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Surface morphology and growth processes of germanium films
synthesized by solid-phase epitaxy on Fe;Si|Si(111)
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This work investigates the structural properties of ferromagnet/semiconductor multilayer films synthesized on
silicon substrates, specifically examining the growth processes of germanium films on Fe;Si during solid-phase
epitaxy. It has been established that annealing of a nanocrystalline germanium layer with a thickness of less than
25nm at a temperature of 370 °C leads to the formation of monocrystalline islands with identical crystallographic
orientation. The influence of annealing time, germanium layer thickness, and combined synthesis methods on the
crystallization processes has been determined. In the stationary regime, the surface diffusion length of germanium

adatoms is approximately 1800 nm.
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1. Introduction

The development of spintronics, based on controlling
the spin of an electron rather than its charge, opens up
prospects for creating a new generation of electronic devices
characterized by increased performance and reduced energy
consumption [1]. The key components of such devices are
magnetic tunnel junctions and spin valves [2,3], created on
the basis of structures ferromagnet/metal/ferromagnet and
ferromagnet|semiconductor|ferromagnet (FM|SC|FM) [4,5].
Vertical structures of FM|SC|FM are particularly attractive
due to their compactness and the possibility of a high
degree of integration into semiconductor electronics [6,7].
Ferromagnetic layers are a source of spin-polarized electrons
and make it possible to create elements of magnetoresistive
random access memory (MRAM) [8], magnetic field
sensors [9] and neuromorphic systems [10] that simulate
the work of the brain.

Among ferromagnetic materials, Heusler compounds are
of particular interest, having a unique combination of
magnetic and electronic properties [11-13]. The efficiency
of devices based on FM|SC|FM heterostructures largely
depends on the atomic perfection of the interfaces and the
crystalline quality of layers [14]. The use of ferromagnetic
silicide Fe3Si with a crystal structure of DO; and a lattice
parameter close to the size of basic semiconductors [15],
allows the creation of high-quality epitaxial heterostructures
on substrates GaAs [4,16], Ge [17] and Si [18-21].

The combination of ferromagnetic Heusler compounds
with semiconductors, in particular, with germanium is of
practical interest since it has a higher mobility of charge
carriers than silicon and is compatible with modern silicon
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technology [22,23]. However, the key problem remains
controlled epitaxial germanium growth on ferromagnetic
materials, where surface diffusion and nucleation processes
play a crucial role. The selection of materials potentially
allows creating better interfaces: the silicide Fes;Si has
an exceptionally small (~ 0.08 %) mismatch of the lattice
parameters with Ge. However, the epitaxial growth of a
semiconductor on a metal surface Fes;Si is fraught with
serious technological difficulties. The main difficulty lies in
the incompatibility of the thermodynamic growth conditions:
to obtain crystalline Ge, relatively high temperatures are
required, at which the metal surface is prone to dissociation,
chemical reactions, and mutual diffusion [16]. This leads
to the formation of rough interfaces and impurities, which
reduces the efficiency of spin transport through the barrier.

Several approaches to obtaining monocrystalline germa-
nium on silicide are described in the literature. The epitaxial
growth of Ge films was controlled in Ref. [24] by the upper
layer of silicide atoms. At the Si-terminations of the FesSi
layers, it is possible to obtain sufficiently smooth Ge films
(with RMS roughness Rgrms = 0.41nm), whereas three-
dimensional epitaxial growth of Ge films was observed
on the surface of Fe3Si with the Fe-termination. The
structural properties of the Ge film and the upper layer Fe;Si
depend on the substrate temperature during deposition of
Ge [4]. The low-temperature growth of Ge (~ 150°C)
makes it possible to keep the interface between Ge and
FesSi films clear, without atom diffusion (the so-called
sharp interface), but germanium films remain amorphous,
whereas the temperature of ~ 325°C ensures the epitaxial
growth, but is accompanied by an increase in roughness
and disorientation of crystallites. A promising method is the



