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Abstract—The structure and composition of higher manganese silicide (HMS) films on Si(111) substrate are
studied by high-resolution transmission electron microscopy, electron diffraction, and energy-dispersive X-ray
spectroscopy. The formation of Mn,Si; HMS film by the deposition of the gas-phase manganese onto silicon
at 1040°C is observed. The film/substrate interface is semicoherent and does not contain any interme-
diate layer. The interface structure is refined by computer simulation. The orientation relationship

(124)[443]Mn,Si, | (111)[101]Si between the film and substrate is determined.
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INTRODUCTION

Currently the issue of energy resource economy is
draws much attention. Thereby materials possessing
thermoelectric properties attract increased interest.
The MnSi, ;s HMS is the most promising material due
to good thermoelectric characteristics in the 20—
800°C temperature range, low price and easiness of
manufacturing. The HMS films play an important
role in thermobattery and other thermoelements fab-
rication [1]. Such films already find application in
micro- and nanoelectronics, optoelectronics, micro-
sensorics and also are very promising for spintronics
[2]. Deep understanding of HMS films formation
mechanism is essential for device fabrication and for
Mn—Si system solid-phase reactions at elevated tem-
peratures. The Mn—Si binary phase diagram has a
region of homogeneity with 5—10 at % width in the
range of 64—66 at % Si. Therefore, the HMS phases
with various stoichiometry (Mn,Si;, Mn;;Si;g, Mn,5Siye
and Mn,;Si,;) called the Nowotny phases are exists
[3—6]. The systematic precipitation of the MnSi man-
ganese monosilicide phase in the form of lamellar lay-
ers oriented normally to the cyyg axis is the micro-
structure feature of the bulk HMS crystals. The MnSi
phase, unlike the Mn,Si; HMS, is electrical conduc-
tor with high thermal conductivity and low figure of
merit [7] and therefore as believe negatively affects to
the thermoelectric properties of HMS crystal in gen-
eral [8].

A large number of studies have been devoted to the
HMS films structure and composition analysis but in
fact data quite controversial [9—11]. At present only
high-resolution electron microscopy techniques could
provide the detail information about chemical and
phase composition, the HMS grains orientation and
the film/substrate interface structure. These data are
especially required for the thermoelectric HMS films
production technology development with predictable
electrophysical properties.

The formation of Mn,Si; HMS film with 15—
20 um grain size is shown as a result of manganese
deposition on the silicon single crystal substrate in an
evacuated quartz ampoule at 1040°C [12]. The Mn,Si,
HMS phase possesses optimal thermoelectric charac-
teristics among all manganese silicides and is suitable
for the development of medium-temperature thermo-
electric generators [13]. However, initial stages of
HMS film growth and atomic structure analysis of the
film/substrate interface have not been sufficiently
studied yet.

In this work we have studied the structure of
microcrystalline HMS films formed in the process of
the interaction of silicon single crystal substrate with
manganese vapors by scanning and transmission elec-
tron microscopy techniques. High-resolution trans-
mission electron microscopy allowed to obtain the
local information of the film chemical and phase com-
position and HMS film/substrate interfaces structure.
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MATERIALS AND METHODS
HMS Films Growth Procedure

Thin HMS films were grown by deposition of
twice-sublimated Mn (the grain sizes were no larger
than 50 um) in gas phase onto p-type Si(111) single
crystal substrate (resistivity p = 10 Ohmcm) at
1040°C temperature in a sealed quartz ampoule evac-
uated to 10~* Torr pressure. The Si substrates were pre-
liminarily cleaned from the natural oxide by etching in
a solution of HNO; : HF = 1 : 4 and rinsed in deion-
ized water. The ampoules were placed into a heated to
1040°C furnace, which was chosen on the basis of the
results of [12]. Manganese is a sublimating metal, i.e.,
it evaporates from a solid state at the abovementioned
temperature and its vapor equilibrium pressure
amounts to 10~2 Torr. The growth process duration
was varied from 20 to 40 min, after that ampoules were
cooled to the room temperature.

