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Abstract

Using in situ reflection electron microscopy we have presented latest studies of Si(111) and Bi,Se5(0001) surface
processes during sublimation, homo- and heteroepitaxial growth of layered metal chalcogenides. A structural kinetic

diagram of interaction between a selenium molecular beam and Si(111) surface has been demonstrated. We have

shown congruent sublimation caused by annealing of Bi,Se3;(0001) substrates in a selenium flux, visualized and

described layer by layer homoepitaxial Bi,Se; growth. We have presented techniques of layered SnSe, and In,Ses
growth on Si(111) and Bi,Se;(0001) surfaces and shown that heteroepitaxial growth starts with the 2D islands
formation. The nucleation and growth of an impurity-induced phase in the form of 0.4 nm high 2D islands during

high-temperature submonolayer indium deposition on Bi,Se;(0001) under exposure to Se molecular beam has been

demonstrated.
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1. Introduction

A new approach to graphene synthesis was suggested
in the early 215 century by A.K. Geim and K.S. No-
voselov [1] and favored a multifold growth of interest
to studies of other 2D materials including layered metal
chalcogenides [2—6]. Layered metal chalcogenides ex-

hibit semiconducting, metallic, dielectric and topolog-
ical insulator properties and therefore can be used in
advanced photovoltaics, spintronics, electronics and
photonics [7—12]. Along with the abovementioned prop-
erties those materials are distinguished by the formation
of 1 nm thick molecular layers in which the atoms are
bound by strong covalent bonds whereas the layers are
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interconnected by weak Van der Waals interaction [3, 13].
The latter property delivers high flexibility of the layers
and resistance to mechanical strains such as bending/
flexure which allowed fabricating highly durable flexible
GaSe photodetectors on mica substrates: their photovol-
taic response was retained after multiple bending/flexure
cycles [14]. Furthermore, the nanometer-order thickness
of the layers and a Van der Waals gap between them pro-
vide a large effective area of the layered materials and
therefore allows them to be used as sensing elements of
gas sensors [15—-17]. As a result, the demonstrated prop-
erties of layered metal chalcogenides have great poten-
tial for the different electronic and optoelectronic devices
fabrication [13, 18, 19].

Molecular beam epitaxy (MBE) is a widely used
technique of layered metal chalcogenides synthesis on
crystalline substrate surfaces [20]. However, like other
epitaxial growth techniques this one does not prevent
the formation of point defects [21], twin domains [22]
and other defects during growth, as well as the growth of
polymorphs having similar stoichiometric composition
but different crystalline structures [23, 24]. Some defects
form at the heterointerface during the nucleation and
growth of first layers. Therefore developing high-qual-
ity Van der Waals heterostructures growth techniques on
substrates on an industrial scale requires data about early
growth stages of layered metal chalcogenides, include
metal and chalcogenide interaction with crystalline sub-
strates during adsorption, islands formation and further
film growth. Obtaining that information requires in situ
characterization methods allowing real time monitor-
ing of surface processes, such as surface structure and
morphology transformations during atomic adsorption,
diffusion and interaction, both mutual and with the sub-
Strate.

An informative method of studying surface process-
es is in situ reflection electron microscopy [25-30] hav-
ing sufficient sensitivity to analyze the transformations
of surface structure and visualize crystal surface mor-
phology evolution in real time mode. This work pres-
ents recent in situ reflection electron microscopy data on
Si(111) and Bi,Se3(0001) surface processes during metal
(In, Sn) and chalcogen (Se) adsorption as well as subli-
mation and epitaxial growth of layered SnSe, and In,Se;
metal chalcogenides.

