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A high quality Bi,Tes crystal has been grown by Bridgman method with the use of rotating heat field. The
phase purity and bulk structural quality of the crystal have been verified by XRD analysis and rocking
curve observation. The atomically smooth Bi,Te3(0001) surface with an excellent crystallographic quality
is formed by cleavage in the air. The chemical and microstructural properties of the surface have been
evaluated with RHEED, AFM, STM, SE and XPS. The Bi,Te3(0001) cleaved surface is formed by atomically
smooth terraces with the height of the elemental step of ~1.04 + 0.1 nm, as estimated by AFM. There is
no surface oxidation process detected over a month keeping in the air at normal conditions, as shown by
comparative core level photoelectron spectroscopy.

© 2015 Published by Elsevier Inc.

1. Introduction

Bismuth telluride, Bi;Tes, is a representative member of the
Bi,Ses crystal family well-known for its pronounced layered
crystal structure and good thermoelectric properties [1-5]. Re-
cently, Bi;Te; has become of wide research interest as a three-di-
mensional topological insulator (TI) where the novel state of
quantum matter is realized [6-13]. Such electronic system pos-
sesses strong spin-orbit coupling that provides a combination of
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an insulating bulk and massless Dirac fermion surface states. The
experimental realization of TI states was carried out by several
methods including thin film and nanoplate preparation
[9,10,12,14-16]. Besides this, it is well known that Bi,Se; family
crystals possess good cleavage properties and high-quality (0001)
surface of macroscopic area can be prepared using the bulk crystal
and cleavage procedure [5,7,17-24]|. This method of the pristine
surface preparation was used in many experiments on TI effect
observation and top surface engineering of BiSes-family crystals.
Regrettably, as a rule, only a very short description of the crystal
growth conditions and surface preparation conditions can be
found in literature [7,17,18,21-30]. The formation and stability of
the TI state at the crystal-vacuum (or air) boundary and device
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structures in particular, however, may be strongly dependent on
the structural and chemical qualities of the Bi,Tes crystal and the
cleaved surface properties seem to be among governing factors.
The present study is aimed at the growth of a high quality Bi,Tes
crystal and evaluation of structural and chemical parameters of
the cleaved (0001) surface.

Commonly, the surface of telluride compounds is not inert in
the air and tends to oxidize due to drastic affinity for oxygen [31-
35]. For many complex halcogenide compounds, the chemical in-
teraction with air agents results in a complete decomposition and
amorphization that limit the crystal living period. From this point
of view, Bi;Te; seems to be not an exception and the presence of
oxygen could be expected at the crystal surface. Indeed, oxide
presence at the surface of Bi,Tes nanocrystals fabricated by very
different techniques was found by XPS in several experiments [36-
39]. The behavior of the cleaved Bi,Te3(0001) surface is evidently
different. The swift oxygen adsorption was detected when the
cleaved surface was prepared in the dry nitrogen atmosphere [40].
On the other hand, the Bi,Te5(0001) surface cleaved in the air and
immediately measured with XPS shows the absence of an oxygen
signal [41]. However, the pronounced oxidation was detected even
after 4 h keeping in the air atmosphere at T=24 °C, and that in-
dicates active chemical interaction of the cleaved Bi,Te3(0001)
surface with the air agents [41]. It should be pointed that the
parallel formation of Bi,Os- and TeO,-type species was found at
the surface in this experiment.

Many versions of the Bi-Te equilibrium phase diagram can be
found in the literature, and at least one intermetallic phase, Bi,Tes,
is generally accepted at Bi:Te=1:1 [42-44]. The crystal structure of
trigonal Bi,Tes, space group R-3 m, a=4.3896 and b=30.5090 A, Z
=3, is shown in Fig. 1 [45,46]. The crystal lattice is formed by the
bilayers of face-sharing BiTes octahedrons (quintuple). The bi-
layers are stacked along the c axis by weak van der Waals bonds
with as long Te-Te distance as 364 pm. This layered structure
provides excellent cleavage properties of Bi;Te; and other mem-
bers of the BiSes crystal family. On cleavage, the long interlayer
Te-Te bonds are disrupted and the (0001) surface is supposed to

b——

Fig. 1. The crystal structure of Bi;Tes. The unit cell is outlined. The lone atoms are
omitted for clarity.

be Te-terminated. In addition, it should be noted that the phase
transition of Bi,Tes into the Bi,Tes Il modification, R-3m, a=4.417
and b=29.84 A, Z =3, was found at a higher temperature and
pressure [47]. This orthorhombic modification is metastable under
normal conditions. Other properties of the Bi,Ses II phase are
unknown.