Characterization of HMS Film Structure

The morphology, microstructure, and chemical
composition of the samples were studied by scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) on a Quanta 200 3D microscope
(FEI, The Netherlands) at 5—30 kV acceleration volt-
age in the secondary and backscattered electron
modes. Transmission electron microscopy (TEM),
electron diffraction (ED), high-resolution transmis-
sion electron microscopy (HRTEM) and high-resolu-
tion scanning transmission electron microscopy
(HRSTEM) were used for chemical and phase com-
position analysis at a nanoscale. The study was done in
TITAN 80-300 TEM/STEM microscope (FEI, The
Netherlands) at 300 kV acceleration voltage. The
images at STEM mode were recorded by a high-angle
annular dark-field (HAADF) detector (Fishione,
USA). The use of a probe spherical aberration correc-
tor (CEOS, Germany) allows to obtain the HRSTEM
images with a resolution up to 0.08 nm. A chemical
analysis was carried out using an energy-dispersive
X-ray spectrometer (EDAX, USA) and an ES
Vision/TIA software (FEI, The Netherlands).

In order to the HMS films cross sections structure
study by SEM the samples were cutted on a Leica TIC
by three Ar" ion beams at 1—5 kV acceleration voltage
through a protective mask. The thin samples for TEM
studies were prepared by a focused ion beam (FIB)
technique in a dualbeam (FIB/SEM) scanning elec-
tron microscope HELIOS NanoLab 600 (FEI, The
Netherlands) at 5—30 kV acceleration voltage. In order
to remove the disturbed amorphous layer the samples
were additionally thinned at 2 kV acceleration voltage.

The structure of the film and substrate at a
nanoscale was analyzed using the fast Fourier trans-
formation (FFT) of the local regions of HRTEM
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images. The measured interplanar distances and the
angles between the crystallographic directions were
compared with the known data for the manganese sil-
icides phases [3—6]. The electron diffraction patterns
and calculated HRTEM images were simulated for the
known structural data of manganese silicide using
JEMS-Java Electron Microscopy Software [14] in
according to the optical parameters of the transmis-
sion electron microscope.

RESULTS AND DISCUSSION
Morphology of the Films

SEM images of the sample surface at different
stages of HMS film nucleation and growth are shown
in Fig. 1. Small islands of manganese silicide with the
20—50 nm size (shown by the arrows in Figs. la
and 1b) are formed at the 1040°C temperature as a
result of manganese and silicon interaction. Such
islands merge into larger ones (up to 1 um in size),
rounded shape with a crystalline facets associated with
asingle crystal structure. Stepped “craters” in the sub-
strate between large islands are observed (Fig. 2).
Small non-faceted islands located mainly at the base
of the large ones are also observed on the substrate.
When the time of manganese deposition increases, the
complete fusion of the islands and the formation of a
continuous HMS film takes place (Fig. 1¢). The elec-
tron microscopy images of the HMS film surface
obtained at different growth stages indicate that the
formation of the islands occurs according to the Vol-
mer—Weber growth mode [15].

The initial stages of HMS film growth as a result of
manganese deposition on the silicon single crystal
substrate were not considered earlier. The data allow
us to propose the following scheme of film formation.
Manganese atoms deposited from the vapor—gas
phase onto the substrate interact with silicon atoms
and form nuclei and small islands of manganese sili-
cide (Fig. 3a). Further, small islands grow due to the
migration of the molecules along the substrate and
form larger islands (Fig. 3b). Stepped craters arise in
certain substrate regions as a result of the diffusive
mass transport of silicon and Mn,Si; molecules to the
islands that are forming (Figs. 2, 3c). Continuous film
formed as a result of island growth and fusion
(Fig. 1c). The observed the HMS films initials growth
stages and proposed scheme of film formation are in
good agreement with the data of [16].

Structure of the Samples

According to the EDS microanalysis, the film
composition at all growth stages was homogeneous
and corresponded to the MnSi, ;. The structure of
HMS islands was studied by TEM. Figure 4 shows the
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Fig. 1. Electron microscopy images of the surface at differ-
ent stages of HMS-film formation: formation of nuclei and
small islands of manganese silicide (shown by arrows) and
their coalescence (a), fusion and aggregation of the
islands (b), and solid film (c).

