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Abstract
The dynamics of monoatomic steps on the Si(100) vicinal surface during molecular beam epitaxy (MBE) growth and 
annealing is studied based on the analysis of reflection high-energy electron diffraction intensity variations. During 
growth, the initially equally spaced A- and B-steps are getting closer: the width of the A-terraces decreases to a certain 
minimum value, which increases with increasing growth temperature. The number of Si monolayers deposited until the 
minimum distance between the A- and B steps is reached increases monotonically with increasing temperature.

After interrupting the Si deposition flux (during annealing) the width of the A-terrace gradually increases to the initial 
value. The time of such relaxation to the initial configuration of the steps decreases with increasing temperature and 
increasing miscut angle. The observed behavior of the steps during annealing is in good agreement with the available 
theoretical models of the step dynamics and is explained by the presence of an exchange flux of Si atoms between the 
A- and B-steps due to the elastic interaction of the steps caused by the anisotropy of the elastic stress tensor on the 
reconstructed Si(100) surface. However, the available models fail to explain the experimentally observed monotoni-
cally increasing temperature dependence of the number of Si monolayers deposited until the steps approach each other 
during growth, which indicates the need to modify the model of incorporation of Si adatoms into steps in the case 
of high temperatures.
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1. Introduction

The Si(100) surface is the base surface for the formation 
of various semiconductor nanostructures as well as a 
prototypical system for studying the features of epitaxial 
growth on reconstructed surfaces [1, 2]. As is known, on 

the reconstructed 2×1 Si(100) surface deviated from the 
(100) plane to the (111) plane by a certain angle θ (the 
vicinal surface Si(100)-2×1) elementary steps of different 
types can be present: monoatomic A- and B-steps and bi-
atomic (double) DA and DB steps. The presence of mono-
atomic vicinal steps prevents the formation of high-quality 
epitaxial films of III–V compounds on Si(100) substrates 
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due to the generation of interphase boundaries [3]. For 
this reason, for heteroepitaxy of III–V compounds on 
silicon the substrates with relatively large miscut angles 
(θ > 2°) are used, at which, according to the thermody-
namic calculations [4], biatomic steps should form (the 
so-called single-domain surface Si(100)-2×1). However, 
in practice, Si(100) substrates with small miscut angles of 
up to 0.5° are most widely used. Therefore, searching the 
conditions under which the formation of single-domain 
vicinal Si(100) surfaces at small miscut angles is possible 
is highly demanded.

In this regard, it is important that reflection high-ener-
gy electron diffraction (RHEED) and scanning tunneling 
microscopy (STM) studies have shown the possibility 
of forming a single-domain surface under nonequilib-
rium conditions at the miscut angles smaller than those 
predicted by thermodynamic calculations [6–10]. Thus, 
STM studies have demonstrated a rapid (in a time shorter 
than the growth time of a silicon monolayer) formation 
of biatomic steps during Si deposition on the substrate 
with a miscut angle of 0.5° [6, 7]. The rapid formation of 
the single-domain surface during growth was observed 
with RHEED by Sakamoto et al. [8]. These authors also 
demonstrated gradual recovery of the two-domain sur-
face structure after interruption of the Si flux (i.e. during 
post-growth annealing).

The available models of step motion on the Si(100) 
surface associate the transition to a single-domain surface 
during growth to the hindered incorporation of adatoms 
into the A-step. During growth, the edge of the fast mov-
ing B-step gets closer to the edge of the slow moving 
A-step until some minimum width of the A-terrace is 
reached, after which the steps move with equal velocities. 
In the Stoyanov’s model [11], the hindered incorporation 
of adatoms into the A-step is due to a lower concentration 
of kinks on the smooth edge of the A-step as compared 
to the rough edge of the B-step. In the model [12], the 
presence of conventional and inverse Ehrlich–Schwoebel 
barriers [13, 14] for the attachment of adatoms to the 
A-step is assumed, due to which almost all atoms arriving 
at the surface from the molecular beam incorporate into 
the B-steps. In [15], it was shown that rapid formation 
of biatomic steps is possible even in the absence of the 
conventional Ehrlich–Schwoebel barrier, if adatoms are 
able to cross the A-step before being incorporated into 
the kinks on the step (the so-called permeable A-step [16, 
17]). It is important that the models [12, 15] take into 
account the elastic interaction between the steps, which 
arises mainly due to the anisotropy of the stress tensor on 
the reconstructed Si(100) surface [4]. This makes it pos-
sible to explain the increase in the steady-state (or mini-
mum) width of the A-terrace with increasing temperature 
and decreasing growth rate [10, 12]. 