2. Experimental

Bi;Te; melts congruently at T=586 °C forming eutectic in the
Te-rich part of the Bi-Te system [42-44]. The Bi-rich part of the
diagram is more complicated consisting of a series of peritectic
reactions that is very similar to the behavior of the Bi-Se system
[48]. Because of active Bi-Te melt oxidation in the air atmosphere,
the crystal growth should be carried out in evacuated quartz
ampoules. A vapor pressure of the Bi and Te elementary compo-
nents at the Bi,Te; melting temperature is far lower than the
ampoule resistance threshold (~ 15 kbar), and the charge may be
obtained by direct alloying of the components.

In the present work, the charge prepared from elementary Bi
(5N) and Te (4 N) at stoichiometric composition Bi;Te; was sealed
into the quartz ampoule evacuated to ~10~*Torr. High-purity
bismuth was prepared in NIIC (Novosibirsk, Russia) [49]. The
mixture heated up to 20 °C above the melting temperature was
left for 1 day for homogenization. Then, after cooling, the syn-
thesized polycrystalline ingot was reloaded to the growth quartz
ampoule with a conical tip for recrystallization by the modified
vertical Bridgman method with a rotating heat field [50,51]. The
ampoule translation rate and axial temperature gradient were
10 mm/day and ~15°C/cm, correspondingly. The rotating heat
field parameters were the same as those earlier used for the
AgGaS, crystal growth [51]. The seed technique was not used.
However, the conical ampoule tip resulted in the geometrical se-
lection of the single grain at the initial growth stages. The crys-
tallographic orientation of the grain was (0001) plane nearly along
the growth axis that is a common feature of layered chalcogenide
crystals [19,52-55].

The phase compositions of both synthesized and recrystallized
Bi,Te; were evaluated by X-ray diffraction (XRD) analysis. The XRD
patterns were recorded using Shimadzu XRD-7000 (Cu Ko radia-
tion, Ni - filter, 5-60° 26 range) device. The polycrystalline or
single-crystal samples were gently ground with hexane in an agate
mortar and the resulting suspension was deposited on the po-
lished side of a standard fused-quartz sample holder, a smooth
thin layer being formed after drying. The indexing of the diffrac-
tion patterns was carried out using the known structural data [45].

The Bi,Te3(0001) substrates with the typical dimensions of 8 x
10 x 1 mm> were prepared by cleaving the crystal with a steel
knife in the air atmosphere. The structural quality of the crystal
bulk was estimated by the rocking curve measurements. The X-ray
rocking curves were recorded using a two-crystal diffractometer
DSO-1T (Cugq; radiation, A=1.54056 A, Q-260 scanning, detector
aperture is 170s of arc) equipped with the Ge(004) mono-
chromator [56]. The top-surface crystallographic properties were
evaluated with RHEED using an EFZ4 device under electron energy
50 keV [56-58]. RHEED observation was produced during an hour
after crystal cleavage. The surface micromorphology of
Bi,Te3(0001) substrates was studied by AFM with Solver P-47H
device in the noncontact mode [26,59]. The STM images and
profile measurements were made at room temperature in an UHV
chamber with base pressure ~1 x 10~° Torr with a Omicron
scanning tunneling microscope (STM) on the Bi,Te3(0001) samples
prepared by cleavage [26,60].

The electronic properties of the Bi;Te3(0001) surface were
characterized by X-ray photoelectron spectroscopy (XPS). The XPS
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valence-band and core-level spectra of Bi,Tes were measured
using the UHV-Analysis-System assembled by SPECS (Germany).
The system is equipped with a PHOIBOS 150 hemispherical ana-
lyzer. The base pressure of a sublimation ion-pumped chamber of
the system was less than 6 x 10~ '° mbar during the present ex-
periments. The Al Ko radiation (E=1486.6eV) was used as a
source of XPS spectra excitation. The XPS spectra were recorded at
the constant pass energy of 10 eV. The energy scale of the spec-
trometer was calibrated by setting the measured Au 4f;, and Cu
2p3; binding energies (BE) to 84.00+0.05eV and
932.66 + 0.05 eV, respectively, with respect to the Fermi energy,
Er. The energy drift due to charging effects was not detected due to
a noticeable bulk conductivity of the Bi;Tes samples. For the peak
fitting procedure, a mixture of Lorenzian and Gaussian functions
were used together with the Shirley background subtraction
method. The details of the sample preparation and measurements
can be found elsewhere [19,26,61]. To determine the chemical
composition of the Bi,Tes surface, the atomic sensitivity factors
(ASF) were initially obtained using pure polycrystalline Bi and Te
samples. To remove surface contaminations appeared due to in-
teraction with air, a bombardment of the metal sample surface has
been implemented by Ar™ ions with the energy of 1.05 keV (3-
4 pA) up to the exhausting O 1 s photoemission signal.