Surface morphology and growth processes of germanium films synthesized by... 37

Table 1. Technological parameters

Name Thickness Temperature Temperature Time
of sample Ge, nm of sputtering, °C of annealing, °C of annealing, min
S0Ge5RT 5 RT — —
S0Ge5 5 370 — —
S0Gel0 10 370 — —
S1t90 5 RT 370 90
S1t280 5 RT 370 280
S1t280* 5 RT 360 280
S2Ge7 7 RT 370 280
S2Gel0 10 RT 370 670
S2Ge20 20 RT 370 930
S3Ge7++ T+7+7 RT 370 360+210+
S3Ge5+ S5+ 370 370 680
S3Gel0+ 10+ 370 370 670

reduction of the germanium growth temperature by doping 2. Methods

with tin (Sn) [20).

The hybrid method combining deposition of amorphous
Ge onto a cooled FesSi substrate followed by controlled
annealing makes it possible to minimize interfacial diffusion
and form sharp atomically smooth interfaces. The introduc-
tion of a Ge layer grown by solid-phase epitaxy (SPE) [21]
ensures two-dimensional epitaxial growth at a temperature
of ~ 175°C. Slow annealing at temperatures from 240 to
380 °C makes it possible to obtain germanium films with
RRMS ~ 1nm [16]

Despite significant progress, there are still unresolved
issues related to the influence of various annealing modes
on the crystallization process of Ge. There are no systematic
studies of the surface diffusion of Ge atoms on single crystal
surfaces of FesSi using direct observation methods such as
scanning tunneling microscopy or atomic force microscopy
(AFM). The main focus is on volumetric diffusion and
processes at interfaces in complex heterostructures. Existing
work on germanium surface diffusion is usually limited to
studies on silicon substrates at high temperatures [25,26).

This paper presents the results of studying the crys-
tallization processes of germanium films on Fe3Si|Si(111)
at an annealing temperature of 370°C. The influence of
various technological parameters has been studied using
the methods of in-situ reflection high-energy electron
diffraction (RHEED) and ex-situ AFM. The experimental
RHEED patterns are compared with the calculated electron
diffraction patterns for a single crystal of Ge. Conclusions
about the kinetics of crystallization processes were drawn
from the analysis of AFM images, which allowed obtaining
new information about the mechanisms of germanium
crystallization on the surface of iron silicide.

Physics of the Solid State, 2026, Vol. 68, No. 1

The samples were synthesized under ultrahigh vacuum
conditions (base vacuum 1.3 - 10~7 Pa) by molecular beam
epitaxy (MBE) followed by annealing. The evaporation
of materials (iron, silicon, germanium) was carried out
from thermal sources such as ,,Knudsen effusion cells* with
crucibles of boron nitride. At the first stage, a layer of
FesSi silicide with a thickness of 10 nm was sputtered onto
the cleaned Si(111) substrate 7x7 at a temperature of
150°C the co-deposition of iron and silicon according to
a proven method [27], after that the sample was cooled to
room temperature for 180 min. At the next stage, a layer
of germanium of a given thickness was sputtered at room
temperature (RT) and a flow rate of 0.033 A/s, after which a
smooth heating was carried out to a temperature of 370°C
at a rate of 10K/min. The technological thickness of the
germanium layer and the annealing mode for each sample
are shown in Table 1.

The change in the crystal structure during synthesis was
continuously monitored by in situ RHEED method. After
synthesis, the samples were cooled to room temperature
in two stages to minimize further surface processes: rapid
temperature decrease from 370 to 150°C at a rate of
10K/min and slow cooling to RT for 120min at a rate
of 1K/min. After that, the samples were evacuated from
the vacuum chamber, and the surface morphology was
ex situ studied using AFM in semi-contact scanning mode
by DPN 5000 (Nanolnk) system. NSG10 (Tips Nano)
cantilevers were used for the studies. Image processing
and statistical values were obtained using the free software
Gwyddion 2.65 [28] and ImageJ [29]. The main statistical
parameters obtained from AFM data are listed in Table 2.
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Table 2. Statistical values

