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The Bi,Se; thin films with thicknesses d = 7-420 nm were grown by thermal evapora-
tion in vacuum of stoichiometric n-Bi,Se; crystals onto heated glass substrates under
optimal technological conditions determined by the authors. The growth mechanism, mi-
crostructure, and crystal structure of the prepared thin films were studied using X-ray
diffraction, scanning electron microscopy, energy-dispersive X-ray spectroscopy, X-ray
photoelectron spectroscopy, and atomic force microscopy. It was established that the
prepared thin films were polycrystalline, with composition close to the stoichiometric one,
did not contain any phases apart from Bi,Se;, were of a high structural quality, and the
preferential growth direction [001] corresponded to the direction of a trigonal axis Cg in
a hexagonal lattice. The films, like the initial crystal, exhibited n-type conductivity. It
was shown that with increasing film thickness, the grain size and the film roughness
remain practically the same at thicknesses d < 100 nm, and after that increase, reaching
their saturation values at d ~ 300 nm. It follows from the results obtained in this work
that using the method of thermal evaporation in vacuum from a single source, one can
prepare thin n-Bi,Se; films of a sufficiently high structural quality with a composition
close to the stoichiometric one and the preferential growth orientation.

Keywords: bismuth selenide, thermal evaporation, glass substrates, thin films, thickness,
crystal structure, crystal morphology, grain size, roughness, preferential orientation.

Touxwe nmenku Bi,Se; ¢ Tormuuamu d = 7-420 HM BEIpPaIl[eHBl METOAOM TEDPMHYECKOTO
HCIIAPEHHSA B BAKYyyMe KPHCTAJJIOB crexumoMerpuueckoro n-Bi,Se; Ha Harpersie crekiIAHHEBIE
nmonokKu. MccaemoBaHbl MEXaHHUSM POCTA, MUKPOCTPYKTYPA M KPUCTAJIINUECKAS CTPYKTY-
pa IPUTOTOBJEHHBIX ILIEHOK METOZAMU PEHTIeHOBCKON Iu(pakTOMeTPUU, CKAHUPYOIIleil
JIIEKTPOHHON MHKPOCKOINUY, PHEProAMCIIEPCHOHHON PEHTIEeHOBCKON CIEKTPOCKOIHNH, (HhoTos-
JeKTPOHHOII PEHTIreHOBCKOM CHEKTPOCKOINHN M ATOMHON CHJIOBOM MUKPOCKOIIMU. ¥ CTAHOBJIE-

HO, UTO IPUTOTOBJIEHHBIE TOHKWE ILIEHKH — IOJUKPHUCTALIUYECCKHE, NMEIOT COCTAB, OJI3-
Kuil K cTeXMOMeTPHYECKOMy, He cojep:ar Apyrux ¢as, kpome Bi,Se;, BBICOKOro cTpyKTYyD-
HOTO KauecTBa, IIPEMMYIeCTBeHHOEe HalpasBieHue pocra — mampasieraue [001]

COOTBETCTBYeT HAIPABICHWIO TPUTrOHAMBHOW ocu Cg B reKcaroHanbpHOIl pemrerke. Iliemkw,
KaK ¥4 HCXOAHBIM KPHUCTAJNJ, MMEIT N-TUI IpoBoguMocTu. IloKasaHo, UTO ¢ yBeJIUYEHUEM
TOJIIUHLI IIJIEHKN pasMep 3ePHA W LIEPOXOBATOCTH OCTAITCH [IOCTOAHHBIMU I[IPKA TOJNIIAHAX
d <100 uM, a sarem BospacraioT, gocturad HacelimeHus npu d ~ 300 am. M3 moayueHHBIX
Pe3yJabBTATOB CIELYeT, UTO, UCIONb3YSA METOJ TePMHUUYECKOr0o MCIIAPEHUs B BAKyyMe U3 OJHOTO
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NCTOYHHUKAa, MOMHO IIPUTOTOBUTL TOHKHWE n—BiZSe3 IIJIEHKN AO0CTATOYHO BBICOKOTO CTPYKTYP-
HOT'O EKavecTBa C COCTaBOM, OIUBKUM K CTEXNOMETPUYECKOMY, W C IIPpeuMMYyIIeCTBEHHBIM
HaIllpaBJIeHEeM pOocCTa.

