the elastic interaction
between steps is stronger and the transition takes place
at higher fluxes. Thus, the convergence speed of single-
layer steps in the process of growth is dependent on both
the conditions of molecular-beam epitaxy growth and the
Si(100) substrate orientation. The convergence of Sa- and
Sp-steps of the Si(100) surface is explained by the slowed
motion of Sa-steps, which is related to complex mechanisms
of permeability and kinks formation on the steps.
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