DOI: 10.63527/1607-8829-2025-4-53-63

A.A. Nikolaeva! (https://orcid.org/0000-0002-9998-207X),
L.A. Konopko! (https://orcid.org/0000-0002-5734-212X),
T.E. Huber?,

I.G. Ghergishan' (https://orcid.org/0000-0001-7301-9739),
G.I Para' (https://orcid.org/0000-0001-6820-8914),
A.K. Kobylianska?® (https://orcid.org/0009-0007-5483-7614)

'Technical University of Moldova, Institute of Electronic Engineering and Nanotechnologies
»D. GHITU”, Academiei, 3/3, Chisindu, MD 2028, Republic of Moldova;
*Howard University, Department of Chemistry, Washington, USA;
*Institute of Thermoelectricity of the NAS and MES
of Ukraine, 1 Nauky str., Chernivtsi, 58029, Ukraine

Corresponding author: A.A. Nikolaeva, e-mail: albina.prxima@gmail.com

Single-Crystal Layers of p- and n-Type Bismuth Telluride
Topological Insulators for Micro-Cooling Devices

The paper presents the results of experimental studies of the thermoelectric properties and
oscillation effects (Shubnikov-de Haas oscillations) of single-crystal layers of bismuth
telluride topological insulators of p- and n-type without substrates, with thicknesses of
17 um and 20 um, respectively, obtained by mechanical exfoliation of layers from a single-
crystal ingot of the corresponding composition using a technique developed by the authors
of the article. Cyclotron masses and charge carrier quantum mobilities characteristic of
surface states of topological insulators were estimated using experimental data on
Shubnikov-de Haas oscillations in longitudinal (B/l) and transverse (B_Ll) magnetic fields
up to 14 T. The force factor was calculated in the temperature range of 2—-300 K from the
temperature dependences of resistance and thermoelectric power. It was established that
the maximum value of the power factor o’ was observed in the temperature range of
100-250 K and corresponds to the best maximum values available in the literature for
perfect single crystals. Based on the obtained layers of Bi;Te; p-type and n-type foil —
Bi-17 at%, a design was created — a micro-cooling device that allows obtaining AT = 12°
on the area of 0.01 cm’, which is an important factor for the development of new highly
efficient thermoelectric materials based on thinner layers for their practical use in micro-

coolers.
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Introduction

Thermoelectric materials that convert thermal energy into electrical energy and vice versa
have become the object of increased attention due to intense development of alternative energy
[1-3]. Thermoelectric materials based on solid solutions of bismuth and antimony
chalcogenides are widely used in the range of temperatures close to room temperature in various
cooling devices [4, 5].

The efficiency of both generating and cooling thermoelectric devices depends on the
dimensionless thermoelectric efficiency of material ZT = o T/ /(Xe + X[) ~ 1, where a, o, %, and

T are the Seebeck coefficient (thermopower), G is the electrical conductivity of the material,
is the thermal conductivity of the material, and T is the absolute temperature. Increasing the ZT
parameter of thermoelectric materials in the operating temperature range has been one of the
most important tasks over the past decades.

In recent years, much attention has been paid to the development of new concepts — low-
dimensional structures [6,8] and topological insulators [9, 10]. Theoretical calculations and
experimental results demonstrate that in size-limited structures, thermoelectric efficiency can
be effectively increased due to the manifestation of the quantum size effect and an increase in
phonon scattering. In topological insulators, a significant modification of the phonon spectrum
occurs, and thermoelectric properties depend significantly on the composition, structure, and
dimensions of the objects under study.

The purpose of this work was to obtain p- and n-type single-crystal layers without
substrates based on bismuth telluride Bi2Tes, study the Shubnikov-de Haas (SdH) oscillations,
calculate the cyclotron masses and charge carrier mobilities, investigate the thermoelectric
properties, and evaluate the thermoelectric efficiency in the temperature range of 4.2-300 K.
A miniature cooling device operating at 300 K was created using the materials studied.

