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Generation of 30 kbar hydrostatic pressure in Bi, Te; thin films by uniaxial deformation
and its effect on the band structure
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Generation of ultrahigh hydrostatic pressure by application of a strong one-axis deformation is demonstrated in
epitaxial Bi, Te; films on a mica substrate. This was followed by measurements of transport properties in n-type
Bi, Tes as a function of temperature (100-300 K) and pressure of up to 30 kbar. This pressure allowed studies of
the restructuring of the conduction band. The nonmonotonic pressure dependence of the Hall coefficient and the
increase of electrical conductivity o (P) can only be explained using two subband structures in the conduction
band: subbands of light and heavy electrons with a mobility ratio of 10. The gap between the electron subbands

increases with the hydrostatic pressure.
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I. INTRODUCTION

Tetradymite Bi,Te; compound is a traditional thermoelec-
tric (TE) material for direct energy conversion between heat
and electricity [1-3]. For the applications of TE technologies
in waste heat recovery and solid-state cooling, p- and n-type
TE materials are needed [4-7]. Performance of TE materials
is determined by the dimensionless figure of merit [8]:

SZ
7z =227, (1)
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where S, o, and « denote the Seebeck coefficient; electrical
and thermal conductivity, respectively; and T is the abso-
lute temperature. Therefore, the high power factor PF = S%¢
and a small thermal conductivity « are desired for high
ZT. Many studies have been performed to improve the PF
by low dimensionalization [9], Fermi level tuning [10,11],
band convergence [12-14], and highly mismatched isoelectric
doping [15].

The Bi,Te; semiconductor is interesting not only from
the viewpoint of thermoelectric applications, but it is also
considered as a new class of materials—topological insulators
[16,17], while the properties of the Bi, Tes topological insula-
tor have been extensively studied [18].

One of the effective techniques for studies of semiconduc-
tor band structure is based on the influence of hydrostatic
pressure on the transport properties (Hall effect, electrical
conductivity, etc.) [19]. In the present work, a nearly hy-
drostatic stress is obtained by applying a uniaxial force to
an epitaxial BipTes thin film on a mica substrate [20]. A
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systematic study of the effect of nearly hydrostatic pressure
on the transport properties of Bi;Tes thin films with different
electron concentrations has been performed.

II. BAND STRUCTURE OF Bi, Te;
SEMICONDUCTOR COMPOUND

The crystal structure of Bi, Tes consists of quintuple layers,
which are perpendicular to the z axis in the hexagonal lattice,
as shown in Fig. 1. Each quintet consists of five simple layers,
where atoms interact one with another through covalent and
ionic bonds. The quintuple layers are connected by weak van
der Waals forces [15].

The band structure of the Bi, Tes obtained using the density
functional theory (DFT) approach was studied by several au-
thors [e.g., 21-24]. The local density approximation (LDA)
usually gives an underestimated band gap value of ~0.05
eV, which is quite far from the experimental value of ~0.13
eV. The LDA also shows an almost direct band gap located
in the I'-M direction of the Bi,Tes; Brillouin zone. Much
better agreement with the experimental result of the band
gap (E; = 0.12eV) has been obtained in [25] using the GW
approximation. This approximation gives the conduction band
minima in the I'-Z direction, suggesting an indirect band gap.
We discuss also the location of the first and second valence
band maxima comparing with DFT calculations and angle-
resolved photoemission (ARPES) measurements.

According to the optical data [26], BiyTes is a non-direct-
band semiconductor with a band gap E,~ 0.13eV. The
valence band is described by a two-band model with an energy
gap AE, ~ 0.02eV at T = 300K [27].

The reflection spectrum of p-type Bi,Tes crystals doped
with Sn is measured in [22]. The absorption spectrum

©2021 American Physical Society
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FIG. 1. The crystal structure of Bi, Tes.

calculated from the reflectance data using the Kramers-
Kronig relations agrees with the experimentally obtained
results. Analysis of the absorption spectra showed two types
of optical transitions—indirect transitions with energy E| ~
0.14eV (close to the forbidden gap Eg) and direct tran-
sitions with energy E, ~ 0.21eV. These data indicate a
complex structure of the conduction band with an additional
minimum located above the main minimum by the value
of AE,.

