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Surface-Induced Enhanced Band Gap in the (0001) Surface of Bi,Se;
Nanocrystals: Impacts on the Topological Effect
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ABSTRACT: The (0001)-oriented hexagon-shaped nano-
crystal plates of Bi,Se; are synthesized by the hot-injection
method using a nontoxic solvent. The Bi,Se; hexagonal plates
have a thickness of around 40 nm with a lateral dimension of
600 nm. The selected-area high-resolution transmission
electron microscopy images show hexagonal lattice fringes
with a lattice spacing of the (0001)-oriented hexagonal crystal
structure. These nanocrystals exhibit a band transition energy
of ~0.66 eV, which is 3 times that of Bi,Se; single crystals.
The first-principles density functional theory (DFT) calcu-
lations demonstrate that the expanded band gap (Eg) of these
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Bi,Se; nanocrystals is due to the phenomenal surface band dispersion and the competition between covalent and van der Waals
interactions that determines the topological state. The DFT calculations provide evidence for expansion of the (0001) surface
E, of Bi,Se; from 0.3 to 0.63 eV with an increase of the surface for the same thickness. These Bi,Se; nanocrystals dispersed
between the Ag contact pads exhibit thermally activated behavior with Poole—Frenkel-type conduction due to the electron
trapping/detrapping barriers between the nanocrystals. These results will further advance the understanding of fundamental
charge-transport mechanisms in Bi,Se;, which can also be an essential parameter in the development of various electronic
applications such as resistive memory switching and sensing devices.
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1. INTRODUCTION

Topological insulators (TIs) represent a new state of quantum
materials that behave as insulators in bulk but possess metallic
surface states on the edges or surfaces. These surface states are
protected by time-reversal symmetry and become insensitive to
backscattering by nonmagnetic impurities." Among the various
compounds showing TI properties, Bi,Se; is of particular
interest because of its simple layered structure, relatively larger
band gap (Eg) of ~0.3 eV, which is more compared to that of
the room temperature energy scale, single Dirac cone at the I'
point, etc.” However, in reality, the surface effects of most of
the TT materials get suppressed because of high carrier density
and antisite defects.” Under these circumstances, the nano-
structured synthesis of TIs has become an effective tool for
enhancing the contribution of surface states toward the
electrical transport and optical properties because they have
a large surface-to-volume ratio. The physical properties of the
nanostructures are entirely different compared to those of the
bulk counterparts when the size is reduced to the nanoscopic
range.”

A variety of nanodimensional morphologies, like spherical,5
hexagonal-ﬂake,6 rectangular nanosheet,” triangular or hex-
agonal plate,g’9 rod,'’ and ribbon,"" of the Bi,Se; have been
synthesized using different techniques. Bi,Se; nanocrystals with
some of these morphologies are prepared by adopting a
bottom-up approach, such as hyclrotherrnal,7 solvothermal,*’
polyol,” vapor—liquid—solid,"" catalyst-free vapor—solid,”
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sonochemical,'* and hot—injection13 methods. In addition,
nanodimensional Bi,Se; crystals are also prepared using the
top-down approach such as liquid-phase exfoliation,'* electro-
chemical exfoliation,"> and exfoliation by an atomic force
microscopy tip.'® Potential applications of Bi,Se; for a wide
range of devices working at room temperature require a large
bulk E,. Several techniques have been used to measure E, of
Bi,Se;. The reported range of E, of Bi,Se; single crystals is
between 0.22 and 0.33 eV,'”'® and that of the thin films varies
between 0.1 and 2.0 eV.""~*" The disparity of E; of Bi,Se; is
widely explained by its thickness dependence.”*” The direct E,
(0.332 + 0.055 eV) type of Bi,Se, single crystals is evident
from angle-resolved photoemission spectroscopy (ARPES)
through a 3D band mapping in a large fraction of the Brillouin
zone.'® A relatively lower value of E, (0.22 eV) has been
established for the single crystal Bi,Se; from the combined
magnetotransport, photoluminescence, and IR transmission
experiments.' E, of the Bi,Se; thin films has been found to be
0.1 eV, which was explained by the possibility of the in-gap
impurity states.'” The finite density of in-gap states has been
confirmed from the differential conductance spectra of an
atomically resolved Bi,Se; surface.”” The actual excitation
energy could be different because of the presence of Pauli
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blocking of the states below Eg in the conduction band; thus,
the Burstein—Moss effect correction is important, which
increases Eg.24 The nanodimensional Bi,Se; single crystals
are expected to be surface-dominated. The reported values of
E; of the nanodimensional Bi,Se; vary between 0.6 and 2.6
eV.%** Most of the reports have used absorption spectroscopy
but did not measure the absorption spectra in the proper
energy range and observed larger E,; for example, the
nanoflakes of 2—6 quintuple layer (QL) Bi,Se; with an
average lateral size of ~7 nm have shown a larger band gap of 2
eV < E, < 2.6 eV, which is explained by 0D confinement.” The
rodlike Bi,Se; nanostructures with an average diameter of 50
nm and an average length of 4 ym show optical E; ~ 1.5 eV,
and the larger E, value is usually explained by the quantum size
effect.'’ However, in some reports, the absorption spectrum
was measured up to ~0.4 eV, but still E, of the nanodimen-
sional Bi,Se; is larger than 0.3 eV. For example, the 1.4—2-nm-
thick nanoflakes show E, ~ 0.6 eV, *> while the hexagonal
plates exhibit E; ~ 0.85 eV '3