1. Samples and technology for manufacturing n and p-type single-crystal layers
of BizTes without substrates

It is known that semiconductors such as bismuth telluride (selenide) and antimony
telluride are layered crystals of a rhombohedral structure with C2 and C3 symmetry axes. A
hexagonal unit cell is most often used to describe the crystal structure. The crystal lattice is
formed by periodically ordered layers lying in a plane perpendicular to the C3 symmetry axis
(Fig. 1 a). As shown in Fig. 1 a, each layer consists of five atomic planes (quintets) in the
following sequence: Tel-Bi-Te2-Bi-Tel, where Tel and Te2 denote tellurium atoms in
different positions. If we consider an individual layer, the atoms within it are identical and
arranged to form a flat hexagonal lattice.

Chemical bond within quintets is known to be covalent-ionic. The quintets are relatively
far apart and weakly bonded by van der Waals forces, which determines the anisotropy of the
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single crystal properties. Mechanical exfoliation occurs as a result of the breakdown of weak
van der Waals bonds between Te(1) and Te(1) and the formation of several pentaatomic planes.
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Fig. 1. (a): Schematic representation of Bi>Tes crystal structure D3d5-R(-3)m is space group
showing quintuple layers and van der Waals gap localization, Te(1)-Te(1)
is weak bond and Bi-Te(1) is strong bond. (b): schematic representation
of two adjacent Te(1)-Te(1) atomic layers at T = 300 K (1) and 77 K(2)

It was the weak bond that allowed us to obtain single-crystal layers with thicknesses of
5-20 pm both on scotch tape substrates and without substrates (patents 11.12) by mechanical
exfoliation from a single-crystal ingot of the corresponding composition (Fig. 2. ). The initial
bulk single-crystal samples of the corresponding composition were grown by the Bridgman
method (Fig. 2. a) and were high-quality single-crystal ingots, which was confirmed by studies
of photoemission spectroscopy with high angular resolution.

a C

Fig. 2. a — a bulk single-crystal Bi;Tes ingot and blanks cut from it for exfoliation,
b — layers without substrates on a water surface (according to patent 12),
¢ — layers without substrates transferred onto graph paper
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X-ray diffraction studies revealed that the layers (with a thickness of d = 5-20 pm)
exfoliated from a single-crystal ingot are single crystals with the C3 axis perpendicular to the
plane of the layers. A two-probe method was used to measure the thermoelectric power in the
temperature range of 2.1 K-300 K, and a four-probe method was used to study the resistance,
magnetoresistance, and Shubnikov-de Haas oscillations in the temperature range of
2.1 K—4.2 K and magnetic fields up to 14 T.

A special rotating device made it possible to rotate the sample in a magnetic field B (up
to 14 T) in different planes at temperatures of 2K—300K and to measure the transverse and
longitudinal magnetoresistance, their anisotropy and Shubnikov-de Haas oscillations, to
calculate the cyclotron masses and mobilities of charge carriers.

2. Results and discussion

The rotation diagrams of the transverse magnetoresistance R(O) and thermoelectric
power S(0) of single-crystal Bi2Tes layers of p- and n-type with thicknesses of 17 pm and
20 um, respectively, at temperatures of 4.2 K and 300 K and magnetic fields up to 14 T, as well
as the field dependences of the transverse (BL/) and longitudinal (B||/) magnetoresistance at
temperatures of 1.5 K — 300 K were studied. The thermopower anisotropy a (0) is rather low:
= 1.25-1.5. Fig. 3 shows the experimental field dependences of the relative Rs/Ro (B) of the
longitudinal (1) and transverse (2) magnetoresistance in magnetic fields up to 14 T of the
BixTes-p layer, d =17 pm at 4.2 K.
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Fig. 3. Field dependences of the presented longitudinal (1) and transverse (2)
magnetoresistance Rp/Ry (B) of the Bi;Tes-p type layers, d = 17 um at 4.2K

The anisotropy of resistance and magnetoresistance A4 at low temperatures is quite large
even in magnetic fields of 14 T. 4 = (RVR//) = 5.