Name Thickness Ge Average height Average Coating
of sample (izZACM), nm of crystals Ge (h), nm diameter (d), nm of surface, %
S0Ge5RT - - - -

S0Ge5 - 147+ 1.7 471.6 26.6

S0Gel10 - 17.6 +£2.6 8114 39.1

S1t90 27+0.3 11.1+1.8 3916 39

S1t280 25+04 127+ 1.0 5942 194

S1t280* 26+0.3 152+ 1.7 6032 6.9
S2Ge7 42+0.6 15.1+2.4 1643.0 321
S2Gel0 7.8+0.5 19.3+1.9 — 10.0
S2Ge20 16.1+0.7 292433 1086.4 515
S3Ge7++ 15.1+1.0 27.7+2.3 1621.3 347
— i ) B
S3Gel0+ - 45 15 —

Fe3Si
Si(111)
RT 370 °C

Figure 1. AFM images of the surface of Ge films grown on the surface of Fe3Si(111) obtained under various technological conditions.
a) SO0Ge5RT sample, deposition of Ge on the surface of Fe;Si at room temperature; b) SOGes sample, deposition of 5nm of Ge at a
temperature of 370 °C; ¢) S0GelO sample, deposition of 10nm of Ge at a temperature of 370 °C. The range of the pseudo-color scale
for (b) and (c) is set to be the same and ranges from —3 to 30nm. RHEED patterns from samples: d) SOGe5RT, e) S0Ge5. f) A

diagram of the layers obtained as a result of experiments.

3. Results

At the first stage, the crystal structure and morphology of
the germanium film surface were compared after deposition
on Fe3Si under various temperature conditions. The experi-
mental samples is shown in Figure 1, /. Figure 1,a—c shows

AFM images for three different samples: SOGeSRT sample
with a 5m thick Ge layer deposited at RT (Figure 1,a);
S0Ge5S and S0GelO samples with germanium layer thick-
nesses of 5 and 10 nm, respectively, grown at a substrate
temperature of 370°C (Figure 1,5 and ¢). Figure 1,d,
and e show RHEED patterns for SOGe5RT and S0GeS5
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samples, which correlate with AFM microscopy data and
allow evaluating the crystallinity of the synthesized films.
The diffraction pattern (Figure 1,d) shows only diffuse
Debye rings of low intensity, which indicate the formation
of a nanocrystalline structure in a film where the grain size
does not exceed several nanometers. According to the AFM
data for SOGe5RT, the formation of a continuous uniform
germanium layer is observed, the surface morphology of
which is determined by the underlying layer of iron silicide,
the value of Rrms ~ 0.19 nm.

The diffraction pattern from the S0Ge5S sample with a
technological thickness of 5nm germanium deposited at a
temperature of 370°C (Figure 1,e) shows the appearance
of point reflections against the background of a picture from
a single-crystal film Fes3Si. This indicates the formation
of monocrystalline islands of the same orientation on the
surface of the silicide. With an increase in the technological
thickness of germanium to 10nm (sample S0Gel0O), no
changes are observed in the RHEED pattern compared to
S0Ge5. To identify the point reflexes, an electron diffraction
pattern was calculated for a germanium single crystal (Fdm
type lattice with parameter a = 0.556 nm) in the direction
of the zone axis (110)¢. (Figure 2,d), the reflexes of which
completely coincide with point reflexes in the RHEED
pattern. A two-dimensional AFM image of Ge crystals
of the same height for SO0Ge5 sample can be observed
on Figure 1,b. When 5nm germanium is deposited on
Fe;Si at a temperature of 370°C, randomly arranged flat
germanium crystals with a height of ~ 15nm are formed,
the average distance between which is ~ 470nm. The
crystals cover 26.6 % of the surface, and their average size
is ~471.6nm. This shape of the islands indicates that
growth in the lateral direction occurs faster than in the
direction normal to the substrate plane, which leads to the
formation of flat crystals. Figure 1,c shows an image for
sample S0Gel0 when twice as much germanium (10nm)
was deposited at a temperature of 370 °C. There is a clear
dependence of the lateral size of the germanium islands
on the technological thickness of Ge. The crystals are on
average ~ 18nm in height, and the average crystal size
is ~811nm. Due to coalescence, the average distance
between the crystals increases and amounts to ~ 520 nm,
while they occupy ~ 39.1% of the surface. AFM exhibits
points on the surface of the silicide are noticeable (usually
located on ridges); perhaps these are nucleation centers that
formed during the cooling of the substrate.