The surface structure and states of Bi,Se; govern the stability
of the topological properties. Any alteration of the surface
structure such as the diffusion, segregation, partial or complete
oxidation, and vacancies at the surface changes the
conductance of the topologically protected surface states.
The surface states and related surface structure of (0001)-
oriented Bi,Se; have been extensively studied by X-ray
photoelectron spectroscopy (XPS), including angle-resolved
XPS (ARXPS) for the surface elemental composition, chemical
state, and surface oxidation.”® In the as- grown nanoribbons, a
BiO, peak is observed in the Bi 4f core-level spectra, and the
intensity keeps growing as the exposure time to air increases
along with an increase in the thickness of BiO,. In contrast, for
the Se 3d core-level spectra, a SeO, layer whose intensity is
very low for the as-grown sample is also formed and gradually
increases with an increase of air-exposure time.”® The
exfoliated (0001)-oriented Bi,Se; exposed to ambient air
exhibits a broad peak at ~59 eV near Se 3d and a shoulder
toward the higher binding energy side of the Bi 5d reglons,
confirming oxidation of both Bi and Se at the surface.”” In Bi
4f—Se 3p core-level spectra, the shifting of Se-related peaks
(2.5 eV) toward the lower binding energy and Bi-related peaks
(0.7 eV) toward the higher binding energy with respect to pure
elemental aggregates shows a net charge flow with hybridized
bonds between Bi and Se.**

The natural Se vacancies in the as-grown crystals of Bi,Se;
perform electron doping. Thus, the transport properties of
Bi,Se; are generally dominated by bulk conduction. In
particular, the temperature dependence of the electrical
resistivity is metallic-like,”* and Shubnikov—de Haas (SdH)
oscillations in the longitudinal resistivity show the character-
istic signatures for a 3D Fermi surface.”” The nanoplates and
nanobeams of Bi,Se; exhibit SAdH oscillations, which suggest
the presence of 7 Berry’s phase and confirm the quantum
transport of surface Dirac Fermions.”” The nanoribbons of
Bi,Se; show Aharonov—Bohm oscillations in the magneto-
resistance measurements due to the periodic quantum
interference effects. The dominance of h/e oscillations (h is
Planck’s constant and ¢ is the electron charge) and its
temperature dependence show the robustness of the surface
states.'" The high field in the Hall resistance and low-field
magnetoresistance measurements open up the possibility that
topological surface states may coexist with a layered 2D
electron system. Quantum oscillations in the Hall resistance,
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observed at temperatures of up to 50 K along with a high
electron density (2 X 10" ¢cm™), and angular and temper-
ature-dependent Hall resistance help to 1dent1fy the 3D and 2D
contributions to the transport behavior.”’ Transport measure-
ment for a single nanoplate at low temperature with a high-k
dielectric top gate shows a decrease in the carrier
concentration with a highly tunable chemical potential with a
weak antilocalization effect.” The 25-nm-diameter nano-
particles of Bi,Se; synthesized using a sonochemical method
exhibit 0.28% efliciency as a photocatalyst for the decoloriza-
tion of rhodamine B and methylene blue using UV radiation."”
The rectangular nanosheets of Bi,Se; synthesized using a
thermochemical method show a superior performance with a
large discharge capacity of ~725.6 mAh g~' compared to the
spherical nanosheets prepared using hydrothermal techniques,
with a reduced value of ~419.6 mAh g~'.” Hexagonal flakes
like Bi,Se; prepared by a solvothermal method exhibit
thermoelectrlc properties with a figure of merit of 0.096 at
523 K.*?