CTpykTypa TOHKHX ILTIBOK CeJIeHIy BicMYTy, Ofep:KaHUX TEPMIiYHUM BUNAPOBYBAHHAM
y Bakyymi. O.I.Pozauosa, O.I''®edopos, C.I.Kpueonozos, II.B.Mameiiwenro, M.B.JJobpo-
meopcvka, O.C.I'ap6y3, O.M.Hawexina, O.10.Cunamos.

Toukri maiBku 3 ToBmmHaMu d = 7—420 HM BUPOIEHI MeTOAOM TEePMIiUHOTO BUMNAPOBY-
BaHHA y BaKyymi Kpucramnis crexiomerpumunoro n-Bi,Se; ma marpiri cknsami nigknagkn mpu
ONITUMAJbHUX TEeXHOJOTiuHMX ymoBax. [ochijsKeHO MexaHi3M pocTy, MIKPOCTPYKTYpy Ta
KPUCTAIIYHY CTPYKTYPY BUIOTOBJEHMX ILIiBOK 3 BHUKOPHCTAHHSIM METOAIB PEHTreHiBChKOIL
mudpakromeTpii, cCKaHyOUYO0l eJeKTPOHHOI MiKpocKoIrii, eHeproguciepcilinol peHTreHiBCbKOIL
CIIEKTPOCKOIIil, (DOTOEJIEKTPOHHOI PEHTreHiBCbKOI cHeKTpPOoCcKOomii Ta aTroMHOI CcMI0BOI MiKpoO-
ckoirii. BeranoBieno, 110 BUIOTOBJEHI TOHKI ILIIBKK € HOJNIKpHCTAJIIUHMMN, MalOTh CKJA,
GIUBBKUII O CTEeXiOMeTPHYHOIO, He Ofep:KyIoTh immux ¢as, oxpim Bi,Se;, Bucokroi crpyx-
TYpPHOI AKOCTi, IIepeBaKHHU HANPAMOK pocry — Hampamox [001] sBigmoeimae mHampaMKy
TpuroHaiapHOi oci Cg y rexcaronanemiii pemrirmi. ILlmiskwm, ax i suxigmmit KpucTay, MamTh
n-tun nposigzmocti. Ilokasamo, 1m0 3i 30iabIIeHHAM TOBIIMHU ILIIBKKM pPO3Mip B3epHa i
MIOPCTKIiCTh 3aauInaThbed HocTiiHuMu mnpu ToBuiuHI d < 100 HM, moriM 3pocTarmThb, AOCH-
rapoun HacuuyeHHda npu d ~ 300 mmM. 3 oTpMMaHUX PEe3yJbTATIB BUILJIMBAE, IO, BHUKOPUCTO-
BYIOUM METOJ TepMiUHOro BMIIADOBYBAHHSA y BaKyyMi 8 OJHOIO AKepesa, MOMKHA IIPUTOTYBA-
T ToHKi N-Bi,Se; miiBKm gocuTh BHCOKOI cTPYKTYpHOI sAKoOCTi 3i cKiazoMm, OAMSBKUM [0

CTEXIOMETPUUHOTO, i 3 TepeBaKHUM HATIPAMKOM POCTY.

1. Introduction

The V,VI; semiconductors BiyTe;, BirSes,
Sb,Tes; and solid solutions formed between
these compounds belong to the best low-tem-
perature thermoelectric materials most
widely used in manufacturing of wvarious
cooling devices [1-3]. The growing interest
in the low-dimensional nanostructures based
on these compounds [4, 5] stimulates detail
studies of the properties of these materials
in the thin-film state. In recent years, the
interest in studying the V,VI; crystals and
thin films has further increased after it was
established by angle-resoclved photoemission
spectroscopy that Bi;Tes, Bi,Se; and Sb,Te;
exhibit properties of 3D-topological insula-
tors, which represent dielectrics with a
gapless metallic surface layer with a Dirac
dispersion law [6, 7]. The fact that in thin
films, the relative contribution of the sur-
face layer to the total conductivity is larger
than in bulk crystals, facilitates the obser-
vation of special properties of topological
objects and thus further stimulates studies
of the V,VI; thin films. There have appeared
works pointing out the relation between
topological and thermoelectric properties
and the possibility of using principally new
ways of enhancing thermoelectric figure of
merit [8—10].