Fig. 2. Magnified image of the sample surface; single fac-
eted islands and their aggregates are seen. Stepped “cra-
ters” are formed as a result of the surface diffusion of Si
atoms and Mn,Si; molecules.

images of thin cross sections of HMS islands. Round
islands up to 1 um in diameter have an elliptical shape
with an aspect ratio of ~0.5. The islands are immersed
in the substrate to a depth of ~200 nm. The analysis of
a TEM images of the cross sections has shown that the
HMS islands possess a single crystal structure. The
height of a single islands and small islands aggregates
is practically the same and reach to ~500 nm. Such
island height is probably preferable for this growth
method. The craters depth between the islands formed
during film deposition is up to 200 nm.

The phase and chemical analysis of HMS islands
thin cross sections confirmed the absence of the inclu-
sions of other phases in particular manganese mono-
silicide MnSi. The MnSi phase is often observed both
in bulk HMS crystals and in sintered polycrystalline
samples [8, 17]. Manganese monosilicide was found
early as rounded inclusions in HMS islands and in thin
films prepared by Mn deposition on silicon substrate
in a quartz reactor under continuous evacuation [18].
The absence of MnSi precipitates in the studied films
indicates that the chosen growth mode is optimal and
can be recommended for practical applications.

The analysis of a series of electron diffraction pat-
terns from the HMS grains and a comparison of inter-
planar distances and angles between the reciprocal lat-
tice vectors with the data for the known HMS phases
have shown that our films possess a tetragonal struc-

ture (P4c2 space group) with the unit cell parameters

a =0.552 nm and ¢ = 1.751 nm, which is in agreement
with the results of [3].
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Fig. 3. Schematic representation of the process of manganese silicide film formation on silicon: the first stage is the formation of

nuclei and small islands of manganese silicide (a), the second stage is the growth of the islands and their coalescence (b), and the
third stage is the fusion of the islands with each other and formation of a solid film (c).
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Fig. 4. TEM images of the cross sections of HMS grains on a silicon substrate.
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Fig. 5. Electron diffraction pattern from the HMS film/Si substrate (a) and corresponding calculated electron diffraction
pattern (b).
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Fig. 6. HRTEM image of the HMS film/Si substrate interface (on the left). Diffractograms obtained by the Fast Fourier Trans-
formation of the selected regions in HRTEM images: HMS film, interface, and silicon substrate (on the right). Inserts A1 and A2
are the simulated HRTEM images when Mn,Si; [443] and Si [101] directions are parallel to the incident electron beam. Insert

A3 is the filtered HRTEM image according to the Si(111) and Mn,Si;(110) reflexes revealing a network of misfit dislocations at

the interface.

Film/Substrate Interface

Structure of film/substrate interfaces plays the key
role in the processes of thermal and electric transport
in films of thermoelectric materials. Phonon scater-
ing, carriers and thermal transport depends on the
interface structure type (coherent, semicoherent, or
non-coherent). All these processes essentially affect
the thermoelectric properties of the crystal. The struc-
ture of the HMS film/substrate interfaces was studied
by electron diffraction and HRSTEM techniques.
Figure 5a shows the electron diffraction pattern from
the HMS film/Si substrate interface. An analysis of
the electron diffraction data has shown that Si[101]
and Mn,Si,[443] directions are parallel to the incident
beam. The film/substrate interface is parallel to the
Si(111) plane and forms an angle of ~4° with the
Mn,Si,;(124) plane. Thus, it is possible to define the
following approximate orientation relationship:
(124)[443]Mn,Si, || (111)[101]Si. Its refinement was
carried out by superposing stereographic projec-
tions of Mn,Si, and Si crystals under parallel direc-

NANOTECHNOLOGIES IN RUSSIA Vol 11

tions [443]Mn,Si, || [101]Si and planes (124)Mn,Si, ||

(111)Si. Close location of these directions and planes
at superposing stereographic projections confirms the
right electron diffraction analysis (Fig. 5b).