First-principles density functional theory (DFT) calculations
have been performed with spin—orbit coupling (SOC) effects
to study various properties of Bi,Se;. The DFT calculations
show several interesting unique features of Bi,Se;; for example,
the study of phonon dispersion in Bi,Se; shows that the
frequencies of the soft modes of two acoustic branches along
the Z— F and I'—F directions are imaginary and oscillating in
nature.” Studies of the electronic structure indicate that the
properties of Bi,Se; are controlled by the p orbitals rather than
the s orbitals.”* E, of a single QL of Bi,Se; is 0.41 eV, which
decreases to 0.23 eV with an increase of the number of QLs
from 1 to 6. A single QL of Bi,Se; shows a larger
thermoelectric figure of merit (0.27) compared to the bulk
value (0.10), whrch further increases to 0.30 with 2.5%
compressive strain.”> The incorporation of a van der Waals
density functional with Cooper’s exchange in first-principles
electronic structure calculations correctly predicts the exper-
imental interlayer distances in unstrained Bi,Se; and Bi,Te;.
The calculations also show that the E, decreases for tensile
strain and increases for compressive stress. Using the
semiclassical Boltzmann approach, it is predicted that the
Seebeck coeficient of Bi,Te; increases for in-plane compres-
sive strain, while that of Bi,Se; increases for in-plane tensile
strain. In addition, the in-plane power factor of n-doped Bi,Se;
increases for compressive uniaxial strain, while that of Bi,Te;
increases for compressive biaxial strain.*®

Different techniques for the synthesis of a nanostructure
have been developed that involve the use of highly expensive
and toxic solvents like trioctylphosphine, 1-dodecanethiol,

tc.”” In this paper, we report a simple way to synthesize Bi,Se;
nanostructures by the hot-injection method using nontoxic
solvents. The (0001)-oriented hexagonal-shaped platelike
morphology of Bi,Se; is confirmed from transmission electron
microscopy (TEM), while the hexagonal crystal structure of
these nanocrystals is established by X-ray diffraction (XRD). E,
of these hexagonal plates is 0.66 eV, nearly 3 times that of the
Bi,Se; single crystals. Using the first-principles DFT calcu-
lations, we demonstrate that the larger E, of these hexagonal
nanocrystals could be due to the surface effect.

2. RESULTS AND DISCUSSION

The Bi,Se; crystallizes in a hexagonal structure with space
group R3m (D3;). The conventional unit cell contains 15
atoms. Bi,Se; has a layered structure with five atomic layers
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Figure 1. (a) Unit cell of the (1010) surface of Bi,Se; consisting of three QLs. Each QL consists of five atomic layers in the order Sel—Bi—Se2—
Bi—Sel. The QLs are bound by the weak van der Waals force. (b) (0001) surface of Bi,Se; with Sel—Bi—Se2 layers. (c) Reaction pathway for the

preparation of Bi,Se; nanocrystals in the hot-injection method.
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Figure 2. (a) 6—26 XRD pattern and Rietveld refinement profile and (b—c) Raman spectra of the Bi,Se; hexagonal plates synthesized at 250 °C.
The Raman spectra were measured at different temperatures with 10 mW excitation laser (b) and room temperature with different optical densities

)

arranged in a particular order called QL along the z direction.
There are three QLs (Figure 1a) in a conventional hexagonal
unit cell. Each QL consists of five atomic layers in the order
Sel—Bi—Se2—Bi—Sel (Figure 1la). Within a QL, the
interaction is a strongly covalent, whereas inter-QL interaction
is of a weak van der Waals type. The thickness of each QL is
about 0.96 nm.”® The Se2 layer acts as the inversion center and
is different from the Sel layer. There are three crystallographic
axes in the unit cell. It has a trigonal axis with 3-fold rotation
symmetry (defined as the z axis), a binary axis with 2-fold
rotation symmetry (defined as the x axis), and a bisectrix axis
in the reflection plane (defined as the y axis). Because of the
presence of inversion symmetry, the topological invariant can
be calculated through the parity of occupied bands at the I'
point.” Figure 1b shows the (0001)-oriented surface of Bi,Se;
with the top three layers of a QL.