It should be noted that the models [12, 15], with an ap-
propriate choice of parameters, demonstrate good quanti-
tative agreement with the results of STM studies of step 
dynamics at relatively low substrate temperatures [5, 6]. 
However, these models have not been compared with 

experiment at elevated temperatures, nor has the theory 
been compared with experiment in relation to the process 
of restoring the two-domain surface structure during an-
nealing. This is due to the limitations of the STM method 
for studying surface processes occurring at high tempera-
tures, over large surface areas, and over a long period of 
time. When using RHEED, these limitations are not so 
significant. However, since RHEED (unlike STM) does 
not allow direct observation of the surface on an atomic 
scale, it is necessary to specify functional relationships 
between the intensities of RHEED reflections and the 
characteristics of the surface relief.

In this work, the dynamics of monoatomic steps is stud-
ied based on the analysis of the RHEED reflex intensity 
variations under the assumption of a directly proportional 
relationship between the intensity of the reflection from 
the 1×2 superstructural domain and the A-terrace width 
[18]. The RHEED data were obtained during growth 
on Si(100) substrates with a miscut angle of 0.5° in the 
temperature range of 350–600 °C and at a growth rate 
of 0.07 monolayers (ML)/s. The restoring of the two-do-
main surface after growth interruption was studied on the 
same substrates in the same temperature range, as well 
as at a temperature of 600 °C on substrates with miscut 
angles of 0.3° and 0.1°. Using the models [12, 15], a nu-
merical modeling of the step dynamics under the spec-
ified experimental conditions was performed. The time 
dependences of the A-terrace width during growth and 
annealing obtained by modeling are compared with the 
corresponding experimental dependences of the RHEED 
reflex intensity. An explanation is proposed for the ex-
perimentally obtained dependences of time, during which 
the steady-state value of the RHEED reflex intensity is 
reached, on temperature and the dependences of the sur-
face recovery time during post-growth annealing on tem-
perature and miscut angle.

2. Experimental

The growth and annealing were carried out in a Katun-S 
MBE setup equipped with an electron beam evaporator 
for silicon. The analytical part of the chamber consists 
of a quadrupole mass spectrometer, a quartz thickness 
gauge, and a 20 keV high-energy electron diffractome-
ter. The Si(100) substrates were n-type with a resistivity 
of 5–10 Ohm cm and tilted from the (100) plane to the 
(111) plane strictly around the <110> axis by angles of 
0.5°, 0.3°, and 0.1°. After the procedure of preparing the 
Si(100) surface in an ultrahigh vacuum chamber includ-
ing removal of chemical oxide by annealing at 800 °C at 
a silicon atom flux of 1013 atoms/(cm2·s) and growth of 
a 50 nm thick Si buffer layer, the substrate was annealed 
at 900 °C for 40 min (without a Si atom flux). Then, the 
substrate temperature was evenly decreased. In the sub-
strate temperature range of 350–600 °C, the intensity of 
the reflection from the 1×2 superstructural domain was 
measured at a Si atom flux onto the substrate surface cor-



Modern Electronic Materials 2024; 10(4): 243–250 245

responding to a growth rate of 0.07 ML/s and a closed 
shutter of the Si atom source (during post-growth anneal-
ing). The change in the RHEED pattern was recorded in 
the azimuthal direction [100] using a video camera. The 
intensities of reflections located in the fractional-order 
Laue zone were analyzed.

3. RHEED intensity variations

In the initial stage of growth at low temperatures (350 
and 400 °C), weak oscillations of the reflection intensity 
I1×2(t) from the 1×2 superstructural domain are observed, 
which points to the 2D island nucleation growth mode or 
a transient growth mode due to the formation of islands 
and the movement of vicinal steps. Starting from 450 °C, 
the reflection intensity decreases monotonically with 
time down to some minimum (steady-state) value. This 
points to the step-flow growth mode and can be treated 
as a result of reducing the distance between the edges of 
the slow moving A-step and fast moving B-step until the 
width of the A-terrace reaches a certain minimum value. 