A necessary condition for studying the
specificity of the topological layer proper-
ties in thin films is a high structural qual-
ity of the films, which would make it possi-
ble to exclude the influence of defects of
different types veiling the manifestation of

Functional materials, 25, 3, 2018

topological nature of the surface layer. On
the other hand, it is well known that in thin
films with thicknesses comparable to the de
Broglie wavelength, quantum size effects
can take place [11, 12]. They can manifest
themsel ves, in particular, through an oscil-
latory character of the dependences of
transport characteristics on the thin film
thickness [12, 13], and investigation of
those dependences can provide additional in-
formation about the proper ties of the topo-
logical metallic layer [14]. Size quantization
of energy spectrum can be studied either in
monocrystalline films, or in polycrystalline
films with certain preferred orientation of
crystallites [12]. That is why before study-
ing the transport properties of polycrystal-
line thin films, it is necessary to determine
the direction of crystallite growth in these
films. In [15, 16], it was shown that using
the method of thermal evaporation in vac-
uum of p— and n-Bi,Te; crystals onto glass
substrates and selecting optimal technologi-
cal parameters [17, 18], one can prepare
polycrystalline thin p— and n-Bi,Tez films
with the crystal structure of sufficiently
high quality and preferred orientation of
crystallites. It is of interest to carry out
similar studies for Bi,Se; thin films.

It is known that the Bi,Se; compound
melts congruently at 978 K with an open
maximum, which is deviated from the
stoichiometric composition in the direction
of excess bismuth and is located at
40.0210.1 at. % Bi [2, 3]. Prevailing
charged defects in this compound are once
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and twice ionized vacancies of Se atoms,
and that is why at room temperature Bi,Se;
samples always exhibit n-type conductivity.
The Bi,Se; semiconductor compound crys-
tallizes in a rhombohedral structure (space
group R3m—ng), with 5 atoms per unit cell

[2, 3]. The structure is composed of five-
layer packets (quintets) —Se'-Bi—-Se2-Bi-Se!
(1 and 2 indexes denote different positions
of Se atoms in the crystal lattice), perpen-
dicular to the trigonal C3 axis. Bi,Se; has a
larger band gap than Bi,Te; [1, 2], which
expands possibilities for exploring the prop-
erties of a topological layer, since charge
carrier concentration in the interior of the
film is lower and, consequently, its contri-
bution to conductivity is smaller.

The Bi,Se; thin films can be prepared by
various methods. Among them are: thermal
evaporation in vacuum [19-27], molecular
beam epitaxy (MBE) [28-34], magnetron
sputtering [35], pulsed laser deposition
[36], chemical deposition [37—39], electrode-
position [40], the SILAR method [41], etc.
The Bi,Se; thin films can be grown on
amorphous substrates (glass, SiO, etc.) and
monocrystalline ones (Si (111), Al,O5, KBr,
CdS, SrTiOx(111), GaAs, InP, etc.).

The methods of thermal evaporation in
vacuum include the thermal evaporation
from a single source (Bi,Se; crystals) [21-
27] and thermal co-evaporation from two
sources (Bi and Se) [19, 20]. The films pre-
pared using those methods were reported to
be polycrystalline [19-27]. In [23, 24, 26,
27], it was established that under thermal
evaporation from a single source and depo-
sition onto a glass substrate at rocom tem-
perature, as-deposited films are amorphous
and can be transformed into crystalline ones
by annealing at a certain temperature [22];
hovewer, no information regarding the pref-
erential orientation of film growth for these
methods was provided. When other methods
of thin film preparation were used, films
were usually grown on monocrystalline sub-
strates, and to bring the films to an equilib-
rium state, they were either deposited onto
heated substrates or subjected to annealing
after deposition onto cold substrates. The
preferential orientation of growth usually
corresponded to the [001] direction. Using
the MBE method, the authors of [28] suc-
ceeded in growing Bi,Se; thin films of a
high structural quality with a high degree
of order along the trigonal axis not on
monocrystalline but on amorphous (SiO,)
substrates. The characterization of those
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films by angle resolved photoemission spec-
troscopy showed the existence of the surface
topological states in the studied films, de-
spite the absence of the in-plane rotational
order of domains. There arises a question
whether it is possible to grow preferentially
oriented Bi,Se; thin films of a high struc-
tural quality on amorphous substrates using
relatively simple and low-cost method of
thermal evaporation in vacuum. Encourag-
ing is the fact that, as was mentioned
above, the authors of [15, 16] succeeded in
obtaining high-quality Bi,Te; films using
thermal evaporation in vacuum from a sin-
gle source.