Figs 4 and 5 show the experimental field dependences of the derivatives of the
longitudinal and transverse magnetoresistance dR/dB(B) at temperatures of 4.2 K and 2.1 K for
p-type and n-type layers, respectively.
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For p-type layers, the frequency of SAH oscillations, proportional to the cross-section of
the Fermi surface, is /7 = A™' = 11.6 T for longitudinal and f> = A™' = 39 T for transverse
magnetoresistance.
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Fig. 4. Field dependences of the derivatives of the longitudinal (a) and transverse (b)
magnetoresistances cR/cB(B) at 4.2K and 2.1K of Bi,Te, p-layers, d = 17um

Inside — dependences of the quantum number n of the SdH oscillations on B’

It was found that at B||/, the transition to the ultra-quantum region of magnetic fields
(doubling the period of SdH oscillations) occurs in a magnetic field of Bug = 2-3 T for
longitudinal magnetoresistance and Bug = 2-3 7= 9 T for transverse magnetoresistance and
indicates spin damping of the first harmonic of SdH oscillations. The experimental value of the
phase shift of the Landau level index was determined from the linear dependence of the
quantum number n(B!) = 0 by extrapolating the dependence of the index n on the inverse
magnetic field n(B') (insets in Fig. 4 (a, c). It was found that the phase shift is 0.5 for both
longitudinal and transverse magnetoresistance, which is typical for topological insulators.

Magnetoresistance in transverse (BLl/) and longitudinal (B]||/) magnetic fields up to
14 T was investigated in single-crystal layers of n-type Bi2Tes in the temperature range of
1.5-300 K. Experimental field dependences of the reduced magnetoresistance AR/R(B) at 4.2 K
and 2.1 K are shown in Fig. 5.

Data obtained from the Shubnikov-de Haas (SdH) effect were used to calculate the
cyclotron effective masses and charge carrier quantum mobilities. It is known that the frequency
of quantum oscillations of magnetoresistance, f, according to the Lifshitz-Onzeiger relations, is
proportional to the cross-sectional area of the Fermi surface, S(kr).

f =40 = (=) Ste),

where k is the electron wave vector, i is the reduced Planck constant.
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Fig. 5. Field dependences of the reduced transverse magnetoresistance AR/R(B) (1) and derivative
AR/B(B) (2) at temperatures of 2.1 K (1, 2) and 4.2 K (1°, 2°) of the Bi>Tes layer, d = 20 um.
Inset: dependence of the quantum number n of the SdH oscillations on the inverse magnetic field B”

The temperature dependences of the amplitude of the SdH oscillations made it possible
to calculate the effective cyclotron masses m. at B||/ and at BL/.
The ratio of amplitudes A(71, B») and A(T2, Bx2) is:

Sh(27r2m*ckT2)
A(T1Bpn) _ T le|ABp, (1)
A(T;,Bp) T2 spn 2m2m*ckTy

|e|ABn

This expression is valid if the Dingle temperature 7p = mh/ntk, which characterizes the
broadening of the Landau levels as a result of carrier scattering, remains constant in the
temperature range from 71 to 7>.

At low temperatures, the relaxation time 1 is determined by impurities and imperfections
of the crystal lattice and is practically independent of T, i.e., in the region of residual resistance,
at 7<4.2 K. In our experiment, this condition was met.

In the case when 71 = 1/272, the expression for the cyclotron effective mass m* has the

form:

« _ _ lelhBn A(Ty,Bn)
m = 4m2m*ckTy Arch [A(Tz,Bn)] (2)

The cyclotron masses calculated according to expression (2) from the OR/OB(B)
dependences at temperatures of 4.2 K and 2.1 K (Fig. 2, 3) were mZ =0.11mo for longitudinal
magnetoresistance and m2 = 0.13 mo for transverse (BLJ), which is in good agreement with
the data obtained on bulk samples and films of Bi2Tes, Bi2Ses from SdH oscillations.

The Dingle temperature 7p, which characterizes the broadening of the Landau levels as a
result of carrier scattering, equivalent to an increase in temperature by the value 7p, was
determined from the ratio of the amplitudes of the SdH oscillations at two successive values of
the magnetic fields Bx and Bu+1.