The decreasing dependences of the reflection intensity on 
time are shown in Fig. 1a, where I0 = I1×2(0) corresponds 
to the initial value of the intensity. The characteristic time 
of reaching the steady-state value of the reflection inten-
sity was measured by constructing tangent lines at the be-
ginning of the dependence I1×2(t)/I0 and upon reaching a 
steady-state value of the intensity. The number of silicon 
monolayers n deposited until the steady-state is reached 
was determined as the product of this time and the growth 
rate. Figure 1b shows the temperature dependence of n. 
As can be seen, both this quantity and the steady-state 
value of the reflection intensity increase with increasing 
temperature. The same should be true for the minimum 
width of the A-terrace.

Figure 2a shows the time dependences of the intensi-
ty of reflection from the 1×2 superstructural domain in 
the temperature range of 450–600 °C after the shutter is 
closed or the flux of Si atoms is interrupted. According to 
the dependences in this figure, the intensity value tends to 
return to the initial level corresponding to the intensity of 
the RHEED reflection from the two-domain surface be-
fore growth. At 450 °C and, to a lesser extent, at 500 °C, 

Figure 1. Results of the RHEED study of the dynamics of steps during growth: (a) RHEED reflex intensity variations for various 
substrate temperatures, (b) temperature dependence of the number of monolayers deposited until a steady-state value of the RHEED 
reflex intensity is reached

a b

Figure 2. Time dependences of the I1×2/I0 ratio after interruption of growth on a substrate with the miscut angel of 0.5° for various 
temperatures (a) and on substrates with various miscut angles at a temperature of 600 °C (b)

a b
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the ratio I1×2/I0 does not reach a steady-state value, which 
does not allow us to correctly estimate the time during 
which recovery of the original surface occurs. However, 
it is quite obvious that with increasing temperature the 
surface recovery time decreases (Sakamoto et al. [8] also 
made mention of a decrease in the recovery time with 
increasing temperature, but the corresponding time de-
pendences were not given in this work). Figure 2b shows 
the time dependences of the ratio I1×2/I0 at 600 °C and 
various miscut angles. As can be seen, the recovery time 
decreases with the increasing miscut angle. 

4. Modeling of the step dynamics

The dynamics of the steps was modeled by numerically 
integrating the equations of motion of the A- and B-steps: 
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where xa(t) and xb(t) are the positions of the A- and 
B-steps along the axis perpendicular to the edges of the 
steps, Va(La, Lb) and Vb(La, Lb) are the velocities of ad-
vance of the A- and B-steps, La and Lb are the widths of 
the A- and B-terraces. The expressions for the step ve-
locities were obtained in [12, 15] using the solution of 
one-dimensional stationary continuity equations for the 
concentration of adatoms on the A- and B-terraces, taking 
into account the difference in the directions of fast diffu-
sion on the terraces. When formulating the boundary con-
ditions, it was assumed that the B-step is an ideal sink for 
adatoms and the concentration of adatoms near the edge 
of this step takes an equilibrium value. It was assumed 
also that the attachment of adatoms to the A-step from 
the upper and lower terraces requires overcoming addi-
tional (to the diffusion) energy barriers: the conventional 
and inverse Ehrlich–Schwoebel barriers [13, 14], respec-
tively. In [15], it was also assumed that the migration of 
adatoms along the edge of the A-step is insignificant and, 
therefore, the A-step is permeable for adatoms. The effect 
of permeability of the B-step was not taken into account 
due to the high concentration of kinks at this step.

