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The objects of the present study are thin films with thicknesses d = 45—620 nm prepared
by thermal evaporation in vacuum from a single source, using undoped p- and n-type Bi,Te,
polycrystals with different stoichiometry (60.0 and 62.8 at. % Te, respectively) as a charge,
and subsequent condensation on glass substrates at 500 K. The temperature dependences of
the Hall coefficient Ry, electrical conductivity o, and Hall charge carrier mobility uy of thin
films were obtained in the range 77-300 K. It was found that the films had the same type of
conductivity as the initial polycrystals in the entire temperature range studied and, like in the
initial crystals, 6 and uj decreased with increasing temperature. The exponents v in the ug(T)
dependences for the bulk polycrystals were larger than those for the films and increased with
increasing d. In contrast to the p-type bulk polycrystals, R of the p-type films decreased
under increasing temperature. In the n-type Bi,Te;, Ry decreased with temperature for both
thin films and bulk crystals, however, the character of the R, (T) dependences for the crystals
and films differed. The decrease in Ry with temperature before the range of intrinsic
conductivity in all thin films is attributed to the existence of donor and acceptor defect states.

Keywords: bismuth telluride, thin film, stoichiometry, electrical conductivity, Hall
coefficient, charge carrier mobility.

O0BeKTHl UcCAelOBAHUSA — TOHKUE TLIeHKM Toamiuuoit d = 45—620 MM, TPUTOTOBJIEHHbIE
IyTeM TePMMYECKOTO MCIAPEHHs B BAKYyME M3 OJHOI0 MCTOUHMKA HeJerMpOBAHHBIX IIOJIMKPC-
Tannos Bi,Te; p- u n-tuma ¢ pasmuusoit crexmomerpuei (60.0 n 62.8 at. % Te coorsercTBEHHO)
¥ IocJenyIomel KoHaeHcaned Ha crekiasHuble nomroxikn npu 500 K. Iloaydens! remieparyp-
Hble 3aBUCHMOCTH Koo(hduumenra Xomia Ry, 5JeKTPOIPOBOTHOCTH O M XOJUIOBCKOW IIOJBHAXHOC-
T HoOcuTeNdell 3apaga Uy TOHKHX ILUIeHOK B uHTepBase 77—-300 K. VcTaHoBIeHO, UTO IIEHKU
UMeJW TAKOM JKe THUN IPOBOAMMOCTH, KAK U MCXOAHBIE KPUCTAIILI, BO BCEM MCCIEAYEMOM
VHTepBasle TeMIEePaTyp, O U [l YMEHBIIATNCh KAK U B MCXOAHBIX KPHUCTAJIAX C POCTOM TeMIIe-
parypsl. CrenenHble Koah@urueHTsl V B 3aBucHMOCTAX Uy (T) B 00beMHBIX KpHCTALIAX GojbIre,
4YeM B ILICHKAX, W YBEJIMYMBAJIUCH ¢ pocToM d. B oTimume OT KPUCTAIOB p-THUINA, Ry IJICHOK
Pp-THIIa yMEHBIIANCA ¢ POCTOM TemIrepaTypel. B n-Bi,Te;, Ry yMeHbInanca ¢ TeMoepaTypoil u Ais
IJICHOK, W JJI KPUCTAJLIOB, HO Xapakrep sasucumoctedt Rp(T) pasnuuen. YmeHouienue Ry c
TEMIIEPATYPOll [0 HACTYILIEHHS COOCTBEHHOM IIPOBOLMMOCTH, HAOIIOmZaeMoe A BCeX TOHKUX
ILUIEHOK, CBH3BIBAJIOCH C CYIIECTBOBAHMEM JOHOPHBIX M AKIENTOPHBIX Ne(eKTHBIX COCTOSHUM.