2. In situ reflection electron
microscopy and its characteristics

In situ reflection electron microscopy (REM) has been
developed on the basis of the upgraded Jem-7A transmis-
sion electron microscope [31] and is used for the in situ
characterization of morphological transformations on
crystal surfaces during sublimation (up to the substrate
melting point) [30-32], homo- and heteroepitaxy [29, 30,
33], and adsorption of different materials, e.g. indium, tin

and selenium [27, 28, 30, 34, 35]. In situ REM allows
obtaining reflection high-energy electron diffraction pat-
terns (RHEED) with electron energies of ~100 keV and
visualizing electron microscopic surface imaging. An
electron beam is incident onto the substrate surface at a
low Bragg angle thus delivering high sensitivity to the
substrate surface structure and visualizing objects like
atomic steps on crystal surface [32], surface areas with
different superstructural reconstruction [26, 27] and some
types of defects, e.g. screw dislocations emerging on the
surface [32]. Due to the low electron beam incidence an-
gle, the spatial resolution and electron microscopic image
magnification in the beam incidence direction are small-
er (by ~50 times) than in the direction perpendicular to
beam incidence (the vertical and horizontal scale grids in
Fig. 1(b, d) have different scale units).

The test materials for the in situ studies were 8.0x1.1—
2.5%0.3 mm sized crystal specimens cut from Si(111)
wafers or exfoliated from a Bi,Se;(0001) single crystal
with a sharp blade. Before the experiments the specimen
surfaces were cleaned from oxide layers by annealing in
the REM column in a differential vacuum cryopanel pro-
ducing ultrahigh vacuum in the specimen location [32].
The silicon specimens were annealed at 1300 °C and
the bismuth selenide specimens, at 450 °C for 10 min
with simultaneous selenium deposition at a rate more
than 0.1 nm/s. The specimens were heated with DC or
AC current. After the experiments the specimens were
rapidly cooled to room temperature, and further in situ
studies were conducted with atomic force microsco-
py (AFM, Bruker multimode §), scanning electron mi-
croscopy (SEM, Hitachi SU8220, accelerating voltage
1.5 kV), Raman scattering (Horiba XploRa Plus, spectra
taken at 532 nm) and high-resolution electron micros-
copy (HRTEM, Titan 80-300, FEI, accelerating voltage
300 kV).

3. Si(111) surface interaction
with Se molecular beam

For the formation of a Van der Waals bond at the film/
substrate interface the dangling Si(111) bonds are pas-
sivated with chalcogenide atoms before growing layered
metal chalcogenides [36, 37]. Although the interaction
between selenium atoms and silicon surface was studied
and surface etching due to the formation and desorption
of SiSe, molecules was demonstrated in the works [36,
38, 39], the kinetics of Si(111) surface etching depending
on selenium flux and specimen temperature has remained
unclear.

The interaction between selenium molecular flux
and Si(111) surface in the 600-1300 °C range at dif-
ferent molecular selenium flux intensities was exper-
imentally studied using in situ REM earlier [25, 26,
34]. Detailed analysis of the data allowed identifying
and separating three kinetic modes of silicon surface
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etching with selenium beams; those kinetic modes are
schematically shown in a structural kinetic diagram
(Fig. 1a). At low temperatures (below 600 °C in Fig. 1a)
the etching kinetics is restricted by the formation and de-
sorption of SiSe, molecules with the activation energy
2.65 eV. At below 830 °C the atomically-clean Si(111)
surface has a 7x7 surface reconstruction (superstructure)
the lattice parameter of which is 7 times greater than
Si(111)-1x1 [40]. At below 600 °C (the grey area below
the 77 line) etching occurs at a low rate (<0.001 ML/s,
where 1 ML = 7.8:10'* ¢cm™2), the 7x7 superstructure on
the surface is destroyed and an impurity-induced disor-
dered 1x1-Se surface structure (phase) with a Se atomic

1400 F ! ! . -A10.6

1300 F

1200 [ T2(Rse) e 07

1100L TSI !

1000 ]

900 Step flow 08 <
o I =
I 109 S
~ 800 F Si(111)-7x7 177 s

2Dvacanyislands ~__.--""" 110 -

700 [ —

Ti(Rse) .-~

600

2D vacany islands

concentration of 1/2 ML is formed [36]. At above 600 °C
(the dark-grey area above the T line) the etching rate is
restricted by the selenium molecular flux incident onto
the surface. It was simultaneously shown that in the
600-830°C range etching is accompanied by the for-
mation, growth and coalescence of 2D vacancy islands
(Fig. 1(b, ¢)), whereas at above 830 °C (the white area)
the Si(111) surface is etched due to the flow of atomic
steps (Fig. 1(d, e)). At high temperatures (~1150 °C,
above the 7, line) sublimation starts to dominate in the
overall silicon flow from the surface, also accompanied
by the motion of atomic steps.

