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The growth mechanism, crystal structure, and morphology of thin films with thick-
nesses d = 16—207 nm prepared by thermal evaporation in vacuum of p—Biy(TeygSeq);
polycrystal on glass substrates were studied using X-ray diffractometry and atomic force
microscopy. The obtained polyerystalline thin films were single-phase and homogeneous,
had a tetradymite-type structure and a unit cell parameter very close to that of
Biy(Teg gSe€q 4)3 polycrystal but, unlike the initial polycrystal, exhibited n-type conductiv-
ity. With increasing d, the grain size and roughness of the thin films increased. It was
found that the predominant direction of the crystallite growth was [0 O I], but at d larger
than ~ 130 nm, along with the reflections from the (0 O I) planes, weak reflections from
other planes appeared, indicating a certain disorientation of crystallites. An increase in d led
to a monotonic increase in the Seebeck coefficient, which indicated the presence of the classical
size effect. The obtained data have shown that using a low-cost method of thermal evaporation
in vacuum from a single source, one can grow thin Biy(Tey Seq 1); films with partial Te — Se
substitution in Bi,Te,; of a sufficiently high quality with preferential orientation [0 O I].

Keywords: Biy(TeggSeq )3 polycrystal, thermal evaporation, thin film, thickness, phase
composition, crystal structure, microstructure, growth direction, Seebeck coefficient.

Mexanizm pocTy, CTPYKTypa Ta TEPMOEJEKTPHUYHI BJIACTHBOCTI TEPMiYHO BHIIAPEHUX
Biy(Tey ¢Sep 4); TomKMX mumisok. O..Pozauosa, C.I.Epueonozos, O.I'®Pedopos, A.KO.Cunamos,
A.H Jlopouwenro, O.M.Haworina, K.B.Hosax

MeTomamu peHTreHiBCchKOI AudparTOMeTpil Ta aToMHO-cuIOBOI Mikpockomil 6ysno mo-
CIiKEeHO MEeXaHIZM POCTy, KPUCTANIUHY CTPYKTYPY Ta MOP(dOJIOTii0 TOHKMX IJIiBOK TOBIITU-
How d = 16-207 HM, OTPpUMAHUX TEPMIUHUM BUIAPOBYBAHHAM y BaKyyMi mosixpucraina
p-Biy)(TeyoSeq 1); BHa crnsEux migknagxax. Orpumani momixpucramiuei Tomki muiskm Gymm
opHodaASHUMI Ta ONHOPIAHWUMU, MaiIN CTPYKTYPy TUIY TeTPaguMiTy Ta mapaMeTp eJeMeH-
TapHOI KOMipkW, AKMil mpakTuuHO 36iraBcsa 3 mapamerpom mnomikpucrana Biy(TegoSeq 1)s,
ane, Ha BigMiHy Bij BuXigHoro momikpucrana, MaB n-TUm mpoBigHocTi. 3i 36igbimenHHaM d
361MbIITyBaNca PO3Mipy 3epeH i IMIopcTKicTh TOHKUX NMIiBoK. BeranoBieHo, 110 IepeBasKHUM
HanpaMKoM pocty Kpucraiirie € [0 O I], ame s8i s6inbmwennam d Buie d ~ 130 umM mopsap 3
Bigburramu Bix naomwmu (0 0 !) siaBngrorbea cnabki BigbuTTA Bix IHmMIUX NOIOIMMH, IO
BKasye Ha IeBHY [esopieHTraniio xpucrainitiB. 36inblneHHs d OPU3BOAWIO SO MOHOTOHHOI'O
36inmpmienua Koedinienra 3eebexa, [0 BKa3yBaJo Ha HAABHICTH KJIACUYHOI'O PO3MipHOroO
edbexry. OTprmMani gaHi mokasaay, IO 3a JOIOMOI'OK HEJIOPOroro MeTOAY TePMIiYHOIro BUIIA-
POBYBaHHS ¥ BaKyyMi 3 OJHOTO [sKepesa MO:KHa BHpoImyBaTu ToHKI muiskm Biy(TepgSeq ();
3 YACTKOBUM 3aMimenmam le — Se y Bi,Te; mocrarnbo BucOkoi sikocTi 3 mepeBasxHOO
opienramniero [ 0 O I].
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1. Introduction

The semiconductor compound Bi,Te; and
Bi»(Te,_,Se,)3 solid solutions are among the
best low-temperature thermoelectric (TE)
materials for cooling devices [1, 2], and this
fact determines the growing interest in the
study of low-dimensional structures based on
them. In recent years, interest in the study of
thin films of these materials has additionally
increased after it was found that they have the
properties of 3D-topological insulators [3, 4],
in which the electrons of the surface layer
obey the Dirac dispersion law and are not
scattered by defects.