TpaHCIIOPTHI BJIACTHBOCTI TOHKHX ILIIBOK TEJypPUY BicMyTy 3 PiSHOIO cTexioMeTpi€cro y Tem-
neparypaomy imrepsani 77—300 K. O.U.Pozauosa, K.B.Hoeax, I'M [Jopowenrxo, O.M.Hauwexina,
O.B.Bydnuk

O6’ekTu gocaigseHHA — TOHKI miaiBkm rToBmmuO d = 45—620 HM, BUIOTOBJIEHI IILIA-
XOM TE€PMiUYHOI0 BHIAPOBYBAHHA y BAKYyMi 3 OOHOTIO [Kepeja HeJeroBaHHX IMOJiIKpHCTAJIIB
Bi,Te; p- ra n-tuny s piseoro crexiomerpiero (60.0 i 62.8 ar. % Te sizmosizro) i macrynxoi
KougeHcamili Ha craaui migxknagkym mpu 500 K. Opep:xaHo TemmeparypHi saledHOCTI KO-
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edinienta Xoana Ry, eleKTPONPOBIJHOCTI G Ta XOJJIIBCBKOI PYyXJIMBOCTI HOCIIB 3apAny WUg
TOHKHX ILIiBOK B imTepsani 77-300 K. BeramoBieHo, [0 ILIIBKM MAaJM TOM e TUII IIPO-
BigmmocTi, mo i Buximzmi Kpucraim y BchOMy iHTepBaJi Temmeparyp, Ta, AK 1 y BHXIigHUX
KpHUCTalax, O Ta [y 3MEHINyBaJaucA i3 spocranHaM Temmeparypu. Crynenesi xoedimienrn v
y sanemxnocTax Ug(T) y Kpueramax Oimemni, HiM y IUiBKax, 1 spocTarTh i3 30labLHIeHHAM
d. Ha sBigminy Big kpucranis p-tumy, Ry NIiBOK p-TUIY 3MEHITYBaBCAd i3 3POCTAHHAM
remrepatypu. ¥ n-BiyTe; Ry smenmysascsa is TemmepaTyporo i mas TOHKMX ILTIBOK, i mns
KPHUCTAJiB, IpoTe Xapakrep sajemuocredl Ry(T) pisumit. 3MeHmIeHHa Ry i3 TeMIeparyporo
0 HACTAHHS BJIACHOI IPOBiZHOCTI, AKe cliocrepiragocd IJs yCiX TOHKHX NJIIBOK, OB’ A3yBa-
Jocd i3 iCHyYBaHHAM JQOHOPHUX Ta AKIENTOPHUX Ae(eKTHUX CTaHiB.

1. Introduction

The development of the electronic indus-
try stimulates demand for low-power and
small-sized thermoelectric (TE) power supplies.

Materials based on Bi,Te; semiconductor
compound are promising TE materials
widely used in the production of wvarious
kinds of cooling devices, IR sensors, micro-
caloremeters, etc., operating most effi-
ciently near room temperature [1-5]. This
accounts for the increased interest in study-
ing TE materials in a low-dimensional state,
in particular, in the thin film state [6, 7].
Recently, interest in investigating the sur-
face states of Bi,Te; crystals and thin films
has grown due to the theoretical prediction
and subsequent experimental confirmation
of their exhibiting special properties charac-
teristic of 8D-topological insulators [8, 9].
It is easier to carry out studies of the prop-
erties of a topological surface layer on thin
films, in which the contribution of the sur-
face to the conductivity is larger than in
bulk crystals. All this stimulates a detailed
investigation of the transport properties of
thin Bi,Tes films.

Bi,Te; crystallizes in a layered rhom-
bohedral structure with five-layer pack-
ets perpendicular to the third-order sym-
metry axis, has a narrow homogeneity
region in the Bi—-Te system and, depend-
ing on the character of the deviation
from stoichiometry, can exhibit either p- or
n-type conductivity [1-5]. Theoretical and
experimental studies have shown that pre-
dominant defects in p- and n-type Bi,Tes-
based materials are antisite defects (Birg
and Teg;, respectively), which is caused by
the small difference in the electronegativi-
ties of Bi and Te. The stoichiometric Bi,Te;
(60.0 at.% Te) exhibits p-type conductivity
due to the shift of the maximum in the
liquidus and solidus curves towards the ex-
cess of Bi and the presence of antisite Birg
defects [1-3]. The authors of [10] conducted
a detail study of the behavior of the Hall