Figure 1. Si(111) surface etching with selenium molecular
beam: (a) structural kinetic diagram of Si(111) surface etching
with selenium molecular beam, (b, ¢) sequential frames show-

ing the formation and coalescence of 2D vacancy islands at
600-830°C (between the T and 7 lines in the diagram) at a
~0.08 ML/s etching rate and schematic surface morphology
image, (d, e) sequential frames of step-flow etching at above
830 °C at a ~0.15 ML/s etching rate and schematic surface mor-
phology image
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4. Growth of layered SnSe,
and In,Se; on Si(111) surface

Dangling bond passivation on Si(111) surface with sele-
nium atoms [36, 37] is a necessary condition of substrate
preparation for Van der Waals epitaxy. Si(111) surface
preparation was started with petroleum ether cleaning
and annealing in the in situ REM column at 1300 °C for
600 s followed by cooling to 450 °C [33]. Cooling caused
a transition from the disordered 1x1 surface phase to the
7x7 superstructure at 830 °C showing itself in the respec-
tive transformation of the RHEED pattern [33]. Then the
Se and Sn (or In) fluxes were calibrated at about 450 °C by
the time of 7x7 superstructure reflection attenuation in the
RHEED patterns. Selenium forms an impurity-induced
1x1-Se phase with 1/2 ML coverage whereas indium and
tin form V3xV3 surface phases with 1/3 ML coverage.
The In/Se and Sn/Se flux ratios were chosen to be be-
tween 1/20 and 1/10 since selenium excess stabilizes the
stoichiometry of the growing SnSe, and In,Se; films [41,
42]. After evaporator calibration the substrate surface was
prepared for growth. The latter stage included (1) surface
annealing at 1250 °C; (2) deposition of 1/3 ML indium at
450 °C; (3) short 600 °C anneal for indium atom removal
from the surface (the 7x7 reconstruction has not suffi-
cient time to form); (4) surface passivation with selenium
atoms at 100 °C [29]. Then about one molecular layer of
SnSe; (~0.6 nm thickness) or In,Se; (~1.0 nm thickness)
was deposited, followed by rapid heating to the growth
temperatures causing amorphous layer crystallization.
The growth continued until the emergence of RHEED
pattern reflections typical of 3D island formation (Fig. 2).
Then the as-grown films were studied using ex situ AFM,
Raman scattering, HRTEM and SEM methods.

Figure 3(a, b) shows AFM images of ~50 nm thick
SnSe, film surface. The film surface morphology imag-
es show 0.6 nm high layered islands the height of which
is in agreement with that of the SnSe, layers [43]. The
SnSe, film surface has two sets of terrace-shaped hills
with weakly triangular facets oriented mirror-wise to one
another. This indicates the presence of a predominant ori-
entation (epitaxiality) of film domains relative to the sub-
strate and the formation of twin defects in the film. One
can also see screw-component dislocation emergence on
the surface in a concentration of ~18 pm2. The white