The values were calculated for 5-6 points (maxima) on the SdH oscillations and the
average value was determined.
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The ratio of the amplitudes is:

Lo (anm*ckT>
A(T B,) _(Bnﬂ)i le[AB, 11 « ox 2n2m*ckTD( 11 )
A(T,B,.) \ B, Sh(anm*ckT> PI™ Jeln B,.. B,
le|AB,,

Where 7p was found by taking the logarithm. From the SdH oscillations on the
longitudinal magnetoresistance, the calculated Dingle temperature was 7p = 1.3 K, and on the
transverse one 7p = 6 K.

Dl . h . D
Considering that the Dingle temperature T = — %, where 7 is the relaxation time, the
B

charge carrier mobility (quantum mobility) was determined from the relation:
_ he 1
Hs = 2nkg m,Tp

and was for longitudinal magnetoresistance p = 12.09*10° cm?/V*sec and for transverse
ut=2.32%10° cm?V*sec, which coincides with the values obtained from the Hall effect for
n-type Bi2Tes films at BL/ and significantly exceeds the values for longitudinal
magnetoresistance BL/.

For p-layers, the cyclotron mass, calculated according to expression (2) from the
OR/0B(B) dependences for transverse magnetoresistance, was mZ = 0.1 m,. And the edge
mobilities were p = 14.1*10° cm?/ V*sec.

The temperature dependences of the resistivity p(T) and thermoelectric power a(7) of
p-type Bi2Tes layers with d =17 um and n-type with d = 20 pm were studied, on the basis of
which the temperature dependence of the power factor o’c(7T) was calculated.
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Fig. 6. Temperature dependences of the force factor o o(T) of the Bi>Tes layer, n-type d = 20 um
(a) and p-type d = 17 um (b). Inset: temperature dependences of the relative resistance Ry / R3oo(T)

(curve 1) and thermoelectric power o (T) (curve 2 — scale on the right)
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The temperature dependences of the power parameter P.f. = a’c were determined from
the data of thermopower and resistivity. The maximum value of P.f. is 4.3*10”° W/*¢cm*K? in
a wide temperature range of 75 K-200 K. At 300 K P.f. = 3.2*10"> W/*¢cm*K?. Using data on
the thermoelectric efficiency of p- and n-type BizTes layers, as well as our previously obtained
results on the thermoelectric efficiency of n-type foils with the composition Bi-17% Sb [13],
the dependence of the cooling effect (temperature gradient on the passing current A7(I) through
a structure in the form of thermocouples from n- and p-layers at 300 K was investigated.

Fig. 7 shows the dependence of the temperature gradient A7 on the direct current passing
through various n-p structures at 300 K.

AT, K

T T T T
0 100 200 300 400
I, mA

Fig. 7. Temperature gradient AT as a function of current passing through: (curve 1) —
one thermocouple made of n- and 1 p-Bi:Tes layers 20 um thick on scotch tape substrates, (curve 2) —
two segmented n- and p-type BiTes thermocouples on substrates, (curve 3) — a thermocouple made
of 1 n-type Bi;Te;s layer without substrate and 1 p-type Bi:Tes layer without substrate, (curve 4) —
a thermocouple made of 1 p-type Bi>Tes layer without substrate and 1 n-type Biy.s+—Sbis foil 20 um
thick, (curve 5) — a thermocouple made of two parallel-connected p-type Bi>Te; layers without
substrates and 1 n-type Biy.s4+—Sbis foil 20 microns thick.

Thus, the device under study made it possible to obtain a temperature difference of
AT = 12° over an area of 0.01 cm? at 300 K (Fig. 7).

Conclusions

Using the mechanical cleavage method, single-crystal layers of the n- and p-type
topological insulator Bi2Tes were obtained, with a layer thickness of 10-20 um without
substrates.

The SdH oscillation frequency was calculated from the SdH oscillations, and the
cyclotron masses, Dingle temperature, and charge carrier mobilities for two magnetic field
directions were estimated. It was shown that the charge carrier quantum mobilities at 4.2 K for

H||I exceed the values obtained for bulk samples and films of the corresponding composition.
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It was found that the phase shift of the Landau level index is 0.5 in both parallel and
perpendicular magnetic fields, which confirms the presence of surface states of the layers of
topological insulators BizTes.