coefficient Ry, electrical conductivity o,
Hall charge carrier mobility uz, the Seebeck
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coefficient S, TE power factor P = S2.5, and
microhardness H within and near the Bi,Teq
homogeneity region at room temperature on
polycrystalline samples subjected to a long-
term homogenizing annealing at 670 K.
They established that after such heat treat-
ment, at ~ 60.8 at.% Te the inversion of
the conductivity type occurs, that the
boundaries of the homogeneity region corre-
spond to ~ 59.5-61.0 at.% Te, and that in
the dependences of the properties on Te con-
tent extremes are observed at 60.0 and
62.8 at.% Te (the compositions correspond-
ing to p- and n-regions, respectively). In
[11], the temperature dependences of the
transport properties of Bi,Te; polycrystals
with different stoichiometry were obtained
and the isotherms of transport properties
were plotted. The behavior of the isotherms
turned out to be similar to that of the room-
temperature isotherms obtained in [10].

The authors [12-17] have shown that
using a quite simple method of thermal
evaporation in vacuum of Bi,Te; polycrys-
tals, it is possible to obtain thin Bi,Teq
films of a sufficiently high quality with
chemical composition being close to that of
the charge and that the type of conductivity
of thin films grown from polycrystals with
60.0 or 62.8 at.% Te corresponded to that
of the initial materials [12, 13]. The high
structural quality of the films was con-
firmed by the observation of quantum oscil-
lations both in p- and n-Bi,Te; thin films
[14-17]. However, all these results were ob-
tained at room temperature. Since BiyTe;
belongs to the low-temperature TE materi-
als, it is necessary to know how TE parame-
ters change and what is the effect of devia-
tion from stoichiometry on transport prop-
erties below room temperature.

In a number of works, the temperature
dependences of the transport properties of
the BiyTes bulk crystals and thin films were
investigated [1-5, 18-29]. In most works
the authors reported their observing a de-
generacy of the electron or hole gas and the
metallic character of the temperature de-
pendences of transport properties. However,
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the results obtained for thin films by differ-
ent authors are quite contradictory, since
the films were grown by different methods,
on different substrates, had different thick-
nesses d, and measurements were carried
out in different temperature ranges. Be-
sides, it was thin films obtained from the
stoichiometric Bi,Te; that were usually
studied, and the effect of deviation from
stoichiometry in the composition of the
charge from which the films were grown on
their transport properties was not investi-
gated. Besides, practically in none of the
works, films were obtained by thermal
evaporation in vacuum from single source.
In most studies, Bi,Te; films prepared by
different methods exhibited n-type conduc-
tivity, which was explained either by the
presence of excess Te or by the presence of
a second phase. The films obtained in a
number of works were p-type due to a slight
excess of Bi in the composition of the films
and their kinetic properties were close to
the properties of single crystals. The high-
est values of S, o, Ry, Uy, P were observed
for textured films with a composition close
to the stoichiometric one.

The purpose of this work was to estab-
lish the effect of the deviation from
stoichiometry and the conductivity type in
the initial Bi,Te; polycrystals that were
used as the charge on the behavior of the
temperature dependences (77-300 K) of the
transport properties of thin films grown by
thermal evaporation in vacuum from a sin-
gle source on glass substrates.

2. Experimental

The objects of the study were thin films
with thicknesses d = 620 and 45 nm grown
using a BiyTez polycrystal with 60 at.% Te
as a charge and the films with d = 325 and
110 nm grown from a polycrystal with
62.8 at.% Te.

The bulk crystals were synthesized by
fusing high purity (99.999 at.% of the
main component) Bi and Te in evacuated
quartz ampoules at (1020+10) K, sub-
sequent annealing at (670+5) K for 300 h
and cooling to room temperature with the
cooling rate of a switched off furnace.
Using polycrystals with 60.0 and 62.8 at.%
Te as initial materials, the films with dif-
ferent d were prepared by thermal evapora-
tion in vacuum onto glass substrates at
500 K. For each sample, transport coeffi-
cients were measured in the temperature
range 77-300 K. Ry and o were determined
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using a conventional d¢ method and a mag-
netic field of 0.8 T. Six ohmic contacts were
soldered with indium to the sample surface.
The error in the Ry and o measurements did
not exceed +5 % . The Hall charge carrier mo-
bility uy was calculated as ug = o - Ry, All
measurements were performed on freshly
prepared films.