Hexagonal-shaped nanocrystals of Bi,Se; were prepared by
adopting a chemical hot-injection method with a mechanical
and magnetic stirring mechanism (Figure 1c). The nucleation
and growth of (0001)-oriented hexagonal-shaped nanocrystals
could be due to the anisotropic bonding existing near the weak
van der Waals interaction between the QLs™*® and/or the
supersaturation level of the reaction system, which represents
the driving force for crystal growth.*” The #—26 XRD patterns
of the Bi,Se; nanocrystals resemble the characteristic peaks of
the hexagonal structure irrespective of the stirring mechanism.
Figure 2a shows a typical XRD pattern of the Bi,Se;
nanocrystals synthesized at 250 °C. This XRD pattern does
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not show any peak due to the parasitic or impurity phases.
Figure 2a also includes the curve simulated using the Rietveld
refinement technique. The crystal structures of these nano-
crystals are established from the Rietveld refinement analysis,
which confirms the R3m (D3;) crystallographic group of
Bi,Se;. Refinement of the XRD spectrum with a high degree of
precision reveals the cell parameters a = 4.136 A and ¢ = 28.59
A. However, variation of the different synthesis temperatures
changes the a value from —0.08% to —0.17% and the ¢ value
from —0.06% to —0.43%. The crystal structure observed in
Figure 2a was further confirmed by the Raman spectra of these
nanocrystals in the assessable Raman shift range (Figure 2b) of
the Raman spectrometer. At room temperature the Raman line
appearing at ~131.2 cm™" corresponds to the E, mode due to
the in-plane vibrations of the Se and Bi atoms, while the other
peak at ~173.4 cm™' corresponds to the A;; mode, which
reflects the out-of-plane vibrations of the Se and Bi atoms.”
Thus, the A;; mode is more sensitive to the thickness of the
nanocrystal and interlayer van der Waals interactions, which
influence the effective restoring forces acting on these atoms.”
The Raman spectra of these Bi,Se; nanocrystals were recorded
at various temperatures. As these Bi,Se; nanocrystals are
cooled to 110 K, the E, and A}, modes show blue shifts of up
to S and 6 cm™!, respectively (Figure 2b), and this can be due
to thermal contraction, which usually results in anharmonic-
ity.""** In addition, the full width at half-maximum of these
peaks decreases with a decrease in the temperature, which
indicates an increase in the phonon lifetime or relaxation time.
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Figure 3. (a) High-magnification FESEM and (b) low-magnification TEM images of the Bi,Se; hexagonal plates synthesized at 250 °C. The inset

of part a shows a plot profile of the top hexagonal plate.

Figure 4. (a) HRTEM image, (b) a single hexagonal plate with a flat surface and sharp edges, (c) SAED pattern, (d) a section of the zoomed
HRTEM image, and (e) fast Fourier transform of the HRTEM image of the Bi,Se; nanocrystals synthesized at 250 °C.

The anharmonicity present in the crystal could lead to a
change in the vibrational energy of the optical phonon mode,
which results in a decay of the optical mode either into two
acoustic modes of equal and opposite momentum (Klemens
channel) or one optical and one acoustic phonon (Ridley
channel).*" At room temperature, the Raman spectra of the
Bi,Se; nanocrystals are strongly influenced by the excitation
optical density. At 0.65 W excitation laser power, the Raman
modes of Bi,Se; are not observed, but as the laser power is
increased to 6.5 yW, the E; and A%g modes start to appear in
the Raman spectra of the Bi,Se; nanocrystals (Figure 2c). The
Eé and A%g modes in the Raman spectra of the Bi,Se,
nanocrystals are distinct and sharp at 65 yW laser power.
When the laser power is further increased, these Raman peaks
become broad and shift toward lower frequency because of the
excitation-induced laser heating effect.”

The field-emission scanning electron microscopy (FESEM)
images of Bi,Se; prepared at different temperatures (Figure 3a)
reveal that the as-synthesized Bi,Se; nanocrystals have regular
as well as truncated shape and size with hexagonal plate
morphology. The inset shows the plot profile of a hexagonal
plate, which indicates that the lateral dimension of the plate is
around 600 nm. The hexagonal plate morphology was further
confirmed from the bright-field TEM images (Figure 3b).
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The high-resolution TEM (HRTEM) images of these
hexagonal plates of Bi,Se; (Figure 4a) show lattice fringes
with hexagonal crystal structure, consistent with those of
Figure 3a. A typical hexagonal plate of Bi,Se; synthesized at
250 °C for 1 h has a flat surface and sharp edges (Figure 4b).
This Bi,Se; hexagonal plate has a thickness of around 40 nm
with a lateral dimension of 600 nm, which is consistent with
that of the SEM image. The selected-area electron diffraction
(SAED) patterns show a 2-fold-symmetry reciprocal-space
diffraction spot pattern (Figure 4c) and indicate the single-
crystalline nature of the Bi,Se; hexagonal plate. The SAED
pattern can be indexed as a 2-fold symmetry along the zone
axis [0001], which demonstrates that the nanocrystal grows
along [0001], with the (0001) facet as top and bottom surfaces
with a minimal distortion along [0110] of the (0110) facet and
a significant distortion along [1010] of the (1010) facet. A
selected-area zoomed HRTEM image (Figure 4d) shows
hexagonal lattice fringes with a lattice spacing of d5y ~ 3.462
A and dy7, ~ 4.022 A, corresponding to the (1010) and
(0110) planes, respectively. Further, the d spacing observed in
the fast Fourier transform of the HRTEM image (Figure 4e) is
consistent with the lattice spacing and SAED pattern.