areas in the AFM image are 3D SnSe islands forming at
late experiment stages as follows from the RHEED pat-
terns. Analysis of the Raman spectra (Fig. 3¢) revealed
a set of oscillation modes corresponding to layered bulk
SnSe,. The E, (118 cm™!) and A, (185 cm™') modes cor-
respond to oscillations within and beyond the layer plane,
in agreement with earlier data for the 1T-SnSe, phase
(119.3 cm™! and 186.7 cm!) [44]. The additional peak
at a 107 ecm corresponds to the Bj, oscillation mode of
the SnSe phase [45] which was synthesized on the SnSe,
film surface in the form of 3D islands at a late growth
stage due to a decrease in the selenium flux. Figure 3(d—f)
shows the HRTEM images of the film where one can see
SnSe, layers (Area 1) underlying SnSe layers (Area 2)
covered with a residual disordered epoxy resin layer
which remained after specimen preparation for HRTEM
study [29]. HRTEM analysis suggests that SnSe, has a
P3m1 (No. 164) hexagonal lattice with the parameters
a=0.38 nm and ¢ = 0.62 nm, the basal plane being (001),
parallel to the (111) plane of silicon [29, 33]. Thus ex situ
AFM, HRTEM and Raman scattering data suggest that
layered 1T-SnSe, growth has a predominant orientation
relative to the substrate and occurs by a 2D island mecha-
nism transiting to 3D SnSe island growth with a decrease
in the selenium flux.

Figure 4(a, b) shows an example of ~20 nm thick
In,Se; film morphology grown without preliminary pas-
sivation where one can see disordered layered islands
without clear facets, 1-3 pm in lateral dimensions and
10-15 nm in height. The tops of the islands are in the
form of atomically smooth terraces divided by ~1 nm high
molecular steps which is in agreement with the height of
an In,Se; molecular layer, the concentration of screw
dislocations being ~2 pm=2. The Raman spectra shown
in Fig. 4c¢ exhibit a set of oscillation modes at 110, 176
and 205 cm! corresponding to the B-In,Se; phase [23,
46]. In,Se; growth experiments with preliminary Si(111)
surface passivation by selenium atoms [47] reported the
formation of 2D islands with clear facets but without any
orientation relative to the substrate. Thus, comparing the
surface morphology between the SnSe, and In,Se; films
grown on passivated and non-passivated Si(111) surfaces
one can see that surface passivation provides primarily
the faceting of the 2D islands and, given optimum growth
parameters at early stages, clear orientation relative to the
substrate.

Figure 2. RHEED patterns for SnSe, growth on (111) Si surface: (a) amorphous layer deposition, (b) SnSe, crystallization and

growth, (¢) 3D island formation
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Figure 3. (a, b) AFM images of SnSe, film morphology, white areas are 3D SnSe islands, black arrows showing screw-component
dislocations, (¢) Raman spectrum of the film, (/) HRTEM image of SnSe, film cross-section with a 3D SnSe island, (¢) magnified

image of Area 1, (f) Fourier image

5. Bi,Se;(0001) sublimation
during Se deposition

An important difference of Van der Waals substrates from
conventional ones is the absence of dangling covalent
bonds and hence no necessity of their passivation before
growth. Therefore for metal chalcogenide growth on the
surface of Van der Waals crystals (e.g. Bi,Ses(0001))
the substrate surface is ready for heteroepitaxy immedi-
ately after annealing or after cleaving in ultrahigh vac-
uum, unlike conventional substrates. However, due to

the presence of different components (Bi and Se) in the
stoichiometric composition, sublimation upon high tem-
perature annealing (>400 °C) occurs anisotropically and
non-congruently, i.e., with predominant desorption of
selenium from the surface [48]. At the publication time
of our earlier works on selenium interaction with sili-
con surface [25, 27, 34], there was no available literary
data on high-temperature Bi,Se; sublimation (>400 °C)
with simultaneous selenium deposition onto the surface.
On the other hand, the optimum growth temperature of
layered metal chalcogenides (e.g. for B-In,Ses it is about
400450 °C [23, 24]) can be in the range of Bi,Se5(0001)
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Figure 4. (¢) AFM image of layered 20 nm thick In,Se; film surface morphology, (b) magnified 3D island image and profile across

a molecular step, (¢) Raman spectrum of In,Se; film

substrate sublimation temperatures. Therefore studying
Bi,Se; sublimation under preconditions for Van der Waals
epitaxy is an important task.