3. Results and discussions

3.1 Thin films with p-type of conductivity

In Fig. 1,a,b, the temperature depend-
ences of o, Ry, and ug for thin films with
thicknesses d = 620 and 45 nm prepared
from a stoichiometric p-Bi,Te; polycrystal
are presented. For comparison, in Fig. 1,c,
similar dependences obtained in [11] for a
polycrystal with 60.0 at.% Te that was
used as a charge for growing p-type thin
films are shown. It can be seen that for the
polycrystal and thin films, o and pg de-
creases with increasing temperature which
indicates the metallic nature of the conduc-
tivity characteristic of strongly degenerate
semiconductors, for which Ry usually does
not depend on temperature. However, R
for both the bulk crystal and films changes
with temperature but in different ways: in
the bulk crystal, Ry increases with tem-
perature, and in thin films it decreases.

Possible reasons for the increase in Ry
with temperature for bulk p-Bi,Te; can be a
change in the degree of degeneracy of the
hole gas, a change in the mechanism of
scattering of charge carriers or a change in
the band structure [3]. From our point of
view [11], the most probable explanation of
this fact is based on a two-band model of
the valence band of p-Bi,Tez (with "light”
and “heavy” subbands) proposed in some
works [3]. According to this model, the in-
crease in Ry with temperature can be ex-
plained as a result of the increasing contri-
bution of the "heavy” subband to conductiv-
ity due to the sinking of the Fermi level
into the valence band with increasing tem-
perature. This can occur both as a result of
a change in the distance between the sub-
band tops and/or an increase in the hole
concentration with temperature growth.
When the Fermi level enters the "heavy”
subband, "heavy” holes with a larger effec-
tive mass start contributing to the conduc-
tivity, which leads to an increase in Rp.
Indeed, in this case, Ry should be calcu-
lated according to the formula, which takes
into account the presence of "light” and
"heavy" holes:
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Fig. 1. Temperature dependences of electrical conductivity o, the Hall coefficient Ry, and Hall hole
mobility u, for p-type thin films with different thicknesses d and for bulk p-Bi,Te; polycrystal with
60.0 at.% Te from which thin films were obtained: a — thin film with d = 620 nm, b — thin film

with d = 45 nm, ¢ — bulk crystal.

PIMZ + Ppd

Ry=———"""3,
e(pzuz + phuh)

where p; and p, are the concentrations and

u; and uy, are the effective masses of "light”
and "heavy” holes, respectively.

It can also be seen in Fig. 1,a,b, that,
regardless of the film thickness, in the
range 77-300 K, Ry does not change sign
and decreases with increasing temperature.
So, it does not remain constant despite the
strong degeneracy, nor does it increase like
in the case of a bulk crystal. The qualitative
difference in the behavior of the Ry(T) de-
pendences for the bulk p-Bi;Te; polycrystal
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and for the thin films shows that in the
films, the second valence subband does not
manifest itself with increasing temperature.
In this case, a single-band model can be
used to calculate the carrier concentration.
According to this model, a decrease in Rp
means an increase in the charge carrier con-
centration (Rg = 1/(p-¢) where p is the hole
concentration and e is the electron charge).
Such situation can be associated with the
appearance of new p-type charge carriers in
thin films as a result of the greater number
of structural defects in thin films as com-
pared with bulk crystals and / or with the
transition to intrinsic conductivity. How-
ever, the intrinsic conductivity in Bi,Teq
(whose appearance is manifested through a
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sharp decrease in Ry with temperature) be-
gins at higher temperatures [1-5]. That is
why a decrease in Ry with increasing tem-
perature in thin films before the appearance
of intrinsic conductivity indicates that
there are charged centers, which become ac-
tivated with increasing temperature. It is
natural to assume that these centers are
associated with defects formed during the
thin film growth. An increase in the concen-
tration of defects in a thin film leads to the
increased scattering by defects and an ex-
pansion in the temperature range in which
scattering manifests.