According to a recent work [28], the transport properties
of the n-type Bi,Te;/BiySe; can be explained only by using
the two-band structure of the conduction band with different
effective masses and weighted mobilities. Two options are
possible for the interpretation of optical transitions in the
Bi,Te; band structure. The first option of the Bi,Te; band
structure is presented in Fig. 2. The light valence band (LVB)
and the light conduction band (LCB) minima are in different
k points of the Brillouin zone (BZ). The heavy conduction
band (HCB) and LVB minima are in one point of the BZ. The
indirect transition 1 corresponds to the fundamental absorp-
tion in Bi, Tes and determines its forbidden gap (the band gap)
E, ~ E; ~ 0.14eV. The direct transition 2 with the energy E,
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FIG. 2. Schematic view of the band structure and optical transi-
tions in Bi, Te; according to option 1.
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FIG. 3. Schematic view of the band structure and optical transi-
tions in Bi, Te; according to option 2.

occurs from the main LVB to the additional HCB. Considering
the aforementioned information, the edge between the two
conduction bands (HCB and LCB) equals AE, =~ 0.07eV.

The second option of the Bi, Tes band structure is presented
in Fig. 3. This option looks more truthful. The light valence
band (LVB) and the light conduction band (LCB) minima are
in different k points of the Brillouin zone (BZ). The heavy
conduction band (HCB) and LVB minima are in one point
of the BZ. At room temperature, Fermi level Ef is located
between the two valence bands (HVB and LVB).

The direct transition 2 with the energy E, occurs from
the HVB to the HCB and is shown in Fig. 3. The
edge between the two conduction bands (HCB and LCB)
equals

AE. = E; — E; — AE, ~ 0.05¢V, 2)

where AE, ~ k,T =~ 0.026¢eV (k, is the Boltzmann constant;
T is the absolute temperature).

The pressure dependence of the transport properties over
the temperature range of 100-300 K and under the hydrostatic
pressure of up to 30 kbar presented in this work can provide a
complete explanation of the structure of the conduction band
in BipTes. Success in this task is important for the optimaza-
tion of the transport properties of the classical thermolectric
Bi, Te; based compounds.

III. EXPERIMENTAL PROCEDURE

Synthesis of Bi,Te; was carried out by direct melting of
high-purity elements for 10 h at 1073 K in sealed quartz
ampoules evacuated to a residual pressure of 10~ mbar. Each
ampoule was then taken from the furnace and quenched in
cold water. The obtained ingots were crushed into fine pow-
ders by ball milling in argon atmosphere. Bi,Te; films with
higher electron concentration were obtained in nonstoichio-
metric Bi, ,Tes, due to the donor effect of substitutional Te
atoms replacing Bi atoms [29].

The n-type BiyTe; thin films were deposited using flash
evaporation technology as described in [30,31]. The substrate
temperature for film evaporation was 7; = 523 K; the evapo-
ration velocity was v, = 0.1 um/min. After the evaporation
process, all films were annealed in the same evaporation
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FIG. 4. (a) Schematic view of the device for measuring the trans-
port properties of films under uniaxis deformation. (b) Schematic
view of a sandwich of film specimen on a mica substrate and mica
plate with copper contacts (contacts to measure: v—voltage drop,
i—current, and H—Hall contacts).

chamber at 7; = 623 K for 0.5 h in a pure argon atmosphere
under the pressure p = 0.9 atm.

The structural analysis of the films was carried out by an
x-ray diffractometer STOE STADI P (by STOE & Cie GmbH,
Germany) with a modified Guinier geometry scheme using the
transmission mode [Cu K« radiation, concave Ge monochro-
mator (111) of the Johann type; 20/w scan, angles interval
with angle step of 0.015° and step time of 2 s]. The initial
processing of experimental diffraction arrays was performed
using POWDERCELL (rev. 2.4) software. Secondary emission
electron images were taken with a Quanta 200 environmental
scanning electron microscope (HRSEM).