Bi,Te; crystallizes in a rhombohedral
structure (space group R3m-D3; ) [1, 2].
However, it is more common to describe its
structure using a hexagonal unit cell rather
than a rhombohedral one. The Bi,Te; struc-
ture is formed by five-layer packets (quin-
tets) —Te'-Bi-Te2-Bi-Te'! (indices 1 and 2
denote different positions of Te atoms in
the crystal lattice), perpendicular to the
symmetry axis of the third order (a trigonal
axis Cz in a hexagonal lattice). Within each
layer, identical atoms are packed into a hex-
agonal planar lattice, forming a dense hex-
agonal packing with the atoms of the under-
lying layers. The chemical bond within the
quintets is predominantly covalent-ionic,
while between the quintets, weak van der
Waals forces act. This accounts for a sig-
nificant anisotropy of the physical proper-
ties of Bi,Te; single crystals and their low
mechanical strength.

The stoichiometric Bi;Tez exhibits p-type
conductivity and the predominant defects
are BiTe antisite defects. Bi,Se;, on the con-
trary, has an electronic type of conductivity
and the prevalent defects are anion vacan-
cies. The studies of the Biy(Te,;_,Se,)F255
system have shown that when Se replaces Te
in the anionic sublattice, Bi,Tes-based solid
solutions are formed only up to x ~ 0.15-
0.3 (the boundary composition varies across
different authors), after that a second phase
appears [5], and the conductivity sign
changes to negative near the indicated com-
positions [6].

Bi,Te; thin films can be obtained by vari-
ous methods: thermal evaporation in vac-
uum from one source [7—14], thermal coeva-
poration from two sources [15—-18], hot wall
[19-21], magnetron sputtering [22], molecu-
lar beam epitaxy [23-25], etc. The growth
mechanism and morphology of films, grain
size, and their crystallographic orientation
depend on the method of the film prepara-
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tion and technological parameters. For anisot-
ropic materials, such as Bi,Tes, the transport
properties depend significantly on the direc-
tion in the crystal. For example, in [22], it
was reported that in Bi,Tez films, the pre-
dominant growth of (0 O [) planes leads to
significantly higher values of electrical con-
ductivity and the Seebeck coefficient as com-
pared to the predominant growth of (0 1 5)
planes. Therefore, when growing films, it is
important to control the preferential growth
direction. In [7-11], it was shown that using
the method of thermal evaporation in vacuum
of Bi,Te; crystals onto glass substrates and
selecting optimal technological parameters,
one can prepare thin polycrystalline Bi,Tes
films with the crystal structure of suffi-
ciently high quality and with preferred [0 0 []
orientation of crystallites. However, the
authors of earlier works [12-14], who also
investigated the structure of Bi,Te; thin
films grown by thermal evaporation in vac-
uum from a single source on glass substrates,
reported the preferred orientation of crystal-
lites in the [0 1 5] direction.

In a number of works, the transport
properties of films with various composi-
tions in the Bi-Te-Se system: Bi,(Te,_,Se,)
solid solutions [26-33], Bi,Se,Te [34],
Bi;Te,Se [35], were investigated. However,
no detailed study of the growth mechanism
and structure of either monocrystalline or
polyerystalline films was carried out in any
of the works. Since the best TE properties
in crystals were observed for Bi,(Te,_,Se,)
solid solutions [36], it was interesting to
find out if it is possible to grow films of
these materials with a sufficiently high de-
gree of structural perfection with [ 0 0]
orientation using the method of thermal
evaporation in vacuum from a single source.
Only the authors of [29-33], who studied
localization effects in these thin films, re-
ported their obtaining thick polycrystalline films
(d = 500-700Nnm), wusing Bi>(Te,_Se,)
polycrystals (x = 0.1 [30, 31] and x = 0.3
[82, 33]) as initial material, on glass sub-
strates in the [[ O O] orientation and with
sufficiently perfect structure. The films
were prepared by the hot-wall method and
subjected to annealing at 500 K.