XPS of these Bi,Se; nanocrystals was performed to elucidate
the surface chemical states and composition. Figure Sa shows
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Figure 5. (a) Wide-scan and core-level XPS spectra of (b) Bi 4f, (c)
Bi 4d, and (d) Se 3d of the Bi,Se; nanocrystals synthesized at 250 °C.

the low-resolution XPS spectrum, indicating the presence of Bi,
Se, C, and O species. The presence of C- and O-related
adsorbed species is likely due to the surface hydrocarbon
contaminants and moisture uptake.”’ The high-resolution
spectrum of Se 3d in the Bi,Se; nanocrystal shows a broad
peak and can be fitted with an energy of 56.26 eV (Figure 5d),
which lies between Se 3ds,, and 3d;,, compared to pure bulk
Se,"* while the high-resolution spectrum of Bi 4f in the Bi,Se;,
nanocrystal can be fitted perfectly using the two peaks for Bi
4f,,, and 4f;, at 161.0 and 166.38 eV, respectively, separated
by 5.38 eV (Figure Sb). The observed spin—orbital splitting of
Bi 4f,/, and 4f;,, in the Bi,Se; nanocrystal is very close to that
of pure bulk Bi 4f. The high-resolution spectra of Bi 4d in the
Bi,Se; nanocrystal can be successfully fitted using the two
peaks for Bi 4d;,, and 4d;, at 443.58 and 466.60 eV,
respectively (Figure Sc). The Bi 4ds), and 4d;,, peaks show
blue shifts of about 4.0 and 3.58 eV compared to that of pure
bulk.** The more electronegative Se (2.55 in the Pauling scale)
pulls a greater portion of the electron cloud toward itself
compared to the less electronegative Bi (2.02 in the Pauling
scale), thus pertalmng to some ionic nature of the bonds in the
Bi,Se; crystal."” The absence of BiO or SeO peaks in the XPS
spectra indicates that the surface structure and states of these
nanocrystals are stable even after exposure to the atmos-
phere.”®

The dispersed hexagonal Bi,Se; nanocrystals, from the
transmission measurement showing the behavior of the
absorption coeflicient up to an energy of 0.73 eV, is plotted
in Figure 6a. The Tauc plot shows the lowest direct band

transition around 0.66 eV, which is larger than the values for
the Bi,Se; single crystal.'” The effect of the capping agent on
the absorption spectra was studied by recording the absorption
spectra of CoFe, 0O, nanocrystals synthesized using 1-octadecne
and oleic acid. The absorption spectra of the nanocrystal of
CoFe,0, do not reproduce the absorption spectra of Bi,Se; in
the energy range of 0.5—0.8 eV, which confirmed that the
observed energy gap of the Bi,Se; nanocrystal is not due to the
capping agent. However, the observed E, is nearly the same as
the reported experimental values for the Bi,Se; thin films,**"
the nanoplates, and the nanoflake.'”** The E, of Bi,Se; usually
varies with the synthesis techniques,”'”'*'”" morphology,***’
thickness,'”** and surface properties, which account for
quantum confinement along the different directions and
surface Lnergy states that could trap charge carriers at the
surface.”'* A similar study of the quantum confinement effect
was reported for the exfoliated Bi,S; nanoribbons, which show
larger E, values compared to the bulk.*® For hexagonal-shaped
Bi,Se; nanocrystals, probably due to the atomic configuration
along [0001], the quantum confinements might be stronger
along [0001] because the length is smaller than that in the
other directions.