For the investigation of the transport properties (Seebeck
coefficient, S; electrical conductivity, o; and Hall coefficient,
Ry) of thin films at temperatures ranging from 80 to 500 K, a
unique measurement setup was used [32]. The measurement
of the Hall effect was carried out in permanent magnetic fields
up to 2 T. The results were averaged using two opposite direc-
tions of the electrical and magnetic fields. The temperature
accuracy was 0.1-0.2 K, and that of the magnetic field is
3%. The uncertainty of the Seebeck coefficient and electrical
conductivity was 6%. The Hall effect was measured with an
accuracy of 8%.

The creation of hydrostatic pressure due to a strong one-
axis deformation of a semiconductor film on the thin substrate
was originally proposed in [30] and developed in [33]. The
schematic view of the measurement setup and the work prin-
ciple are presented in Fig. 4. The setup is a type of Bridgman
anvil with a few upgrades. The dimensions of the insulation
substrate and the film were chosen so that the thicknesses
of both were much smaller than their length and width. In
this case, the deformation along the film can be neglected.
The sample and the electrode system were located between
layers of insulating material (mica). The typical sample size
was 5 x 3 x 0.001 mm; the dimensions of the insulating ma-
terial were 15 x 10 x 0.1 mm. The electrodes were made of
flattened copper wire with a diameter of 0.02 mm, which
is incorporated into the material. A solenoid was installed
coaxially with the anvils, creating a magnetic field parallel to
axis A. The magnetic core is the supporting structure of the
press. Copper-constantan thermocouples are used to measure
the temperature of the sample.

TABLE I. Relevant material properties of Bi,Te; material and mica substrate.

Crystal Lattice parameters at Thermal expansion coefficient at Elactic constants at
Material structure T =300K T = 300K (x10°% K1) T = 300K, GPa Reference
Bi,Te; Hexagonal a=0.519 nm k=129 x 10° (Cy =73.8, (C33 = 54.3, [15]
(Cys = 30.4, (Ces = 28.7,
(Ci3 =30.6, (Ci, =163
Mica Monoclinic a =0.438nm k=175x10° (Cy; = 181, (Cy, = 178, [34]
¢ =3.049nm (G35 =58, (Cua = 16,

(Cs5 = 19.5, (Ce = 72,
(Cy3 =21, (Ci3 = 25,
(Cp =48,Ci5 = —14,
(Cs=1,C35 =1,
Cye = —5.2
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FIG. 5. XRD spectra of Bi,Te; film on mica substrate.

IV. RESULTS AND DISCUSSION

A. Structural properties

Mica (muscovite) has a monoclinic crystal structure
(Table I) with a weak deviation from a cubic structure.

Figure 5 illustrates the x-ray diffraction patterns of the
1 pm thick film of BiyTe; grown at T, = 523K and after
annealing at 7; = 623 K during 0.5 h in argon atmosphere.
The hexagonal Bi,Tes film demonstrates a high-quality struc-
ture with preferred texturization in the (0001) direction (c axis
parallel to the normal to the film plane), indicating an epitaxial
growth of the Bi,Tes film on the mica substrate.

B. Transport properties

Figure 6(a)-6(c) show the transport properties of
1 £ 0.1 um thick n-Biy_,Tesy, films with different composi-
tions corresponding to electron concentration n ranging from
4 x10%cm™ to 8 x 10" cm™3.

For obtaining the majority electronic carrier concentra-
tions in the investigated films, Hall effect measurements
were carried out in the temperature range of 100-300 K.
Figure 6(a) shows the measurement results. The films show
negative values of the Hall coefficient in the entire temperature
range, confirming n-type electron conductivity in Biy_,Tes,
films. For all specimens, the absolute value of the Hall coef-
ficient |Ry| decreases with increasing temperature. For low
electron concentration (n = 4 x 108 cm™), |Ry| decreases
by a factor of 2.