For a more detailed study of the tem-
perature dependences of kinetic coefficients
in thin films, the In(Ry T°-7%) — (1/T) de-
pendences were plotted (Fig. 2). Using these
dependences we determined the activation
energies of the possible defects. The change
in the type of predominant defects with in-
creasing temperature is manifested through
a change in the slope of linear sections of
the In(Ry T%™)—(1/T) dependences. It
turned out that in the p-type films with thick-
nesses d = 620 nm and d = 45 nm, there are
levels with activation energy AE; =
1210.5 meV. Another level with a higher acti-

vation energy of AE, = 1710.5 meV is detected
in the p-type film with thickness d = 45 nm.
To identify the types of defects, clarify
their genesis and stability, additional more
detailed studies are required. The situation

Functional materials, 27, 1, 2020

is complicated by the possible influence of
the thin-film state on the type and concen-
tration of intrinsic defects, as well as on
the concentration interval of the Bi,Tes ho-
mogeneity region. It can be assumed that
defects with an activation energy AE; corre-
spond to the grain boundaries that are pre-
sent in both the films and in the initial
polycrystals. The presence of defects with a
higher activation energy AE, in thinner
films can be associated with surface states
that are more pronounced in thin films.
The calculation of the exponents v in the
temperature dependences of charge carrier
mobility (ug ~ TV) in the range 200-300 K
for the thin films with d = 620 and 45 nm
gave the values v= 1.8 and v = 0.3 respec-
tively, which are lower than v for the BiyTes
crystal (v~ 1.5 [11]) and approach this
value as d increases. It is natural to associ-
ate the decrease in v in thin films with a
change in the defect structure: there are
more defects in thin films in comparison
with bulk crystals, and the smaller the film
thickness, the smaller the grain size [16].
It was established earlier [16], and con-
firmed for the films studied in this work,
that the preferred direction of crystallite
growth in p-type BiyTes films is the [001]
direction, which corresponds to the C3 axis
of the crystal (in the hexagonal repre-
sentation). In p-type films, as the film
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Fig. 3. Temperature dependences of electrical conductivity o, the Hall

coefficient Ry, and Hall

electron mobility uy for n-type thin films with different thicknesses d and for bulk n-Bi,Tes
polycrystal with 62.8 at.% Te from which thin films were obtained: a — thin film with d =
335 nm, b — thin film with d = 110 nm, ¢ — bulk crystal.

thickness increases above d ~ 200—-250 nm,
crystallite misorientation appears. However,
despite this, at d = 620 nm, the exponent v
is greater than at d = 45 nm (1.3 and 0.3,
respectively). Therefore, apparently, the
main reason of this is scattering by addi-
tional boundaries that appear as a result of
a decrease in grain size (the grain size for
the film with thickness 620 nm is almost
8 times as large as that for the film with
d = 45 nm [16]).

Thus, the most likely reason for the ob-
served increase in Ry with increasing tem-
perature for the polycrystal with 60.0 at.%
Te may be the two-band structure of the va-
lence band of the stoichiometric p-Bi,Tes, the
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presence of which does not appear in a thin
films due to the defect structure changing
under transition in thin-film state.

3.2 Thin films with n-type of conductivity

In Fig. 3,a,b, the temperature depend-
ences of 0, Ry and Uy of thin films, grown
from polycrystal with 62.8 at.% Te, are
presented. For comparison, in Fig. 3,c,
similar dependences obtained in [11] for a
polyerystal with 62.8 at.% Te, which was
used as a charge for n-type thin film prepa-
ration, are shown. It can be seen that for
both the polycrystal and thin films, ¢ and ug
decrease with increasing temperature like in
the case of thin films obtained from a
stoichiometric Bi,Tes; polycrystal, which in-

Functional materials, 27, 1, 2020
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dicates strong degeneracy of electron gas,
for which Ry usually practically does not
change with temperature.