The goal of the present work was to es-
tablish whether it is possible to grow thin
films in the [l O O] orientation, with a per-
fect structure and a composition close to
that of the initial polycrystal
Bi>(Teg gSeq 1)3 (in which partial replace-
ment of Te by Se takes place). In addition,
the study intended to find out what type of
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conductivity the films exhibit, what are the
values of the Seebeck coefficient S and
whether theydepend on d.

2. Experimental

A Biy(TeggSeq ¢)3 polycrystal exhibiting
p-type conductivity was used as the initial
material for the thin film preparation. The
films with thicknesses d = 16—-207 nm were
grown by thermal evaporation of this poly-
crystal in oil-free vacuum (~ 1075 Pa) and
subsequent deposition onto thoroughly
cleaned glass substrates heated to the tem-
perature T'g = 500 K. The condensation rate
was 0.1-0.3 nm/s. In one cycle of condensa-
tion, three holders located at different dis-
tances from the crucible with the initial ma-
terial were used and this made it possible to
obtain films with different but close d’s and
to study in more detail the dynamics of
changes in the microstructure with a change
in d. The film thickness and condensation
rate were controlled using a calibrated
quartz resonator placed near the substrates. The
calibration of the resonator for d <~ 100 nm
was performed using low-angle X-ray dif-
fraction patterns for the films by comparing
experimental and computed diffraction pat-
terns. The thickness d was varied to fit the
computed curve to the experimental one.
The accuracy of measuring d by the X-ray
method was no worse than ~ 1.0 nm. Fig. 1
shows as an example the diffractogram of
low-angle scattering for thin Biy(Teg gSeq 4)3
film with d =25 nm. For d more than ~
100 nm, the resonator was calibrated using
a MII-4 interferometer. The crystal struc-
ture, phase composition, and direction of
the preferential growth were studied using
XRD method and CuKo radiation. The mor-
phology and the roughness of the film sur-
faces were determined using Atomic Force
Microscope (AFM) Solver Pro NT-MDT with
Nova legacy software. The grain size was
determined by plotting the grain size distri-
bution histograms.

The Seebeck coefficient S was measured
by the compensation method relative to cop-
per electrodes in the direction parallel to
the film surface with an error not exceeding
13 %. The types of the conductivity in the
Bix(Teg gSeq )3 polycrystal and in the films of
various d were determined from the S signs.

3. Results and discussion

In Fig. 2, the diffraction patterns for the
initial bulk BI2(T6093601)3 polycrystal (Flg.
2 a) and for thin films with different d
prepared from this polycrystal (Fig. 2 b—f)
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Fig. 1. Experimental (I) and calculated (2)
curves of X-ray low-angle scattering for thin
Biy(TegoSeq 1) film with thickness d =
25.0 nm.

are presented. No peaks indicating the pres-
ence of additional phases were detected. In
the diffraction patterns for the films with d
< ~ 130 nm, only (0 0 8), (0 0 6), (0 0 15),
(0 0 18) and (0 0 21) peaks were observed
along with a significant decrease in the in-
tensity or complete disappearance of other
peaks, which indicates the predominant ori-
entation of the grains in the [0 O I] direc-
tion. The intensity of the (0 0 [) peaks for
all films with d < ~ 130 nm was practically
the same, which indicates the absence of
grain misorientation. However, with in-
creasing d, in addition to the peaks from
the (0 0 [) planes, the weak peaks from the
(1 0 10) and (1 0 13) planes appeared. We
can assume that the change in the film mor-
phology with increasing thickness is associ-
ated with the gradual accumulation of de-
fects in the interior of the film with in-
creasing d. The predominant orientation of
the crystallites along the Cj; axis can be
explained by the peculiarities of the growth
of layered structures with van der Waals
bonds between the layers on amorphous sub-
strates [20, 26]. Layers with van der Waals
bonds grow parallel to the substrate, which
ensures the orientation of the crystallites in
the perpendicular direction [0 O []. A strong
anisotropy of growth rates leads to more
intense growth of crystallites in the direc-
tion perpendicular to the direction of the
texture, which promotes rapid fusion of
crystallites with each other in the film
plane [1, 138]. An amorphous substrate pro-
vides a high surface mobility of atoms com-
pared to a crystalline one, which helps to