Since the formation of separately arranged monocrys-
talline flat Ge islands is observed during the annealing
process, several series of samples were obtained for a
more detailed study of the Ge crystallization process to
study various factors affecting the germanium film growth
process. In the first series, the effect of annealing time
on the crystal structure and morphology of the surface
was studied; in the second, the effect of the thickness of
the germanium nanocrystalline layer was studied; in the
third, the growth processes realized with combined synthesis
methods were studied: the sequential SPE process and
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germanium deposition on a preheated substrate containing
formed germanium crystals. Table 1 shows the main
technological characteristics of the obtained samples.

3.1. Effect of annealing time

After deposition of the germanium layer at room tem-
perature, the samples S1t90 and S1t280 were annealed at a
temperature of 370 °C for 90 and 280 min, respectively. The
technological thickness of the nanocrystalline germanium
layer is Snm. When studying the crystal structure of
the film by RHEED during annealing, the following was
found: 60 min after the start of heating, elongated
reflexes began to appear on the diffraction pattern (not
presented in the article)-,streaks” of weak intensity against
the background of diffuse Debye rings from a germanium
nanocrystalline film; after 90 min (sample S1t90) of heating
and annealing two groups of reflexes are observed on the
diffraction pattern (,streaks® and dots) (Figure 2,a); no
visible changes are observed in the RHEED pattern with
further annealing to 280 min (sample S1t280). Analysis of
the diffraction data suggests that the group of elongated
reflections,,,streaks™ belongs to the single-crystal surface of
the silicide FesSi [27] with a slight roughness. The group of
point reflexes is described by the monocrystalline structure
of germanium (Figure 2,d). The transformation of the
diffraction pattern during annealing from diffuse rings to
reflexes of two different types, which correspond to the
smooth surface of the silicide Fe3Si and monocrystalline
islands of Ge, may indicate that the germanium layer at
the annealing temperature 370 °C begins to crystallize into
islands, revealing the surface of the underlying layer silicide.
For all subsequent samples, the RHEED patterns during
annealing visually had the same geometry as in Figure 2, a,
so they are also not presented in the article, the difference
was only in the different time of the onset of reflexes during
annealing.

Figure 2,b shows that annealing at 370 °C initiates the
crystallization process (sample S1t90). The formation of
germanium crystals with a size of ~ 391.6 nm is observed
after annealing for 90min, including the heating time,
while the crystals occupy a small part of the surface, and
92.5% is covered with a layer of nanocrystalline germanium
with a thickness of ~ 2.5nm. Figure 2,e shows typical
cross-sectional profiles of AFM images for samples S1t90
and S1t280. The region around the crystals free from
the Ge layer correlates with the length of the surface
diffusion of Ge adatoms. The formation of secondary
crystallization centers and the gradual growth of new
crystals are observed, the linear sizes of germanium crystals
increase (S1t280, Figure 2, ¢) with a long annealing time of
fannealing ~ 280 min. Two typical distances between crystals
can be distinguished (~ 500 and ~ 1500 nm), in the Table 2
shows the average value. The germanium layer still covers
10% of the surface of the silicide.
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Figure 2. RHEED pattern and AFM images for samples S1t90 and S1t280. @) Experimental RHEED pattern from Ge|Fe;Si|Si(111)
after annealing at a temperature of 370 °C for 90 min; ») AFM image of sample S1t90, after annealing for 90 min; ¢) AFM image of
sample S1t280, after annealing for 280 min. The dotted line marks the extracted profiles. d) Calculated electron diffraction pattern for a
Ge single crystal in the direction of the band axis (110)Ge. e) Cross-section profiles for samples S1t90 and S1t280.