Figure 6(b) shows the Seebeck coefficient S for
n-Biy_,Tes, films as a function of temperature. The Seebeck
coefficient has negative values over the investigated temper-
ature range, which is typical for semiconductors with n-type
conductivity. For samples 1 and 2, with lower electron con-
centrations, the maximum Seebeck coefficient close to T =
300K is observed, which then starts decreasing due to the
effect of minority carriers [15].

The electrical conductivity o for n-Bi, ,Tes;, films de-
creases with increasing temperature as shown in Fig. 6(c),
indicating metallic behavior. The value of o increases for
higher electron concentrations over the investigated temper-
ature range.
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FIG. 6. Hall coefficient Ry (a), Seebeck coefficient S (b), and
electrical conductivity o (c) as a function of temperature for
n-Bi,_ Tes,, films on mica substrate. 1-n =4 x 10" cm™; 2-n =
7 x 108 cecm™3;3-n =3 x 10 ecm™; 4—n = 8 x 10" cm™.

C. Transport properties under strong compression

The study of semiconductor transport properties under
strong compression is of considerable scientific interest.
Typical high-pressure liquid chambers for measuring
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transport properties of bulk samples can produce pressure
below P = 15kbar [19]. It is, therefore, very important to
develop alternative research methods and measurement setups
for producing higher pressure without sample destruction.

In a thin epitaxial film, two-dimensional epitaxial elastic
stress prevails:

o]
Bupi = N 3)

Applying a normal compressive stress P induces Poisson
expansion in the transverse directions in the film plane. When
the uniaxial stress is applied to a small region of the film, the
surrounding film and substrate constrain the Poisson expan-
sion in the film (transverse) plane, thus causing compressive
elastic stresses also in the film plane. These stresses, in the
case of the isotropic material, can be roughly estimated from
Hooke’s law:

1
Exx = E[axx - U(ayy +P)] =0, (4‘)
which yields, for o, = 0y,

——P =043P, 4)

—v

Oxx =

where E is the Young’s modulus of the film. This indicates
that the added stresses in the plane are approximately half the
uniaxial pressure P. If the epitaxial stresses are compressive,
the film may be closer to a hydrostatic state of stress.

vP
o1+ 15
Otot =

o+ £ . (6)
P

In this work, we applied pressure in the 0-30 kbar
range which causes high elastic strains (up to &,; ~ 6%) in
Bi, ,Tesy, films without sample destruction. This deforma-
tion is remarkably higher as compared to bulk samples where
only ~0.01% strain can be obtained before breaking the
material.

(R/R,)

1.0 - : ' '

0 10 20 30
P (kbar)

Figure 7(a) demonstrates the Hall coefficient and the elec-
trical conductivity of n-type Bi, Tes;;, films on a mica
substrate with different electron concentration as a function
of pressure P at T = 300 K. The absolute value of the Hall
coefficient |Ry|, for the films with electron concentration up
to n =3 x 10" cm™, first increases until reaching a maxi-
mum and after that |Ry| decreases with increasing pressure.
For samples with higher electron concentration, the abso-
lute value of the Hall coefficient decreases with increasing
pressure in the entire pressure range. Figure 7(b) shows that
the electrical conductivity increases with pressure increas-
ing from O to 30 kbar for all compositions. The electrical
conductivity for the sample with maximum electron con-
centration (n = 8 x 10! cm=) shows a lower increase with
pressure in comparison with the samples with lower electron
concentration.

Figures 8(a) and 8(b) present the Hall coefficient and
the electrical conductivity as a function of pressure for the
n-Bi,Tes film (n =4 x 10" cm™) at different temperatures
in the 100-300 K range. For 7 = 180K the pressure behav-
ior of the Hall coefficient is the same as at 7 = 300K. At
T = 100K, |Ry| decreases with increasing pressure over all
the pressure range. The electrical conductivity at 7 = 100 K
shows a lower increase with pressure in comparison with the
electrical conductivity at 7 = 300 K.