Functional materials, 29, 1, 2022
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Fig. 2. X-ray diffraction patterns for the Biy,(Tey oSeq 1) bulk initial polycrystal (a) and for the thin
films of the different thicknesses d prepared from this polyerystal: d = 48 nm (b), 62 um (c),

130 nm (d), 166 nm (e), 207 nm (f).

achieve a state closer to thermodynamic
equilibrium [20].

The film characterization using AFM
confirmed their polycrystalline nature. The
films had a pronounced granular structure
without inclusions of other phases (Fig. 3).
The obtained AFM images of the surface
clearly show individual crystallites, having
mainly a hexagonal shape, which indicates
their orientation in the [0 O [] direction
perpendicular to the film surface, and this
is consistent with the results of X-ray dif-
fraction analysis (Fig. 2). Thus, from the
XRD and AFM data, which are in good
agreement with each other, we can conclude
that in thin films prepared from the
Bi>(Teg gSeq )3 polycrystal, crystallites are
predominantly oriented along the [0 O [] di-
rection. This indicates the possibility of
studying quantum effects in such films, in-
cluding size effects. The grain size distribu-
tion histograms (Fig. 4, a—f), plotted on the
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basis of the AFM data, showed that all
these histograms are fairly well approxi-
mated by the Gaussian curves corresponding
to the normal distribution, when there are a
large number of sources of small random
errors and the center of the distribution
coinciding with its maximum is the true
value of the measured quantity. Based on
these histograms, the dependences of the
grain size D on d were plotted (Fjg. 4, f). It
can be seen that increasing d leads to a
growth in the grain size D. From Fig. 4, e,
it is also seen that the surface roughness in-
creases with increasing d, which, apparently,
is associated with the gradual accumulation
of defects both in the interior and on the
surface of the film with increasing d.

The measurement of the Seebeck coeffi-
cient showed that, firstly, all films were
n-type, in contrast to the initial crystal
from which the films were prepared. Sec-
ondly, S changes with increasing d (Fig. 5)
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Height images

DFLimages

0,50

Fig. 3. AFM images recorded in contacts mode of the surfaces of the Biy(TeyoSeq 1); thin films with
thicknesses d = 48 nm: 1x1 uym (a,b), d =62 nm: 1x1 pym (c,d), d =130 nm: 1x1 um (e,f), d =
207 nm: 1x1 um (g,h). a,c,e,g — Height images, b,d,f,h — DFL images.

in the following fashion: up to ~ 75 nm, S
increases very rapidly, but with a further
increase in d, the rate of growth in S de-
creases sharply. Since usually for degener-
ate semiconductors, an increase in S corre-
sponds to a decrease in the of charge carrier
concentration (in this case electrons), it can

48

be assumed that with increasing d, the elec-
tron concentration first decreases rapidly and
then changes only slightly. At the same time,
changes in the electronic subsystem practi-
cally do not affect the nature of changes in
the microstructure with increasing d: D and
h monotonically increase as d increases.

Functional materials, 29, 1, 2022
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Fig. 4. Grain size distribution histograms of the Biy(Tey¢Sej 1)3. thin films: d = 48 nm (a), 62 nm
(), 77 nm (c), 130 nm (d), 166 (e), 207 nm (f) and grain size D and roughness h vs the film

thickness d (g).

The fact that the conductivity sign in the
films differs from that in the initial crystal
indicates that the defect structure and type
of predominant charge carriers has
changed. The fact that the conductivity
type changes to electronic one indicates that
the predominant defects are donors. This
fact may be related to several circum-
stances. First, as noted above, in the
Bi>(Te,_,Se,)3 solid solutions based on
Bi,Te; in the concentration range close to
the boundary of the homogeneity region, a
transition from p- to n-type conductivity
takes place. That is why with increasing x,
a gradual change in the defect structure