The expressions for the step velocities following from 
the model [15] are: 
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where R is the deposition flux of silicon atoms (in the ab-
sence of desorption, the flux R corresponds to the growth 

rate in monolayers per second), Da = a2vexp(–Ea/kBT) 
and Db = a2vexp(–Eb/kBT) are the surface diffusion co-
efficients of atoms on the A- and B-terraces, respective-
ly (a is the interatomic distance on the surface, Ea and 
Eb are the activation energies, v is the frequency factor, 
kB is the Boltzmann constant), la = aexp(ΔEue/kBT) and 
lb = aexp(ΔEle/kBT) are the characteristic lengths associ-
ated with the possible presence of conventional (ΔEue) 
and inverse (ΔEle) Ehrlich–Schwoebel barriers for the at-
tachment of adatoms to the A-step from the A- and B-ter-
races, respectively, an  and bn  are the relative concentra-
tions of adatoms in equilibrium with the A- and B-steps, 
respectively. The quantity 
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where θk is the relative concentration of kinks, takes into 
account the effect of permeability of the A-step. If θk = 1, 
then the A-step is impermeable and expressions (2) are 
reduced to the corresponding expressions for the step ve-
locities obtained in [12].

In the given expressions, La, Lb, an  and bn  depend on 
time. It was assumed that at the initial moment of time 
all steps are at the same distance from each other La(0) = 
Lb(0) = L0, which is determined by the miscut angle. 
Assuming for the initial position of the steps xa(0) = L0 
and xb(0) = 0, one can write La(t) = xa(t) – xb(t) and Lb(t) = 
2L0 + xb(t) – xa(t). For the difference in the equilibrium 
concentrations of adatoms, the expression obtained in 
[12] was used:
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where α is the constant of elastic repulsion of the steps 
and n  = exp(–ΔE/kBT) is the equilibrium concentration 
of adatoms in the case of equidistant steps (i.e., at La = 
Lb = L0). Here ΔE is the formation energy of an adatom 
[12]. Thus, Eqs (1) represent a system of nonlinear dif-
ferential equations with respect to xa(t) and xb(t), which 
allows a numerical solution with an appropriate choice of 
model parameters.

The numerical integration of Eqs (1) was performed 
using the values of the parameters characteristic for the 
Si(100) surface: a = 0.384 nm, α = 2.36·10-2 eV/nm [19], 
and v = 1013 s-1. In accordance with the miscut angle 
θ = 0.5°, the initial distance between the steps L0 was 
assumed to be 16 nm. The surface diffusion activation 
energies were taken to be Ea = 1.19 eV and Eb = 0.65 eV 
[20]. In the case of a permeable A-step, the concentration 
of kinks was calculated using the formula [21]
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where the kink formation energy was assumed to be 
0.2 eV [22]. Two sets of parameters were used for each 
type of A-step. For impermeable (θk = 1) A-steps: ΔEue = 
0.3 eV, ΔEle = 0.4 eV, ΔE = 0.8 eV (set 1) and ΔEue = 
0.1 eV, ΔEle = 0.3 eV, ΔE = 1 eV (set 2) were assumed. 
For permeable (θk < 1) A-steps, in accordance with the 
results of ab initio calculations [23], the conventional 
Ehrlich–Schwoebel ΔEue was set zero, whereas ΔEle = 
0.2 eV [24], ΔE = 1 eV (set 1) and ΔEle = 0.05 eV, ΔE = 
1 eV (set 2) were assumed. The values of parameter set 1 
correspond to those used in [10]. Numerical modeling 
based on the models [12] and [15] gave similar results. 
Therefore, only the results of modeling based on the per-
meable A-step model [15] are presented below.

5. Results of modeling

Modeling of the step dynamics on the surface with mis-
cut angle of 0.5° at a growth rate of 0.07 ML/s demon-
strates that the width of the A-terrace decreases as the 
growth time increases and tends asymptotically toward 
a stationary value La,st, which increases with increasing 
temperature. The corresponding dependences are shown 
in Fig. 3a by solid lines when using parameter set 1 and 
by dashed lines for parameter set 2. According to [12], the 
increase in La,st with increasing temperature is associated 
with an increase in the exchange flux of atoms between 
the A- and B-steps, caused by the elastic interaction be-
tween the steps. Despite the similarity of the dependences 
in Fig. 3a with the RHEED reflex intensity variations in 
Fig. 1a, there is a significant difference between the the-
oretical predictions and experimental data. In contrast to 
the experiment, the modeling demonstrates a non-mono-
tonic dependence n(T): a very weak increase of n at low 
T and a decrease at high T (Fig. 3b). It should be noted 
that the n ≈ 0.5 ML value obtained using parameter set 1 
agrees with the results of observing formation of bilay-