The transport properties are naturally interpreted within the
framework of the two-band model of the conduction band in
Bi,Tes. The Hall coefficient Ry and o can be represented as
follows [23]:

R = Rig[0!/ (0} +0!)]" + Rig[0!/ (0! + )] (D)
o=o0!+o0,, ®)

where R, and o are the Hall coefficient and conductivity
for heavy electrons. Rl;, and o/ are the Hall coefficient and
conductivity for light electrons.

The compression of the film increases the gap between the
light and heavy electron subbands AE,, as illustrated in Fig. 9,
accompanied by the transition of electrons from the heavy to

(o,/0,)

1.0 L 1 1 1 1
0 10 20 30

P (kbar)

FIG. 7. The Hall coefficient Ry (a) and electrical conductivity o (b) as a function of pressure for n-Bi,_,Tes, films on a mica substrate at
T =300K. 1-n =4 x 10¥cm™>;2-n =7 x 10¥em>; 3-n =3 x 10° cm™>; 4-n = 8 x 10" cm™.

115137-5



R. SHNECK et al.

PHYSICAL REVIEW B 104, 115137 (2021)

0 10 20 30
P (kbar)

(o,/0,)

1.0 _
0 10 20 30

P (kbar)

FIG. 8. The Hall coefficient Ry (a) and electrical conductivity o (b) as a function of pressure for n-Bi,Tes film (n = 4 x 10" cm™) on a
mica substrate over 100-300 K temperature range. 1-7° = 300 K; 2-7 = 180 K; 3-T = 100 K.

the light band. In the original state o > o! [Egs. (7) and
(8)]. An increase in the contribution of light electrons leads
to an increase of the absolute value of the Hall coefficient
|Rye|, the maximum of which is reached at a!‘ = ael. |Rye|
then decreases with a further increase o/ so that 0" < o! with
growing pressure.

If the change of the total Hall coefficient R(P) and the
electrical conductivity o (P) are caused only by the redistribu-
tion between the light conduction band (LCB) and the heavy
conduction band (HCB) (Figs. 2 and 9), it should be a clear
relationship between relative growth of |R|(P) and o (P) [23]:

Rp.  (b+172(b+A)
Ro _ 4b(1+A)B* +A)
ops _ 2b(A+1)
o b+ Db+4)

©))

(10)

where the parameter A is the ratio between the electron con-
centration in HCB and LCB; A = ny9/nj9 and b is the ratio

Energy, E

30 kbar

Pressure P (kbar)

FIG. 9. Schematic view of the band structure restructuration as
a function of the hydrostatic pressure in Bi,Te; films on a mica
substrate.

of Hall mobility of light electrons to the Hall mobility of
heavy electrons; b = u;/p, [23]. Index “0” corresponds to
the pressure P = 0. At pressure P* the electrical conductivity
at the LCB equals the electrical conductivity in the HCB:
o; = oy. From Egs. (9) and (10) the following is obtained:

R 2
0 :2%_<%) ) (11)

RP* [&0]

Following Eq. (11), the experimental value R, /Ry ~ 1.8,
for the electron concentration n = 4 x 10' cm™ (Fig. 7), cor-
responds to 0, /09 ~ 2.2, which is close to the experimental
value o, /oo ~ 2.0.

V. CONCLUSIONS

(1) A technique is presented for creation of a nearly hy-
drostatic pressure by a strong uniaxial deformation in epitaxial
films on a mica substrate.

(2) A systematic study of transport properties (Hall coeffi-
cient, Seebeck coefficient, electrical conductivity) in n-type
Bi,Te; films with variable electron concentration has been
carried out over the temperature range of 100-300 K and
under the hydrostatic pressure of up to 30 kbar.

(3) The results are interpreted within the framework of
the two-band model of the conduction band in Bi,Tes, which
demonstrates the increasing of the gap between the subbands
of the light and heavy electrons due to the hydrostatic pres-
sure.
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