Functional materials, 29, 1, 2021

from the prevalence of antisite defects BiTe
to the predominance of anionic vacancies,
which in turn, leads to a change in the
donor-acceptor ratio in the electronic sub-
system and ultimately leads to an inversion
of the conductivity sign from p to n. Hence,
the thermodynamic state of these alloys is
rather unstable, which accounts for the
relative ease with which the type of conduc-
tivity changes under even a slight change in
external conditions (in our case, thermal
evaporation of the crystal). Second, the
transition to the thin-film state is always
associated with a change in the thermody-
namic equilibrium conditions in a thin film

49



E.I.Rogacheva et al. / Growth mechanism, structure and...

as compared to a bulk crystal, due to an
increase in the contribution of the surface
energy to the free energy of the crystal.
And this can, with a high probability, lead
to a change in the defect structure (for ex-
ample, an increase in the proportion of an-
ionic vacancies in comparison with antisite
defects). Third, when a film grows, the ma-
terial undergoes certain mechanical defor-
mation, whose presence introduces addi-
tional terms to free energy associated with
the deformation of the material. Let us note
that the change in the conductivity type
(p > n) (so-called "donor-like effect™) was
observed by a number of authors in systems
based on V,VIz— compounds after pressing
samples, pulsed-discharge sintering of pow-
der, hot deformation etc. [6, 27, 28, 37].
The data obtained in this work show that
the donor-like effect also occurs when thin
films are prepared.

Finally, it can be assumed that in the
process of condensation, a change in the
composition in comparison with that of the
initial crystal takes place. However, the
facts that the unit cell parameters of the
bulk crystal and the films are the same
within the limits of measurement error,
that the films are homogeneous and do not
contain a second phase show that possible
deviations from the specified composition
(x = 0.1) are very small and practically do
not affect the microstructure.

In Fig. 5, the dependences of the Seebeck
coefficient on d are presented. S increases
rather rapidly with film thickness increas-
ing up to d ~ 75 nm, after which the rate of
increase in S slows down significantly. The
increase in S with increasing d indicates the
presence of the classical size effect, which
occurs when d is commensurate with the
mean free path of charge carriers [ in the
material. The classical size effect leads to a
monotonic change in kinetic properties with a
decrease in d due to the scattering of charge
carriers at the film interfaces and an increase
in the fraction of electrons scattered by the
film surfaces as d decreases [20]. In crystals,
the fraction of such electrons is very small
and [ is determined by scattering in the bulk
of the sample, and in a thin film, under the
condition d ~ [, the film thickness begins to
determine I, and the surface becomes one of
the types of structural imperfections.

4. Conclusions

* The optimal technological parameters for
obtaining thin polycrystalline Bi(Teg gSeq )3
films with a given composition, a sufficient
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Fig. 5. The Seebeck coefficient S of the
Biy(TegoSeq 1)3 thin films vs the film thick-
ness d.

degree of structural perfection and a cer-
tain crystal orientation using thermal
evaporation from a single source on glass
substrates have been identified.

* All films obtained in this work had a
rhombohedral structure and the unit cell pa-
rameter similar to that of the initial polycrys-
tal, were homogeneous and single phase.

* The films with thicknesses d more than
~130 nm had a clearly pronounced [0 0 []
orientation, however, further increase in d
led to the appearance of weak additional
lines, indicating a slight misorientation.

* The crystallite size D increases with in-
creasing film thickness, reaching D ~ 140 nm
in the thickest of the studied films (d =
207 nm). The film roughness % also increases
with increasing d (up to 2 ~ 5.5 nm).

* All the films obtained exhibited n-type
conductivity, unlike the initial polyecrystal.
Possible reasons are as follows. First, the
composition x = 0.1 in the Biy(Te,_Se,);
system is close to the composition corre-
sponding to the p—n junction point. That is
why the conductivity sign can change failry
easily under the influence of external fac-
tors, for example, under the transition of the
material in the thin-film state. Second, a
change in the thermodynamic equilibrium
conditions in the thin-film state as compared
to the bulk polycrystal is due to the addi-
tional contribution of the surface and the
elastic stresses to the free energy of the film.

* With d increasing to ~ 75 nm, the See-
beck coefficient grows rapidly, and at d
more than ~ 75 nm the rate of growth sig-
nificantly slows down. The change in S with

Functional materials, 29, 1, 2022
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increasing d indicates the existence of the
classical size effect.
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