The HMS and silicon interplanar distances misfit
could be estimated in according to electron diffraction
data. The Mn,Si,(2 2 15) plane is almost perpendicu-
lar to the Mn,Si;[443] direction, while the Si(101)
plane and Si[101] direction are normal. The value of
interplanar distances misfit can be derived by equation
€ = (dun,si, — dsi)/((dwin,si, + dsi)/2) % 100%. Taking
into account that d(2 2 IS)Mn4Si7 = 0.101 nm and
d(101)g; = 0.384 nm we have € = 5%.

The HRTEM image of the interface is shown in
Fig. 6. A local geometric analysis of the near-interface
regions structure was carried out by the fast Fourier
transformation. The interface is semicoherent with a
network of misfit dislocations. The indexed diffracto-
grams are shown in the Inserts in Fig. 6. Refinement of
the phase, sample orientation with respect to the inci-
dent electron beam and crystal thickness estimation

Nos. 9—-10 2016



ELECTRON MICROSCOPY CHARACTERIZATION 615

[443] Mn,Si,

[101] Si

Fig. 7. HRSTEM image of the interface with a contrast proportional to the atomic number of the substance. Insert Al is the cal-
culated HRSTEM image in accordance with the atomic model of the interface.
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Fig. 8. Atomic model of the HMS/Si substrate interface. The arrows indicate the corresponding directions in Mn,4Si; and Si crys-

tals. The projections in (a) and (b) are turned with respect to each other by 90°.

were carried out by HRTEM images simulation. The = Mn,Si; phase and Si substrate. A good agreement
series of HRTEM images were calculated asa function  between the calculated and experimental data was
of the sample thickness and the defocus value for the obtained at 18.34 nm crystal thickness and 30 nm
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defocus for Mn,Si; For silicon substrate at 21.57 nm
crystal thickness and 30 nm defocus value (Inserts Al

and A2 in Fig. 6). On a filtered at Si(111) and

Mn,Si,(110) reflexes HRTEM image a network of
misfit dislocations formed due to different interplanar
distances at the interface is revealed (Insert A3 in Fig. 6).

By applying HRSTEM technique we have obtained
an image of atomic columns with a contrast propor-
tional to the atomic number of the element (so-called
Z-contrast). The region of HMS film and substrate
contact is shown in Fig. 7. The silicon atomic number
Zs;is 16 and for manganese Z,;,, is 25. Thus a light con-
trast in the upper part of the image corresponds to the
manganese atomic columns. The film/substrate inter-

face is parallel to the Si(111) plane and is at an angle

of ~4° to the Mn,Si,(124) plane. A sharp different of
image contrast at interface is indicates the intermedi-
ate layer absence.

A three-dimensional atomic model of the interface
structure was built in correspondence of the defined
orientation relationships and HRSTEM images
(Fig. 8). The HRSTEM image simulation was calcu-
lated for proposed model of the interface (Insert Al in
Fig. 7). A good agreement between the calculated and
experimental images proves the correctness of the pro-
posed model of the interface.

CONCLUSIONS

In this paper the morphology and structure of
HMS films on silicon is analyzed. As a result of man-
ganese deposition onto silicon substrate at 1040°C the

HMS films with Mn,Si, tetragonal structure (P4c2
space group, a = 0.552 nm, and ¢ = 1.751 nm) are
formed. An analysis of different stages of film forma-
tion allowed us to propose a scheme of HMS film for-
mation on silicon. By electron diffraction, HRTEM,
and HRSTEM the structure of the film/substrate
interface is studied. It was shown that the interface is
semicoherent with a network of misfit dislocations.
The absence of intermediate layer at HMS film/Si
substrate interface is shown by HRSTEM technique.
On the basis of the experimental data a three-dimen-
sional atomic model of the interface structure is pro-
posed. Simulated high resolution transmission elec-
tron microscopy images are in good agreement with
the experimental data, that prove the correctness of
the proposed interface model.
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