The goal of the present work is to inves-
tigate the possibility of growing preferen-
tially oriented thin Bi,Se; films of a high
quality structure, with reproducible compo-
sition and n-type of conductivity on amor-
phous glass substrates using the method of
thermal evaporation in vacuum from a sin-
gle source (Bi,Ses polycrystals).

As a result of the study, it was estab-
lished that using the method of thermal
evaporation in vacuum of stoichiometric
n-Bi,Sej crystals onto glass substrates and
selecting optimal technological parameters,
one can obtain high quality polycrystalline
thin Bi,Se; films with the preferential ori-
entation of crystallites along the trigonal
axis [001], with compositions close to the
stoichiometric one, exhibiting n—type con-
ductivity, like the initial crystal.

2. Experimental

To prepare thin n-Bi,Se; films, n-Bi,Se;
polycrystals of the stoichiometric composi-
tion were used as the initial material. The
Bi,Se; polycrystals were synthesized by di-
rect fusion of high purity (99.999 at.% of
the main component) Bi and Se in evacuated
quartz ampoules at the temperature
(1020+10) K for 5-6 h and subsequent an-
nealing at 670 K for 8300 h. Taking into
account the results of our earlier works, in
which we refined the method of growing
Bi;Te; films by thermal evaporation in vac-
uum from a single source [15—-18], as well
as the existing literature on growing thin
Bi,Se; films by different methods and, first
of all, by thermal evaporation in vacuum,
we selected optimal technological parame-
ters allowing us to prepare Bi,Se; thin
films of a high structural quality and pre-
ferred growth orientation. The films with
thicknesses d = 7-420 nm were grown by
thermal evaporation of a stoichiometric
n-Bi,Se; polycrystal in vacuum (~ 1075 Pa)

Functional materials, 25, 3, 2018
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from a tungst en boat in which 1-8 g of the
initial material was placed and subsequent
deposition onto flat glass substrates, well-
cleaned before deposition sequentially by
hydrochloric acid, distilled water and 95 %
alcohol, and heated to the temperature Tg =
500 K. The condensation rate was 0.1-
0.3 nm/s. When the condensation process is
finished, the samples were cooled to room
temperature and removed from the vacuum
chamber in air.

The thickness of the films were control-
led by a calibrated quartz resonator. The
crystal structure, phase composition, and
preferential growth direction of the films
were determined by XRD on the diffrac-
tometer DRON-2 using CuKo-radiation. The
chemical composition, degree of homogene-
ity, grain structure, and morphology of the
films were examined by electron probe mi-
croanalysis using a scanning microscope
SEM (JSM-6390LV (Jeol Ltd., Japan)
equipped with an Energy-Dispersive X-ray
spectrometer (EDS) X-max N 50. X-ray
spectra were recorded within a scan area of
0.01 mm?2 with a step of 1 mm at accelerat-
ing voltage 10 kV. The morphology of the
film surface, grain size, and roughness were
investigated using atomic force microscopy
(AFM) Solver Pro NT-MDT. The composi-
tion of the surface layer of the samples was
examined by X-ray photoelectron spectros-
copy (XPS) on a XPS-800 Kratos spectrome-
ter using AlK,-radiation and hemispheric
electrostatic analyzer. The photoelectrons
were excited by MgKa-radiation (hy=
1253.6 eV). The thickness of the analyzed
layer was 5 nm. The composition of the
sample surface was determined from the
line area ratios of Bi4f and Se3d, core-shells
taking into account sensitivity factors. The
conductivity type of the obtained thin films
was determined by the Hall coefficient Ry
and Seebeck coefficient S signs. S was
measured by a compensation method rela-
tive to copper electrodes in the direction
parallel to the film surface with an error
not exceeding 8 %, and Ry was measured
in a magnetic field of 1 T with an accuracy
of £5 % . All structural studies were carried
out on freshly prepared samples at room
temperature, which allowed us to exclude a
possible effect of the oxidation processes on
the crystal structure and morphology of the
samples.
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3. Results and discussion