The band structure of the Bi,Se; slabs were investigated
using first-principles DFT calculations both without and with
SOC effects using the Quantum Espresso (QE) code.”’ The in-
plane lattice parameters were fixed to their experimental value
(4.136 A). The bulk band structure calculations were carried
out after relaxing the atomic coordinates of the Bi,Se; unit cell.
Without SOC, the band structure of the bulk Bi,Se; shows
direct band gap with E, ~ 0. 38 eV which is very closed to the
reported experimental values 7'% The simulated E, is smaller
than E_ of the nanocrystals; thus, the bulk Bi,Se; contribution
is negligible. The incorporation of SOC changes in the direct
band gap to an indirect band gap with E; ~ 0.19 eV as the
valence band maximum (VBM) and conductlon band
minimum (CBM) move away from the Fermi energy (Ep).
The surface-to-volume ratio of the hexagonal Bi,Se; nano-
crystal is expected to be larger; thus, the influence of the
surface states can control the direct band transition. The
consequences of variation of the surface-to-volume ratio on the
band structure of the Bi,Se; slabs were studied after the atomic
coordinates were relaxed to their minimum-energy values with
15 A vacuum on the top QL in each case. The E, value of the
(0001) surface of the single QL Bi,Se; is 0.97 eV, which is
exceptionally higher than the bulk value of 0.22 eV (Figure
6f)."” As the number of QLs increases to two, the E, value of
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Figure 6. (a) Tauc plot of the Bi,Se; nanocrystals synthesized at 250 °C using a mechanical and magnetic stirrer. The (0001) surface band
structure without and with SOC of two- (b and c) and eight- (d and e) QLs-thick Bi,Ses, respectively. (f) Thickness-dependent (0001) surface
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configuration for the transport measurement.

the (0001) surface of Bi,Se; decreases to 0.83 eV, and the
corresponding band structure (Figure 6b) shows an indirect E,
with the CBM associated with the p, orbital of the Bi atoms
appearing at the I" point. However, the VBM is deformed to M
shape at the I" point because of dispersion of the p orbitals of
the Se atoms along the I'=M and I'=K directions. For three
QLs, the E, value of the (0001) surface of the Bi,Se; further
decreases to 0.79 eV because of a decrease in the van der Waals
gap after relaxation. An indirect E, is observed for the (0001)
surface of Bi,Se; with a thickness up to five QLs. A similar
thickness-dependent E; study has been performed by another
group.”® However, our E, calculations show comparatively
larger values for each QL. In addition, reports on the thickness-
dependent WSOC E, variation of Bi,Se; are very scarce. In
contrast, for six QL, E, of the (0001) surface of Bi,Se; is direct
with a reduced magnitude of 0.379 eV. As the number of QLs
increases, E; of the (0001) surface of Bi,Se; gradually
decreases up to six QLs and then becomes saturated at
around 0.3 eV for higher QLs (Figure 6f). In addition, the p,
orbitals of the Bi and Se atoms move toward Ep (Figure 6d).
The shape of the p orbitals of the Se atoms of the (0001)
surface of Bi,Se; also becomes narrow with an increase in QLs,
which was relatively flat for lower QLs. E, of the (0001)
surface of Bi,Se; was reduced with the incorporation of SOC
for the entire range of QLs. For example, E; of the (0001)
surface of Bi,Se; of two QLs reduces from 0.837 to 0.32 eV
with SOC (Figure 6b,c). As the number of QL increases from
one, E, of the (0001) surface of Bi,Se; decreases and becomes
zero for a thickness larger than six QLs (Figure 6f) with the
formation of a single Dirac cone at the I' point (Figure 6e),
which indicates the appearance of the topological phase. Our
result suggests that E, of the (0001) surface of Bi,Se; strongly
depends on the number of QLs. For one QL, Bi,Se; has only
covalent interactions, but van der Waals interactions appear for
Bi,Se; with two QLs, and the competition between the two
interaction processes starts with an increase of the QLs. Thus,
the (0001) surface of Bi,Se; is a normal insulator if the surface
is dominating over the volume or the covalent interaction
suppresses the van der Waals interaction.