er steps using STM [5]. Reducing the barrier for adatom 
attachment to the A-step in the case of using parameter 
set 2 leads to an increase of n up to 1.2 ML, which at 
T = 450 °C is consistent with the experimental results 
shown in Fig. 1b. This is explained by a decrease in the 
difference in the velocities of the A- and B-steps due to a 
decrease in the barrier ΔEel and, accordingly, an increase 
in the intensity of adatom incorporation into the A-step. 
However, with an increase in temperature, the values of n 
become significantly smaller than the experimental ones. 
At the same time, starting from T = 550 °C, the value 
of n decreases with increasing temperature. Within the 
framework of models [12, 15], this is explained by an 
increase in the steady-state width of the A-terrace due 
to an increase in the exchange flux of atoms between 
the A- and B-steps preventing the formation of biatomic 
steps (as a consequence, the distance, that the steps trav-
el until the minimum width of the A-terrace is achieved, 
decreases). 

Figure 4a shows the time dependences of the A-terrace 
width (related to the initial terrace width L0) on the sur-
face with a miscut angle of 0.5° at different annealing 
temperatures. The initial values of the La/L0 ratios cor-
respond to the initial values of the ratios I1×2/I0 of the 
RHEED reflection intensities in Fig. 2a. In accordance 
with the experimental results shown in Fig. 2a, the mod-
eling demonstrates an increase in the A-terrace width (re-
covering of the original surface) during annealing. This 
process accelerates as the substrate temperature increases 
which is explained by the increase in the exchange flux 
of atoms between the A- and B-steps due to increasing 
mobility of adatoms and increasing frequency of detach-
ment of atoms from the B-steps. Recovering of the orig-
inal surface also accelerates with an increase in the mis-
cut angle θ (Fig. 4b). This is due to the fact that with the 
increasing θ the average width of the terraces decreases 
and, consequently, the probability that an atom detached 
from a B-step will reach an A-step before returning back 

Figure 3. Results of modeling the motion of A- and B-steps during growth at different substrate temperatures: (a) time dependences 
of the A-terrace width (solid and dotted lines refer to different sets of model parameters, see text of the article), (b) the number of Si 
monolayers deposited until the steady-state value of the A-terrace width is reached (squares are the experimental values in Fig. 2b, 
circles and squares are the values obtained using modeling with parameters corresponding to the solid and dotted lines in Fig. 3a, 
respectively)

a b
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increases. Thus, the magnitude of the exchange flux of 
atoms between the A- and B-steps increases.

It should be noted that the dependences in Fig. 4 ob-
tained using parameter set 1 are significantly closer to 
the time dependences of the RHEED reflection intensi-
ty in Fig. 2 than the dependences obtained using set 2. 
Thus, an attempt to improve the fit of the model to ex-
perimental data on step dynamics during growth results 
in a worse fit to experimental data on the step dynamics 
during annealing. The performed extensive modeling 
showed that no reasonable choice of parameters exists 
that enable achieving quantitative agreement between 
the models [12, 15] and the experimental results in a 
wide temperature range.

6. Discussion

The obtained time dependences of the RHEED reflection 
intensity I1×2(t) demonstrate a decrease of I1×2(t) during 
growth in the temperature range of 450–600 °C down to 
a steady-state value I1×2,st and an increase of I1×2(t) after 
growth interruption (during annealing) up to the steady-
state value close to the value of the RHEED reflection 
intensity from the initial two-domain surface. The steady-
state intensity I1×2,st increases with increasing tempera-
ture whereas the characteristic time of recovery of the 
initial surface during annealing decreases with increasing 
temperature. These results are in qualitative agreement 
with predictions of the models [12, 15], if we assume that 
the intensity of the reflection from the 1×2 superstruc-
tural domain is directly proportional to the width of the 
A-terrace. However, the available models fail to explain 
the experimentally obtained increasing dependence on 
temperature of the number of monolayers deposited until 
the steady-state value of the reflection intensity is reached 
during growth.

It is worth noting that in [6], the A- and B-step dynamics 
was studied using STM at a fixed temperature and at two 
different values of the Si deposition flux (the Si growth 

rate R). According to [6], an increase in R leads to a sig-
nificantly sharper increase of the width of the B-terraces 
with the increasing surface coverage (the product of R and 
the deposition time) at the initial stage of growth. This re-
sult also cannot be explained within the framework of the 
models [12, 15], since in these models the step velocities 
depend linearly on R (see Eq. 2) and, therefore, the rate 
of change of the terrace width with the increasing surface 
coverage should not depend on R. 