In Fig. 1a, the diffraction pattern of n-Bi,Se;
polycrystal which was used as the initial
material for the thin film preparation is
presented. The polycrystal had a rhombohe-
dral structure and all lines in the diffrac-
tion pattern corresponded to the reference
values given in the ASTM standards [42]
for Bi,Se;. No additional phases were de-
tected. In Figs. 1,b—f, X-ray diffraction pat-
terns of the obtained thin films with differ-
ent thicknesses are shown. It is seen from
the diffraction patterns that the films have
a crystalline structure, all diffraction peaks
correspond to the Bi,Se; compound, and
there are no peaks from other phases. All
peaks are narrow, which indicates a high
crystal quality of the films. It is seen from
Figs. 2, b—d that for the films with thick-
nesses less than d ~ 100 nm, the intensities
of (0 0 3), (006), (0015), (00 18) and (0
0 21) peaks are more than twice as large as
those for bulk crystal, whereas peaks corre-
sponding to other crystallographic planes
almost completely disappear. The substan-
tial increase in the intensities of the peaks
corresponding to the above mentioned
planes in comparison with other peaks in
the diffraction pattern indicates the pres-
ence of the preferred direction of crystallite
growth — [001]. The authors of [43, 44],
who investigated the mechanism of growth
of thin Bi,Te; films on amorphous sub-
strates, attributed the formation of a tex-
ture in the direction [001] to a higher mo-
bility of atoms on amorphous substrates
than on crystalline ones. As a result, the
state of equilibrium corresponding to the
formation of a texture is reached more rap-
idly on amorphous substrates. Besides, from
the point of view of the authors of [43, 44],
one should also take into account the pecu-
liarities of the epitaxial growth of layer-like
structures with van der Waals bonding and
the absence of dangling bonds on the sub-
strate surface [45], because both these fac-
tors stimulate the alignment of layers with
van der Waals bonds along the film surface,
which results in the arrangement of crystal-
lites in the [001] direction [43, 44]. A pro-
nounced anisotropy of the growth rate leads
to more rapid in-plane growth of crystal-
lites, which proves to be 5 to 10 times as
intensive as the growth in the direction per-
pendicular the film surface. In the diffrac-
tion patterns for the films with thicknesses
greater than d ~ 100 nm (Fig. 1,e,f), to-
gether with (0 0 1) lines, weak peaks from
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Fig. 1. X-ray diffraction patterns for the initial bulk bismuth selenide polycrystal (a) and for the
thin films of the different thicknesses d prepared from this polyerystal: d = 20 nm (b), 40 nm (c),

60 nm (d), 140 nm (e), 210 nm (f).

crystallographic planes other than (0 0 1):
(015),(1010), (01 11), (1 016) and (1
1 15) appear. This indicates a slight crystal-
lite disorientation and probably results from
an increase in the dislocation density and
accumulation of stress. Nevertheless, the
intensities of the (0 0 1) peaks for all films
almost do not change, which indicates the
absence of any substantial disorientation in
the texture direction. The fact that the dif-
fraction patterns for the films with thick-
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nesses greater than d ~ 100 nm (Fig. 1, e,f)
are practically identical shows that the film
thickness does not have any significant ef-
fect of on texture.

In Fig. 2, the results of the studies of
the film surface using the AFM method are
presented. The profilograms of the film sur-
faces for the films of various thicknesses
are shown. As can be seen, the films consist
of individual grains, mainly of a hexagonal
shape, indicating their orientation in the

Functional materials, 25, 3, 2018
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Fig. 2. Profilograms of the surface of the Bi,Se; thin films with thicknesses: d = 7 nm, 1x1 pm (a);
d =25 nm, 1x1 pm (b); d = 180 nm, 1x1 pm (c); d = 265 nm, 1x1 pm (d).