Further, E, of the (0001) surface of Bi,Se; was calculated by
increasing the surface area of the six-QL slab. In this structural
configuration, the thickness of the six-QL slab remains the
same, but the surface area is increased by 4 times; thus, the
surface-to-volume ratio is unchanged. Surprisingly, E, of the
(0001) surface of Bi,Se; is increased to 0.63 eV even though
the surface-to-volume ratio is the same (Figure 6gh). The
expansion of E; of the (0001) surface of Bi,Se; with an
increase of the surface area for the same thickness is attributed
to enhancement of the covalent interaction compared to the
van der Waals interaction. E, of the (0001) surface of Bi,Se,
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calculated using DFT is close to that of the hexagonal-shaped
nanocrystal, which suggests that band dispersion due to the
surface contribution in the nanocrystal dominately controls E,.
Thus, E, of the hexagonal-shaped Bi,Se; nanocrystal is
expanded compared to that of its bulk because of the larger
lateral size (600 nm) compared to the thickness (40 nm); i.e.,
band dispersion of the surface prevails. The hexagonal-shaped
Bi,Se; are dispersed between the two electrodes to measure the
resistance. The resistance of the Bi,Se; nanocrystals is 232 k2
at 360 K. When these nanocrystals are cooled below 360 K, the
resistance increases monotonically and becomes 33.2 M€ at
~260 K (Figure 7a). The solid line is the fit to the data for the
expression R o e 5/*7 which confirms that conduction of the
Bi,Se; nanocrystals is thermally activated.”> The room
temperature current—voltage characteristic of these Bi,Se;
nanocrystals shows nonlinear conduction, a deviation from
the linearity around #30 nA, i.e., in the vicinity of the Dirac
cone (Figure 7b). At room temperature, the thermally
activated electrons injected from one Bi,Se; nanocrystal to
another over the barrier result from electron trapping/
detrapping. In addition, the electrons can tunnel from one
Bi,Se; nanocrystal to another, and if the interface has a
substantial number of traps, trap-assisted tunneling contributes
to additional conduction, including the following steps:
tunneling from electrode to trap, emission from trap to
conduction band, which is essentially the Poole-Frenkel
emission, and Fowler—Nordheim-like tunneling from trap to
conduction band. The Fowler—Nordheim theory governs the
FESEM phenomena from semiconductor nanostructures with

the emission current associated with the bias voltage in the

expression ln(%) o (&).53 The Bi,Se; nanocrystals show

nonlinear variation of lni2 with 1/V (Figure 7c), and even
v

though the higher and lower voltage ranges in the figure look
linear, the magnified curve near the zero bias is nonlinear,
which indicates the absence of cold emission behavior in these
nanocrystals, in contrast to the Bi,Se; nanoflakes.”” The
conduction in Bi,Se; nanocrystals was further analyzed for the
trap using the Poole—Frenkel theory, which states that

ln<é> o +/V. Interestingly, In(I/V) varies linearly with \/ \%4

for the lower voltage (Figure 7d), suggesting the presence of
Poole—Frenkel-type conduction, similar to the case of
multilayer Bi,Se; devices.”> The differential conductance map
was generated from this current—voltage characteristic of the
Bi,Se; nanocrystals showing a differential conductance
minimum near the zero bias (Figure 7e). However, the
presence of nonzero differential conductance at the zero bias is
consistent with the presence of trap states and can be seen in
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Figure 7d, which dominates over the widely known Dirac cone
features™® in the Bi,Se; nanocrystals.

3. CONCLUSION

The (0001)-oriented hexagon-shaped nanocrystal plates of
Bi,Se; were synthesized by the hot-injection method using a
nontoxic solvent. The hexagon-shaped morphology with
around 40 nm thickness and 600 nm lateral size was achieved
because of the supersaturation state. The presence of
hexagonal lattice fringes with a lattice spacing of the hexagonal
crystal structure in the HRTEM images of these nanocrystals
confirms its orientation along [0001]. The Raman spectra of
these nanocrystals endorse stabilization of the R3m crystallo-
graphic group of Bi,Se;. The XPS spectra show that the
nanocrystals are stable even after exposure to the atmosphere,
and the Bi 4d;,, and 4d;/, peaks show blue shifts of about 4.0
and 3.58 eV, respectively. These nanocrystals show expanded
E; ~ 0.66 eV, which is nearly 3 times that of the Bi,Se; single
crystals. The first-principles DFT calculations suggest that
expanded E; of these nanocrystals is due to the phenomenal
surface band dispersion. The DFT calculations provide
evidence of expansion of E; of the (0001) surface of Bi,Se;
from 0.38 to 0.63 eV with an increase of the surface for the
same thickness, which demonstrates that the competition
between covalent and van der Waals interactions determines
the topological state of Bi,Se;. The Bi,Se; nanocrystals
dispersed between the Ag contact pads exhibit thermally
activated behavior with Poole—Frenkel-type conduction
because of the electron trapping/detrapping barriers between
the Bi,Se; nanocrystals. This manuscript describes the
methodologies for fabrication, characterization, and band-
structure simulation of Bi,Se;. This result will help the
scientific community to evaluate the real usefulness and
development of device technology.