Figure 3. Germanium crystals on the surface of Fe;Si depending on the thickness of the nanocrystalline Ge. The technological layer
thickness is 7, 10 and 20 nm for samples a) S2Ge7, b) S2Gel0 and c¢) S2Ge20. The range of the pseudo-color range is from —3 to 60 nm.

3.2. Effect of nanocrystalline germanium
layer thickness

According to RHEED data, the annealing time required to
initiate crystallization of the germanium layer demonstrates
a strong dependence on the layer thickness, increasing by
an order of magnitude from 60 to 600 min with an increase
in thickness from 5 to 20nm. According to the AFM
data (Figure3), the larger the germanium layer, the larger
the crystals after annealing. An increase in the thickness

of germanium (sample S2Ge7, Figure 3,a) leads to an
increase in the linear crystal sizes to ~ 1643 nm. Crystals
occupy ~ 32 % of the surface, and a layer of nanocrystalline
germanium occupies no more than 3.5% of the surface.
Obtaining a thin solid monocrystalline film by increasing
the thickness of the germanium layer is impossible due to
the three-dimensional nature of crystallization. Despite the
anisotropy of the growth rate (with predominance of growth
in the substrate plane), the annealing process leads to the
formation of an island film. An increase in the thickness of

Physics of the Solid State, 2026, Vol. 68, No. 1
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the germanium layer to 20 nm (Figure 3, S2Ge20) leads to
crystal coalescence during the SPE process. More than 51 %
of the surface is covered with crystals, and after 930 min of
annealing, 16 % of nanocrystalline germanium remains.

3.3. The effect of additional portions
of germanium

The deposition of an additional layer of germanium onto
the already formed Ge islands on FesSi|Si(111) was carried
out at room temperature followed by annealing (Figure 4,a
and d) and at a temperature of 370 °C (Figure 4,b and c).
Let’s consider each of the cases in detail. The sequential
SPE process of new germanium layers on silicide leads to
the sequential growth of already formed crystals. Figure 4, a,
and d (sample S3Ge7++) show AFM images of concentric
germanium crystals that continue to increase with each
subsequent annealing. The images 10x 10 and 30 x30um
are presented for the S3Ge7++ sample. The corresponding
cross-section profiles (Figure 4,¢) show layers of germa-
nium ~ 15nm and crystals ~ 27nm. The deposition of a
new portion of germanium during the annealing procedure
leads to the appearance of new crystallization centers and
subsequent vertical growth. When the length of the surface
diffusion is less than the distance between the existing
germanium crystals, new growth centers are randomly gen-
erated. Figure 4,5 (S3Ge5+) shows an AFM image which
contains crystals of two lateral sizes: large, ~ 1180.1nm,
crystals formed as a result of SPE, and ~ 326.9 nm crystals,
obtained by subsequent deposition at ultra-low flow rates of
~ 0.05nm/min. The twinning of reflexes from Ge begins
to manifest itself in the RHEED pattern. In the case of
the presence of a layer of nanocrystalline germanium on the
surface of the silicide during the deposition of a new portion
(Figure 4,c, sample S3Gel0+), it seems that the surface
diffusion length of Ge adatoms coming from the source
is too small and secondary crystallization is initiated more
evenly, which leads to form a multitude of small crystals
with a size of ~ 15nm and a height of ~ 45nm. If the Ge
islands begin to approach each other, they impose geometric
constraints on the lateral growth of each island [30].