[001] direction, perpendicular to the film
surface. The results of the AFM studies are
in good agreement with the results of X-ray
diffraction analysis (Fig. 2). They show that
there are no inclusions of the extraneous
phases. The average grain size increases
with increasing film thickness.

Studies of thin films using the SEM
method (Fig. 3) confirmed that the films are
polycerystalline and they contain no inclu-
sions of a second phase. The average grain
size grows as the film thickness increases,
which is consistent with the AFM results.
The photo in Fig. 3 shows the morphology
of the film and a fresh cleavage in the sec-
ondary electron regime with the sample
tilted at 70-80 degrees. The energy-disper-
sive X-ray spectroscopy study, both in the
surface scanning and in the point to point
probing modes, demonstrated that all films
were characterized by a sufficiently high
degree of uniformity. The compositions of
the initial polycrystal and the grown films
were close (within the range of error of the
energy-dispersive X-ray spectroscopy
method): the ratio of the atomic concentra-
tions of Bi and Se for the initial
stoichiometric n-Bi,Se; crystal is Bi/Se =
0.6667 and for the film with d = 290 nm it
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was is Bi/Se = 0.6686+0.05. According to
the XPS results, the ratio of the atomic
concentrations of Bi and Se at the film sur-
face was Bi/Se = 0.740.1. In the freshly pre-
pared films, whose structure was investi-
gated, Bi and Se oxides were practically ab-
sent, however after the films were exposed
to air for two years, XPS studies showed
that although the ratio of the atomic con-
centrations of Bi and Se remained the same
(Bi/Se = 0.7£0.1), the surface layer con-
tained Se oxides (Bi oxides were absent).
The similarity of the compositions of the
grown films and the initial n-Bi,Se; crystal
was additionally confirmed by the closeness
of the values of the Seebeck coefficient S
for the crystal and "thick” films. The value
of S for the bulk crystal was compared with
that for the films of large thicknesses in
order to exclude the possible classical size
effect associated with a change in the rela-
tive contribution of surface states to con-
ductivity under changing film thickness.

In Fig. 4, the dependences of the crystal-
lite size D and the root mean square rough-
ness of the film surface A, determined in
the AFM (D,h), SEM (D), and XRD (%) stud-
ies, on the film thickness, are presented. As
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Fig. 8. SEM surface (a,b) and cross-section (c,d) images of the Bi,Se; thin films with thicknesses
d =43 nm (a), d = 174 nm (b), d = 287 nm (¢,d — tilt angle 70°).

is seen, up to d ~ 100 nm the grain size and
roughness practically do mnot change,
amounting to D~ 75 nm and Ak ~ 2.5 nm,
but with further increase in the film thick-
ness to d ~ 300 nm, the values of D and A
increase sharply, reaching D ~ 270 nm and
h ~ 10 nm, and after that, under further in-
crease in d, D and A remain practically con-
stant. The values of the crystallite size D
estimated by the SEM and the AFM meth-
ods are almost the same.

Likewise, the estimates of roughness z by
the AFM and the XRD methods are very close.

The increase in D with increasing thick-
ness of films deposited onto heated sub-
strates is connected to all appearances with
the recrystallization processes, i.e. the
growth of some grains (crystallites) at the
expense of others, taking place in the film
during condensation. As result of recrystal-
lization, a change to a new more thermody-
namically stable state occurs due to the re-
duction in the total area of grain bounda-
ries. Since from a thermodynamic point of
view a spontaneocus growth of grains in a
homogeneous polycrystalline material is
caused by a decrease in the total energy of
the system in the process of recrystalliza-
tion, when the size of larger grains grows
due to the disappearance of some fine
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Fig. 4. Grain size D and roughness h as func-
tions of the thin n-Bi,Se,; film thickness d.

grains. Other things being equal, a fine-
grained structure has excess energy as com-
pared with a large—grained one. The recrys-
tallization temperature Tp, i.e. the tempera-
ture at which the recrystallization processes
start, depends on a large number of factors
but in materials science it is often esti-
mated as Tp~ 0.4 Tp;, where Tj; is the
melting temperature, although such esti-
mate is very rough and used mainly for
metallic alloys [46] Using this approach we