4. EXPERIMENTAL AND THEORETICAL SECTION

Material Synthesis. The Bi,Se; nanostructures were prepared at
different temperatures by a chemical hot-injection method.
Commercial-grade Bi,O; (99.999%) and elemental Se (99.99%)
powders were chosen as the precursors, while 1-octadecane and oleic
acid were used as the solvent and reducing agent, respectively. These
chemicals were purchased from Sigma-Aldrich and used without
further purification. To prepare the Bi precursor, 1 mmol of Bi,O; was
mixed with S mL of oleic acid and 20 mL of octadecane in a round-
bottom flask. These chemicals were mixed vigorously using a
magnetic or mechanical stirrer for 60 min, then heated to 100 °C,
and kept at that temperature for 30 min for degassing. After degassing,
the mixture was heated to 250 °C for 360 min under a nitrogen flow,
and a transparent yellow solution was obtained. The precursor was
cooled to 60 °C. In a typical synthesis, the elemental Se powder was
mixed in 15 mL of octadecane in another round-bottom flask. The
solution was mixed vigorously using a magnetic or mechanical stirrer
for 60 min, then heated to 100 °C, and kept at that temperature for 30
min for degassing. Further, the solution temperature was increased to
150 °C (or 200, 250, and 300 °C) and kept at that temperature for
120 min, and then the Bi precursor solution was injected. Then the
solution was aged for 60 min at 150 °C (or 200, 250, and 300 °C)
under a nitrogen flow. Finally, the solution was cooled to room
temperature, washed with ethanol and hexane (1:3 ratio) several
times, and centrifuged, and finally the product was dried at 60 °C.

Material Characterization. The phase of these nanoplates was
characterized by a Rigaku Smartlab X-ray diffractometer with Cu Ka
radiation (1 = 1.5405 A). The Raman spectra were recorded on a
Jobin-Yvon LabRAM HR800UV spectrometer equipped with a highly
eficient thermoelectrically cooled charge-coupled device. The spectra
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were taken at different temperatures in the backscattering
configuration using a 632 nm emission line of a He—Ne laser with
a laser power 1 yW to 10 mW on the sample surface. The
morphological studies were carried out by using FESEM (FEI Quanta
Inspect-F) with an accelerating voltage of 30 kV and HRTEM (FEI
Tecnai-G*> T20) with an operating voltage of 200 kV. Chemical
analysis of the as-grown Bi,Se; nanostructures was performed by XPS
(Specs GmbH, Germany). The spectra were recorded using an Al Ka
excitation (hv = 1486.6 eV) source, operated at 10 mA and 10 kV.
The base vacuum inside the analyzer chamber was 2 X 107*° Torr and
operated in a large-area mode with a pass energy of 30 eV and a step
size of 0.1 eV. The UV transmission spectra of the dispersed Bi,Se;
nanostructures were recorded using a PerkinElmer LAMBDA 950
UV—vis—near-IR (NIR) spectrophotometer with an assessable
wavelength range of 175—-3300 nm with a deuterium lamp (UV
region) and a tungsten—halogen lamp (vis—NIR region) having a
resolution of <0.0S nm for the UV—vis region and <0.2 nm for the
NIR region. The transport measurement was carried out using a setup
comprised of an Advanced Research System (ARS) made closed-cycle
cryostat, which can be operated from ~7 to 400 K, a Lakeshore
temperature controller, a Keithley picoammeter, and a Keysight
nanovoltmeter.

Computational Details. First-principles electronic structure
calculations of Bi,Se, were performed through the QE®' simulation
package using a slab model. The hexagonal crystal structure of Bi,Se;
was generated through VESTA using experimental lattice parame-
ters. The (0001) surface was constructed using VESTA and X-Crysden
software for different thicknesses starting from 1 QL (S atoms) to 12
QLs (60 atoms). A vacuum layer of 15 A was used in each slab
calculation to avoid interaction with the nearest-neighboring atoms.
All calculations were performed within the generalized gradient
approximation using the projector-augmented-wave-type scalar
relativistic pseudopotential with a Perdew—Burke—Ernzerhof ex-
change-correlation functional. Band structure calculations were
performed both without and with the SOC effects. For SOC
calculations, fully relativistic pseudopotentials were used. The plane-
wave cutoff was set at 50 Ry units with a charge density cutoft of 200
Ry units for the plane-wave basis set on a 6 X 6 X 1 Monkhorst—Pack
k-mesh grid for structure relaxation and a denser k-mesh grid of 8 X 8
X 1 for total energy optimization and band-structure calculations.
Each structure undergoes relaxed calculations to obtain the atomic
positions near their equilibrium values with a force on each atom of
<107 eV/A.
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