When Ge is deposited on a substrate, the length of the
surface diffusion of adatoms affects the size, density, and
distribution of the islands formed. A shorter diffusion
length leads to a greater number of small islands (high
density, low diffusion coefficient). A longer diffusion length
leads to fewer large islands (low density, high diffusion
coefficient). During thermal annealing, Ge adatoms diffuse
over the surface from the germanium layer to a randomly
generated island, which leads to anisotropic radial growth.
The thickness of the Ge islands varies much more slowly.

Despite minor changes in technological parameters (Ta-
ble 1) and identical RHEED patterns (Figure 2,a and d),
morphology of germanium crystals (Table 2) is quite
diverse. This observation highlights the limitations of exclu-
sively diffraction methods for the complete characterization
of thin films. Previously in the literature in the formation
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of multilayer heterostructures of FM/SC for the germanium
layer, only RHEED data were described, and only in
rare cases the values of Rrms of the upper layer were
given. Additional AFM data may be useful for a better
understanding of the ongoing processes. In turn, the quality
of the subsequent ferromagnetic Fe;Si layer depends on the
morphology and crystalline state of the germanium layer
surface, which determines the final functional characteristics
of the entire heterostructure.

4. Discussion

The main kinetic parameters (activation energy Es, sur-
face diffusion coefficient Dg) were determined taking into
account the assumptions that the island densities Ge at
the saturation stage does not depend on the gradient of
the chemical potential. Therefore, the surface diffusion
of adatoms is the dominant factor determining the island
density. An analytical model was proposed in Ref. [25] that
relates the average island size to kinetic parameters, and a
method was proposed for determining the surface diffusion
coefficient and activation energy of Ge adatoms.

Additionally, a sample S1t280* was obtained, identical to
S1t280, but at a lower annealing temperature of 360 °C.
The concentration of islets (Njs4ng) Was determined by
counting all islets (regardless of stage) on the AFM frames
shown in Figures 5,a and b. This parameter shows how
many islands there are per unit area. For a temperature
of 360 and 370 °C Nigang it is N3¢, ~ 1.08 - 107 cm~2 and

islan

N;T0 A~ 3.24-107 cm~? respectively. It is possible that the
values obtained are underestimated due to the processes of
nucleation, which lead to the merging and enlargement of
the islands. In addition, the resolution of the AFM method
is limited, and when scanning large areas, islands smaller
than the critical size could be missed, which could also
affect the calculations.

The surface flux of Ge (J) adatoms was estimated based
on the analysis of AFM images for samples S1t90 and
S1t280 with different annealing times (Figure 2,5 and c).
During the annealing time (Ar = 190 min = 114005s), the
average volume of the island (v) = (7d?)/4(h) increases
from 1.4-10°nm*® (~ 63-10° atoms) to 3.5-10°nm?
(~ 155-10% atoms). During calculations, it was assumed
that the islands have the shape of flat cylinders, however,
as can be seen from the AFM data and cross-section
profiles (Figure 2,e and 4,¢), the Ge islands have the
shape of irregular hexagons and a pronounced peak in
the center. Provided that the volume of one atom is
Ge ~ 0.0226 nm>, the average growth rate of the island
is An/At =~ 8070 atom/s.  The following considerations
were used to calculate J, ie. the number of (n) atoms
per unit area per unit time. Since the island density
is known at 370°C (N3]® ) and assuming that each
island grows at the rate of An/Ar, then J = (An/At)Nigand
~ 0.0026 atoms/(nm? -s) = 2.6 - 10'! atoms/(cm? - s). The
value of the flow velocity is quite small, since in our
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Figure 4. AFM images for samples obtained by combining the processes of MBE growth and SPE. a,d, e¢) S3Ge7++ — three-fold
repetition of the deposition procedure at RT and annealing at 370 °C. b) S3Ge5+ and ¢) S3Gel0+ — deposition of a new portion of
germanium during the annealing procedure in the absence and presence of a germanium layer, respectively. The range of the pseudo-color

range is from —3 to 60 nm.
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Figure 5. a and b) Representative AFM frames of 15x 15 um? for samples S1t280* and S1t280. The pseudo-color scale ranges from —3
to 30nm. ¢) Arrhenius plot (squares) showing the dependence of the density of randomly nascent islands on temperature at the same

annealing time f, = 280 min.