However, for films, the Hall coefficient
decreases as temperature increases. Like in
the case of the p-type films, a decrease in
Ry with increasing temperature before the
appearance of intrinsic conductivity indi-
cates that there are charged centers and as
temperature increases, these centers get ac-
tivated. It is natural to assume that these
centers are associated with defects formed
in the process of the thin film growth.

In Fig. 2,c,d, the In(Ry T0-75) — (1/T) de-
pendences plotted on the basis of the Ry(T)
dependences are presented. In n-type films
with thicknesses d =835 nm and d=
110 nm, levels with activation energy AE; =
13+0.5 meV are detected. Another level
with a higher activation energy of AE, =
2311.0 meV is detected in an n-type film
with a smaller thickness d = 110 nm. It can
be seen that the activation energies AE, are
very close for p- and n-type films and prac-
tically independent of thickness. This fact
indicates the similarity of origin of the de-
fects in p- and n-films.

Plotting the In(Rg T0-75) — (1/T) depend-
ence for the bulk crystal that was used to
prepare n-type thin films, we estimated the
activation energy AE; as (12.510.5) meV.
The composition of the sample (62.8 at.%
Te) is rather far from the conductivity type
inversion point (~ 60.8 at.% Te [10]) and
from the boundary of the homogeneity re-
gion of Bi,Tes (- 61.0 at. % Te [10]) in the
Bi—-Te system, and corresponds either to the
two-phase region (Bi,Te; + Te) or to the re-
gion of short-range or long-range ordering
[10]. Therefore, a decrease in Ry can be
caused both by the presence of a new phase
and by the appearance of structural defects
associated, for example, with the existence
of interphase boundaries. It cannot be ruled
out that under increasing temperature the
transition to the region of mixed conductiv-
ity occurs.

The calculation of the exponents v in the
ug(T) dependences in the range of 200-300 K
for films with d =325 and d =110 nm
yielded 1.1 and 0.8, respectively, which are
lower than the v wvalue for the polycrystal
containing 62.8 at. % Te (u ~ 2.3) [11].

In [17], it was shown that in the case of
n-type BiyTe; films, starting from d -~
100 nm, a gradual transition occurs from
the preferred orientation in the [0 O 1] di-
rection to the orientation in the [0 1 5]
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direction. Therefore, the very small value of
the exponent for the film with thickness
d =110 nm can be associated not only with
a decrease in the grain size for smaller film
thicknesses, but also, at least partially,
with the fact that the changes in the struc-
ture start to occur near the thickness d ~
100 nm caused by a change in the preferred
orientation and leading to an increase in the
degree of disorder of the structure.

4. Conclusions

It was found that the Bi,Te; films pre-
pared by thermal evaporation in vacuum
from a single source (p-Bi,Te; and n-BiyTes
polycrystals) onto glass substrates had the
same type of conductivity as the initial ma-
terial (the charge) in the entire temperature
range studied (77-300 K). Thus, the type of
conductivity exhibited in the initial mate-
rial is reproduced in thin films.

Electrical conductivity and Hall charge
carrier mobility both for the p- and n-Bi,Tes
films decrease with increasing temperature.
This fact and the magnitude of the concentra-
tion of charge carriers (n(p) ~ 101% ecm™3) indi-
cate the degeneracy of electron and hole gases.

The Hall coefficient for all studied thin
films, regardless of the composition of the
initial material, conductivity type, film
thickness, and for the polycrystal with
n-type conductivity decreases with increas-
ing temperature in the range 77-300 K. It
does not remain constant despite the strong
degeneracy. The decrease in Ry under in-
creasing temperature before the range of
intrinsic conductivity is attributed to the
existence of donor and/or acceptor defect
states whose sources may be grain bounda-
ries and surface defects.

The activation energies of possible defect
states were determined by plotting the
In(Rgy T0-75) — (1/T) dependences. It turned
out that in the n-type crystal and in all p-
and n-type films there are defect states
with  activation  energies AE; = (12-
13) meV. In p- and n-films (d = 45 nm and
d =110 nm, respectively) with smaller
thicknesses, additional defect states with
high activation energies AE, = (17-24) meV
were detected.

The exponents v in the ugy(T) depend-
ences for crystals are larger than those for
films, and with increasing d, the exponents
V increase.
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