The spectral dependencies of refractive index n(1) and extinc-
tion coefficient k(1) were determined by means of spectroscopic
ellipsometry (SE). Ellipsometric angles ¥ and A were measured as
a function of A in the spectral range of ~250-1030 nm using an
ELLIPS-1771 SA ellipsometer [62]. The instrumental spectral re-
solution was 2 nm. The recording time of a spectrum did not ex-
ceed 20 s and the incidence angle of light beam on the sample was
70°. We used the four-zone method of measuring with subsequent
averaging over all the four zones. Ellipsometry parameters ¥ and
A are related to the complex Fresnel reflection coefficients by the
equation

tgy-eid = &,

Rs
where R, and R, are the coefficients for the p- and s-polarized
lightwaves. To calculate the dependencies of refractive index n(A)
and extinction coefficient k(1) on optical wavelength A, the ex-
perimental data were processed using the model of the air-
homogeneous isotropic substrate.

3. Results and discussion
As a result, the single metalescent crystal of 10 mm in diameter

and 50 mm long was grown, as shown in Fig. 2. The exclusive
presence of the pure Bi,Te; phase is confirmed for the as-
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Fig. 2. A Bi,Tes crystal grown by the modified vertical Bridgman method with a
rotating heat field.
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Fig. 3. The experimental and theoretical XRD patterns. The Miller indices of the
most intensive lines are depicted.

synthesized sample and the crystal grown. No indication of any
foreign phase, including known Bi-reached bismuth tellurides and
high-temperature Bi,Tes II, was detected in the XRD pattern, as
shown in Fig. 3. At the pattern, the low-intensity halo at 260~17-
26° appeared from the amorphous fused-quartz sample holder.
The difference between the experimental and theoretical curves is
explained by the (000l) preferred orientation of particles prepared
by the crystal ground procedure. The bulk structural quality can be
estimated by the rocking curve measurement, as shown in Fig. 4.
The full width at a half maximum (FWHM) of the (00015) reflex
recorded from cleaved crystal plate is ~75”. The RHEED pattern
recorded from a cleaved crystal surface is shown in Fig. 5. The
superposition of wide Kikuchi lines and crystal reflexes is evident,
and that verifies an excellent surface structural quality. There is no
amorphous component detected at the cleaved surface that is si-
milar to the cleaved surface structural quality previously observed
in the layered crystals of GaSe, Pb,M0o0Os and AWO,4 (A=Zn, Cd)
wolframite-type tungstates without additional surface treatments
[55-57,63-65].

As it was shown by AFM observation, the cleaved Bi,Te3(0001)
surface is formed by atomically smooth terraces with as low rms
parameter as ~0.06 nm for the area of 5 x 5 pm?2. The typical AFM
pattern recorded for the field of 5 x 5 pm? with terraces is shown
in Fig. 6. A system of several flat terraces is detected for this field.
However, contrary to the previous results obtained for the GaSe
and Bi,Se3(0001) cleaved surface, the large area terraces were not
found at the Be,Te3(0001) surface [55,66]. Also, it should be
pointed that the scattered mesoscale structural defects, previously

1000 4
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11 N‘AM/M

-1000 -500 0
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| /stéﬂxw ﬂ§

1000

Fig. 4. The rocking curve recorded for reflex (00015) from the cleaved Bi,Te3(0001)
substrate.
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Fig. 5. A Kikuchi lines pattern recorded by RHEED for the cleaved Bi,Te3(0001)
surface.

observed at the Bi,Se3(0001) cleaved surface, were not frequent at
the Bi,;Te5(0001) cleaved surface. At the Bi,Te3(0001) surface, the
height of the elemental step was estimated by AFM as
~1.04 + 0.1 nm and that is close to the value of ¢/3=1.05 nm of
Bi,Tes[45]. The terrace surface roughness is not above 0.1 nm, as
carried out for the fresh cleaved surface. Thus, similar to the
Bi,Se3(0001) cleaved surface, the Bi;Te3(0001) surface is formed
by atomically smooth terraces.