The reason for such discrepancies may be a simplified 
description of the incorporation of adatoms into steps, 
which does not take into account the structural features 
of the Si(100)-2×1 surface. As is known, the elemental 
building unit on this surface is two dimers in a kink on 
a step [2, 25]. The formation of dimer rows or dimers 
in kinks includes elementary processes of adatom attach-
ment, detachment of a single atom from a dimer, and di-
mer dissociation. As a result of the dissociation, one atom 
leaves the kink and the other remains in the position of 
a single atom in the kink [11]. In the general case, the 
expression for the rate of kink motion (lengthening of 
the dimer row) has a form of a nonlinear combination of 
elementary frequencies of attachment, detachment, and 
dissociation. 

Modeling the dynamics of steps that takes into account 
the above-mentioned peculiarities of formation of build-
ing units in the kinks requires solving the continuity equa-
tions with nonlinear boundary conditions at the edges of 
the A- and B-steps, which is a separate complex problem. 
However, one can point out a significant difference in the 
kinetics of adatom incorporation into steps in the cases 
of low and high temperatures (small and large fluxes of 
deposited atoms). At low frequencies of adatom detach-
ment and/or high frequencies of adatom attachment (low 
temperature and/or large value of the deposition flux), 
the probability of detachment of a single atom before the 
next atom arrives at the kink is small and a single atom in 
the kink can be considered as incorporated in the crystal 
(with a high probability, a dimer is formed). The  influ-
ence of the peculiarities of adatom incorporation in the 

Figure 4. Results of modeling the recovering of the original surface after growth interruption (during annealing): (a) time depen-
dences of the A-terrace width on the surface with the miscut angle of 0.5° for various annealing temperatures, (b) time dependences 
of the A-terrace width on the surfaces with various miscut angles at an annealing temperature of 600 °C

a b
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kinks is insignificant in this case and the expressions 
obtained in [12, 15] for the step velocities can be used 
in the modeling of step dynamics. However, at high fre-
quencies of adatom detachment and/or low frequencies 
of adatom attachment, the formation of building units is 
limited by the meeting of two adatoms at the kinks. In this 
case, an adatom entering a kink from one of the terraces 
has the opportunity to move to the neighboring terrace. 
The formulation of boundary conditions for the continui-
ty equations used in [12, 15] seems incorrect in this case, 
since the steps are permeable for adatoms regardless of 
the concentration of kinks. In particular, the B-step can 
no longer be considered as an ideal sink for adatoms. This 
should result in a significant decrease in the difference in 
the velocities of A- and B-steps and, consequently, an in-
crease in the number of Si monolayers deposited until the 
minimum value of the A-terrace width is achieved might 
be expected.

7. Conclusions

The RHEED method is used to study the dynamics of 
monoatomic steps on the reconstructed 1×2 Si(100) vic-
inal surface during MBE growth and annealing in a wide 

range of substrate temperatures. The obtained time de-
pendences of the RHEED reflection intensity from the 
1×2 superstructural domain demonstrate a decrease in the 
intensity during growth to a steady-state value. When the 
growth is interrupted (during annealing), the RHEED re-
flection intensity increases tending to the intensity value 
from the two-domain surface before growth. The obtained 
experimental dependences are in qualitative agreement 
with the time dependences of the A-terrace width ob-
tained by numerical modeling of the step dynamics based 
on the available models of the A- and B-step motion on 
the Si(100) surface. A comparison of the modeling results 
with the experiment makes it possible to explain the ex-
perimentally observed increase in the steady-state value 
of the RHEED intensity with increasing temperature as 
well as a decrease in the surface recovery time during 
annealing with increasing temperature and the miscut 
angle. However, the modeling fails to reproduce the ex-
perimentally obtained monotonically increasing tempera-
ture dependence of the number of monolayers deposited 
until a steady-state value of the RHEED reflex intensity 
is reached. This may be due to the peculiarities of the for-
mation of building units in the kinks on the reconstruct-
ed Si(100) surface that are not taken into account in the 
available models.
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