Functional materials, 25, 3, 2018
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get the recrystallization temperature Ty for
Bi;Te; ~ 400 K (the melting temperature for
Bi,Te; is Ty, = 978.2 K), and it seems that
the substrate temperature Tg is sufficient
for the recrystallization processes to occur.
However, it should be taken into account
that temperature is not the only factor de-
termining the size of grains during recrys-
tallization. Another factor is the duration of
heating. In our case, the substrate tempera-
ture T'g remain constant, but with increasing
film thickness, the time the film stays on the
heated substrate, i.e. the duration of heating,
increases. It follows from Fig. 4 that at thick-
nesses smaller than ~ 100 nm, an increase in
d does not lead to a growth in the grain
size, i.e. the recrystallization processes do
not start yet, although the substrate tempe-
rature Tg= 500 K is higher than the re-
crystallization temperature Tp. Obviously,
the exposure time at Tg, necessary to obtain
films up to ~100 nm thick, is not sufficient
for complete diffusion and growth of some
crystalline grains of polycrystals at the ex-
pense of others, thus the grain size remains
practically unchanged.

It also follows from Fig. 4 that at a cer-
tain film thickness (~ 100 nm), which corre-
sponds to a definite duration of heating at
Tg, the rate of recrystallization, i.e. the
rate with which the system reaches a ther-
modynamic equilibrium, starts to increase
dramatically (in a sense, it can be consid-
ered a non-equilibrium phase transition),
and the grain size starts to grow quickly.
The subsequent constancy of the grain size
at thicknesses 300-400 nm may indicate
either a transition of the system into a sta-
ble equilibrium state, or a transition into an
intermediate equilibrium state, after which
the system may achieve a higher level of
order under further increase in the film
thickness, which plays the role of the criti-
cal parameter. A growing film is an exam-
ple of a dissipative system, which is charac-
terized by a constant energy inflow (under
the heating of the substrate).

The observed increase in the roughness
of films (Fig. 4) after increasing their d
greater than d ~ 100 nm can be attributed
to the appearance of a slight disorientation
of the crystallites, which in turn is due to
an increase in the density of dislociations
and the accumulation of stresses in the film
(see above).

It is known that in the process of alloy
recrystallization, not only the size of grains
but also the crystallographic orientation of
crystallites can change. In the case of thin
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films it means that at a fixed substrate
temperature at a certain d, a change in the
preferential orientation becomes thermody-
namically beneficial. We observed the
change in the preferential growth direction
from [001] to [015] under increasing d in
n-Bi,Tes thin films [16]. It can be assumed
that a similar phenomenon can be observed
under a change in other parameter impor-
tant for recrystallization — temperature.
For example, in [47], the authors registered
a change in the preferential orientation of
crystallites under changing substrate tem-
perature.

4. Conclusions

The thin n-Bi,Te; films with thicknesses
d="7-420 nm were grown by thermal
evaporation in vacuum of stoichiometric
n-Bi,Te; crystals onto glass substrates
heated to the temperature T'g = 500 K. The
crystal structure and microstructure of the
freshly prepared films were characterized
using the X-ray diffraction, energy-disper-
sive X-ray spectroscopy, scan electron mi-
croscopy, and atomic force microscopy
methods.

It was established that the composition
of the prepared films corresponded rather
well to the initial material composition, and
the films did not contain any phases apart
from the Bi,Se; phase. All Bi,Se; films
were polycrystalline with a preferential ori-
entation along the [00l] direction, corre-
sponding to the direction of a trigonal axis
C3 in the Bi,Se; crystal. The films exhibited
n-type conductivity, like the initial Bi,Sej
crystal.

It was shown that as the film thickness
increases up to d ~ 100 nm, the grain size D
and film roughness A remain practically the
same, being equal to D= 755 nm and
h = 2.5+0.5 nm. In the thickness range
from ~ 100 to ~ 250 nm, D and % increase,
however under further increase in d, the
grain size and roughness practically cease
to change.

The results obtained in this work show
that using relatively simple and inexpensive
method of thermal evaporation of bismuth
selenide in wvacuum and selecting optimal
technological parameters, one can prepare
thin n-Bi,Tey films of a sufficiently good
quality.
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