Figure 5(a—c) shows Bi,Se;(0001) surface annealing
with simultaneous selenium deposition at a ~0.1 nm/s
rate [30]. The REM images show 1 nm high Bi,Se;(0001)
molecular step flow (dark contrast areas) towards over-
laying terraces at about 400 °C at an about 0.02 nm/s ve-
locity [28, 30]. Sublimation of 30 nm (30 Bi,Se; layers)
did not lead to changes in terrace contrast and general
surface morphology, suggesting congruent sublimation.
The AFM surface image (Fig. 5d) shows zigzag-shaped
steps accounting for the wide dark contrast areas corre-
sponding to molecular steps in the in situ REM images.
This annealing is used for surface cleaning as a stage of
substrate preparation for the growth of layered Van der
Waals heterostructures.

The method of synthesizing regular steps on the sur-
face of Van der Waals substrates was first reported [30]
which includes the making a lithographic trench on the
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surface with the hard AFM probe and subsequent anneal-
ing at about 400 °C in a selenium flux. Surface sublima-
tion and atomic step ascending flow lead to an increase in
the lateral dimensions of the trench (Fig. 5(e—g)) accom-
panied by atomic step generation and flow towards over-
laying terraces. One can thus increase the concentration
of the steps and their average direction relative to the sub-
strate which can be used for surface morphology control
aimed at improving the structural perfection of Van der
Waals epitaxial layers.

6. Growth of layered Bi,Se;, In,Se;
and SnSe, on Bi,Se;(0001) surface

Annealing of Bi,Se;(0001) surface under congruent
sublimation conditions (in a selenium flux) is one of the
main stages of substrate surface preparation for further
homo- or heteroepitaxial growth. Annealing removes
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Figure 5. (a—c) Bi,Se5(0001) step flow upper overlaying terraces during congruent sublimation in selenium flux, black arrows show
atomic step, (d) AFM image of surface morphology after congruent sublimation, (e—g) synthesis of regular steps by annealing of
lithographic trench in selenium flux
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Figure 6. (a—c) REM images of homoepitaxial Bi,Se; growth, black arrows show atomic steps; (d—i) REM images of indium ad-
sorption for congruent sublimation in selenium flux at 400 °C, black arrows show atomic steps, white arrows show dark contrast

areas of terraces due to the precipitation of impurity-induced surface phase islands [28]

atoms adsorbed from the atmosphere and small crystal
particles ending up on the surface after specimen cleaving
from a single crystal in the atmosphere. If a Bi molecular
flux is added to a selenium molecular flux during con-
gruent sublimation at 400 °C, the atomic step flow direc-
tion changes to opposite (Fig. 6(a—c)), i.e., towards lower

terraces, suggesting Van der Waals homoepitaxial growth
of Bi,Se;(0001). The growth rate in our experiment was
about 0.01 nm/s, with no changes being observed in the
terrace and step contrast in the REM images and in the
RHEED patterns, suggesting Bi,Se;(0001) step-flow
growth.

b Profile {| 0-4nm

0 180

Side view

Top view Bi»,Se3(0001) layers In-induced phase

schematic structure of 2D island formed by impurity-induced indium phase, (¢, d) SEM images of star-shaped islands, black arrows
show 1 nm high Bi,Se;(0001) atomic steps, white arrows show impurity-induced indium phase
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Experiments aimed at studying the Van der Waals
heteroepitaxial growth in the in situ REM column were
carried out under the same conditions as the homoepitax-
ial growth of Bi,Se; except that an In (or Sn) evaporator
was used instead of a Bi one [28]. Indium was deposited
at a ~1 nm/h rate simultaneously with a selenium flux.
Figure 6(d, e) shows step flow for congruent surface sub-
limation at about 400 °C. Then indium was deposited
onto the Bi,Se;(0001) surface (Fig. 6d), causing a broad-
ening of the step contrast (black arrows in Fig. 6(g—i)).
Simultaneously, dark contrast areas formed on the terrac-
es (white arrows in Fig. 6(g—i)) and covered the terraces
from the step edge, indicating the formation of a surface
phase which eventually covered the entire Bi,Se;(0001)
surface.