The calculated values of the temperature dependence of the force factor have a wide
maximum in the temperature range of 75-200 K, in the region of 300 K.

Using the data on the thermoelectric efficiency of p-type Bi2Tes layers with a thickness
of 17 pm and the results we obtained earlier on Bi-17 at % Sb foil (n-type, 20 um thick), a
miniature micro-cooling device was designed and investigated in the form of a thermocouple
made of p-type BizTes3 layers and n-type Bi-17 at % Sb foil, which makes it possible to obtain
a temperature difference of AT=12° on an area of 0.01 cm? at 300 K, which is an important
factor and opens up ways to increase the thermoelectric efficiency and thermo-cooling effect at
300 K.
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MoHoKpHCTANIYHI IAPH TONOJIOTTYHMX i30JIATOPIB
HA OCHOBI TeJIypuUay BiCMYTY p- Ta N-THILY
JJIS1 MIKPOOXOJIOAKYHOYHUX NPHUCTPOIB

Y cmammi  npeocmaeneni  pezynomamu  eKCNEPUMEHMANbHUX  OOCHIOHCEHb
MepMOeNeKMPUYHUX 8LACMUBOCIEl MA KOIUBANbHUX eexmig (koausans LLIyOnikosa-Oe
Taaza) monokpucmaniunux wapie mononrociuHux i301amopie menypudy icmymy p- i
n-muny 6e3 nioknadox, mogwunoiw 17 mxm ma 20 MKkMm 6i0ROBIOHO, OMPUMAHUX ULTISXOM
MEXAHIYHO20 8I0WAPOBYBANHS WAPIE 3 MOHOKPUCMALIYHO20 3NIUMKA 8i0N0BIOH020 CKAAOY
3a Memooukow, po3pobieHow asmopamu cmammi. L{ukiompouni macu ma K8aHMOSI
pyxausocmi Hociig 3apsady, XapakmepHi Old NOGEPXHEBUX CMAHIE MONONOSIUHUX
i30Amopis, Oyau oyiHeHi 3 GUKOPUCMAHHAM eKCHePUMEHMANbHUX OAHUX PO KOAUBAHHS

LIyouixosa-oe l'aaza 6 noszoosdcrix (BJI) ma nonepeunux (B_LI) macnimuux noaax 0o
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14 Tn. Koegiyienm cunu 0ys pospaxosanuti 6 oianazoni memnepamyp 2-300 K 3a
MeMnepamypHUMU 3ai1eHCHOCMAMU ONOpy ma mepmoepc. Becmarnoesneno, ujo maxcumanvhe
SHQUeHHS KoepiyieHma NOMyd’CHOCMI cnocmepicacmoci 6 Oianasoui memnepamyp
100-250 K i eionogidae HauKpawum MAaKCUMAIbHUM 3HAYEHHAM, OOCMYNHUM 8
aimepamypi 0ns ideanvHux monoxpucmanie. Ha ocrnosi ompumanux wapis gporveu BirTes
p-muny i n-muny — Bi-17 am%, 6yn10 cmeopeno KOHCMpPYKYito — MIKPOOXOA00XHCYBANbHULL
npucmpiii, axuti 0ozeonse ompumamu AT = 12° na nnowi 0.01 cm’, wo € easxcnusum
gaxmopom 07151 po3pOOKU HOBUX BUCOKOEDEKMUBHUX MEPMOENeKMPUYHUX MAMepIiaiie Ha

OCHOBI MOHWUX WAPI8 0TI iX NPAKMUUHO20 BUKOPUCTAHHS 8 MIKDOOXO0I00XCYBAUAX.

KniouoBi ciioBa: TepMOeNeKTpUYHI MaTepiaiy, TOMOJOTIYHI 130JIATOpH, IMapH, (oIbra,
MoHOKpucTaiiuHi mapu, BiyTes, xomuBanus LlyOnikoBa-ne ['aaza, pyximBicTe HOCIiB
3apsiIly, OXOJIOKYBaIbHUH MPUCTPIH.
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