The results of STM measurements are shown in Fig. 7. The
pattern shown in Fig. 7(a) was recorded from fresh cleaved sur-
face, and the exposure to the air before the sample insertion into
the vacuum chamber was at the level of ~30min. The
Bi,Te3(0001) surface is atomically clean and is presented by non-
reconstructed Te-terminated surface structure 1x1 with the
period of ~0.43 nm, as it is evident from Fig. 7(b). This pattern
may reveal a comparatively low structural defects density in the
Bi,Tes crystal and low ability of the cleaved surface for the ad-
sorption of atmospheric agents.

The dispersive optical constants of Bi;Te; are shown in Fig. 8.
The curves were derived using a simple model of (air) - (homo-
geneous isotropic infinite substrate) without an account of any
interface layers, possible surface roughness and other factors af-
fecting ellipsometric angles. The details of the algorithm used for
calculations can be found elsewhere [53,67,68]. In the framework
of the model, optical parameters n and k can be calculated ana-
lytically for each wavelength. Generally, a continuous increase of n
and k over the spectral range of 300-1000 nm is observed in
Bi,Tes. The very high n and k values are achieved at ~1000 nm,
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Fig. 7. The STM (a) topographic image of the Bi,Te; cleaved surface acquired at the
bias voltage of —1V and (b) cross-sectional profile.

and the behavior is typical of metals [69,70]. As to the comparison
with Bi,Ses, the refractive index of Bi,Tes is noticeably lower than
that of Bi,Ses over the spectral range of ~250-1030 nm [63]. The
extinction coefficient of Bi,Tes, however, is drastically higher than
that of Bi,Se; above 600 nm.

The survey XPS spectra recorded from the cleaved Bi,Te3(0001)
surfaces are shown in Fig. 1S. All the spectral features recorded
from the as-cleaved surface are attributed to the core-levels or
Auger lines of the atoms constituting Bi;Tes. The presence of the
low-intensity C 1s line in the survey XPS spectrum of the
Bi,Te3(0001) surface is detected after 30 days keeping in the air.
This foreign line appeared evidently due to the hydrocarbons

b

1.0 1.5 20 25

Plane,um

3.0 35 4.0 45

Fig. 6. The (a) AFM image and (b) related depth profile recorded for the Bi,Te3(0001) surface.
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Fig. 9. The Te 3d and Bi 4f doublets, as recorded from the cleaved Bi,Te3(0001)
surface (a) just after cleavage and (b) after a 30 day exposure to the air.

adsorbed from the laboratory air. However, the Bi,Te3(0001) oxi-
dation is not found as it is evident from spectra shown in Fig. 2S.
The detailed photoelectron spectra of Te 3d and Bi 4f doublets
recorded from the Bi,Te3(0001) surface are shown in Fig. 9. The
doublets are well approximated by a combination of individual
components, and that confirms unique chemical states of bismuth
and tellurium in the BiyTes just after the cleaved surface pre-
paration and, also, after a month keeping in the laboratory air.
Even after the long-time exposure to the air, no chemically-shifted
oxide components were found in the photoelectron spectrum that
verifies the high surface inertness to oxidation. Generally, the
constituent element line parameters are in good relation with the
earlier XPS measurements of Bi,Ses family crystals [19,26,30,71-
73]. The relative element content was estimated using the Te 3ds,
and Bi 4f;, components recorded from a fresh cleaved Bi,Tes
surface. The measured result of Bi:Te=0.67 is in excellent agree-
ment with the nominal composition of Bi:Te=2/3. Thus, it can be
concluded that the chemically cleaned Bi,Te3(0001) surface can be
prepared by the crystal cleavage in the air environment.

The specially exposed facets of crystals have been demon-
strated to show enhanced properties in various applications [74-
82]. The BiySes-type crystals, including Bi,Tes, possess strongly
specific properties of the (0001) surface and this factor should be

accounted in the microcrystal growth and TI structure preparation.
The chemical interaction during epitaxy or top surface doping may
be sensitive to pronounced structural anisotropy of Bi,Tes-based
materials [1,3,9-11,13,83].

4. Conclusions

As it is shown in the present study, the high-quality Bi,Tes
crystals can be grown by the vertical Bridgman technique. The
structural quality of the crystals is good enough for the prepara-
tion of a large area (0001) cleaved surface suitable for physical
parameter measurements. The structural and chemical parameters
of the surface are evaluated by RHEED, AFM, STM and XPS. The
Bi;Tes cleaved surface covered by atomically smooth (0001) ter-
races is chemically stable for a long time and, respectively, crystal
cleavage can be carried out in the air atmosphere that greatly
simplifies the topological insulator sample preparation and phy-
sical measurements. Further growth technology optimization,
however, is topical to increase the crystal size and homogeneity
needed to enlarge the atomically smooth terraces area.
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