case there is only a flow of adatoms from a layer
of nanocrystalline germanium. The activation energy
value Es = —1.93eV was obtained using the expression
Nistana < exp((2Es)/(kgT)), which relates the island density
to the activation energy of surface diffusion Es through
the probability of overcoming the energy barrier for nucle-
ation [25]. Figure 5, c shows the Arrhenius plot.

The activation energy for surface diffusion is always
significantly lower than the activation energy for bulk
diffusion, since the energy barriers on the surface are
smaller [31]. The negative value of E is a consequence
of the fact that the concentration of islands increases with
increasing temperature, and may indicate a strong bond
between Ge and the substrate (FesSi), in contrast to the
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classical case [25], when an increase in temperature leads to
an increase in the length of surface diffusion and a decrease
in the concentration of islands. In classical theory, the
density of nucleation centers is inversely proportional to the
diffusion length. The higher the substrate temperature, the
more energy the adatoms have for diffusion, the further they
can migrate. The further the atoms move away from the
impact site, the less frequently they occur and form islands.
The surface diffusion coefficient Ds at a temperature of
370°C can be found using the well-known equation

Ds = Do exp(|Es|/ksT)

= Doexp(—1.93/kpT) = D(7.86 - 10716 cm?/s

(a positive value is inserted into the Arrhenius equation).
The main difficulty remains with determining the preex-
pansion factor Dy, which largely depends on the growth
regime. Indirectly, D can be estimated from the analysis of
AFM data and the formula for the surface diffusion length
A = /D1, where 7 is the lifetime of an adatom on the
surface. In the stationary mode, when growth is limited by
diffusion, 4 ~ L, i.e. the average distance between the is-
lands: (L) = 1824.44-821.3nm = 1.8 - 107> cm (at 370 °C
for samples S1t280 and S1t90). During the time At the aver-
age path traveled by adatom A = \/DAt, then Dg =~ (L)?/At
=2.9-10""cm?/s and Do=D;/ exp(|Es|/kpT)=37.1 cm?/s.
The results obtained are based on a direct relationship
between the diffusion length and the average distance
between the islands. A more accurate picture can be
provided by the diffusion-limited growth model proposed
in Ref [30]. The multiplier Dy can strongly depend on
the growth model and usually the values D for surface
diffusion are in the range of 1073—10?cm?/s [32]; in
our case, the value is within reasonable limits. The
coefficient Ds indicates the low mobility of germanium
adatoms on the surface of the silicide. Low values of
the diffusion coefficient (10~1—10~12 cm?/s) are typical for
semiconductors [33].

5. Conclusion

The crystallization processes of continuous nanocrys-
talline germanium films with a thickness of 5—20nm on
the surface of monocrystalline iron silicide Fe3Si|Si(111) at
a temperature of 370 °C were studied. From the analysis
of RHEED and AFM data, it was found that upon heating,
the germanium layer crystallizes into single-crystal islands
of a flat shape with a crystallographic ratio relative to
the substrate (110)ge || (112)g; and (111)g || (111)ge. It
has been experimentally established that the morphology
and size of germanium crystals demonstrate a pronounced
dependence on the technological parameters of synthesis.
As the annealing time increases, the crystal size increases,
with a predominance of growth in the lateral direction. As
the thickness of the nanocrystalline layer increases, the crys-
tallization start time increases. The use of the combined syn-
thesis method initiates the formation of new crystallization
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centers, which significantly affects the final microstructure of
the film. Based on the quantitative analysis of the AFM data,
the kinetic parameters of the SPE process were determined.
The surface diffusion coefficient Dy of germanium adatoms
on Fe3Siis ~ 37.1exp(—1.93/kpT) cm?/s.
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