Ex situ AFM surface morphology study after sub-mono-
layer indium coating deposition showed the formation of
0.4 nm high impurity-induced surface phase islands on
the (0001) Bi,Se; surface which suppress sublimation
and eventually form star-shaped multilayered islands
which are shown in Fig. 7a and schematically in Fig. 7b.

Figure 7(c, d) shows backscattered electron SEM surface
images sensitive to elemental composition of substrate sur-
face (Z contrast indicates higher concentration of greater
atomic number atoms corresponding to brighter contrast).
White arrows indicate 0.4 nm high star-shaped islands
covered with the impurity-induced phase and showing a
darker contrast as compared to the rest of the surface, indi-
cating higher indium concentration in the islands.

During further indium deposition in a selenium flux,
layered In,Se; starts growing, which produces smooth
stripes in the RHEED patterns corresponding to 2D
growth. After the In,Ses film thickness reaches 3—5 nm,
point reflections emerge in the RHEED patterns that are
typical of 3D island growth. Ex situ study of the as-grown
surface morphology confirmed the formation of a 20 nm
thick In,Se; film and 3D islands on the surface (Fig. 8a)
due to screw-component dislocations emergence (white
arrows in Fig. 8a). After AFM characterization the speci-
men phase composition was studied with Raman scatter-
ing (Fig. 80) which showed a set of oscillation modes cor-
responding to B-In,Ses [23, 49] and Bi,Se5(0001) [50].
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Figure 8. (¢) AFM images of 20 nm thick In,Se; film surface morphology (islands formed by screw-component dislocations emer-

gence on the surface are marked by white arrows), (b) Raman spectrum of In,Se; film on Bi,Se; surface
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SnSe, was grown on the Bi,Se;(0001) surface using
a technique similar to that used for SnSe, growth on
silicon surface, i.e., deposition of a 0.6 nm thick amor-
phous SnSe, layer at 100 °C onto the Bi,Se;(0001) sur-
face preliminarily annealed in a selenium flux followed
by rapid crystallization heating to growth temperatures
(200-250 °C). After amorphous layer crystallization the
film grew by a multilayered mechanism with gradual at-
tenuation of stripe intensity oscillation amplitude in the
RHEED patterns which is typical of 2D island growth,
and the emergence of reflections typical of 3D island for-
mation.

The film grown in that experiment had two sets of sim-
ilarly oriented hexagonal hills covering approximately
similar areas of the specimen surface: flat-top and sharp-
top ones, formed by screw dislocation emergence on the
surface. The flat-top hills that are atomically smooth ter-
races with lateral dimensions of up to 1 um did not con-
tain screw dislocations. The AFM images do not show
domain boundaries that are typically seen as thin 0.2 nm
high lines (example is given in Fig. 3b). The low con-
centration of screw dislocation emergences on the sur-
face and the absence of domain boundaries in the AFM
images indicate low concentration of structural defects in
the film and evidence the epitaxial growth of films. Hills
of the other type (pyramid-shaped) are typical of grown
metal chalcogenide films [12, 43] and occupy the other
half of the surface area, the surface-average concentration
of screw dislocation emergences being ~2 um2 which is
almost by one order of magnitude lower than for SnSe,
growth on silicon surface and in comparison with earlier
data, i.e., ~32 pm2 [43] and ~30 um™ [51]. Thus, anneal-
ing of the Bi,Se;(0001) substrate in a selenium flux and
amorphous metal chalcogenide layer crystallization sig-
nificantly reduce the concentration of screw defects and
hence improve the structural perfection of the growing
films.

7. Conclusion

The capabilities of the unique in situ REM method at
studying processes on the surfaces of Van der Waals and
conventional semiconductor substrates have been demon-
strated on the examples of Si(111) and Bi,Se;(0001)
surfaces. A series of in situ REM studies coupled with
complementary ex situ AFM, Raman scattering, SEM and
HRTEM methods delivered new information on atomic
processes on the Si(111) and Bi,Se5(0001) surfaces oc-
curring during the sublimation and growth of layered
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metal chalcogenides, Van der Waals epitaxy of other met-
al chalcogenides and multilayered heterostructures for
solving Van der Waals epitaxy issues.
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