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ABSTRACT Bismuth selenide (Bi,Se;) is a 3D topological insula-
tor, its strong spin—orbit coupling resulting in the well-known
topologically protected coexistence of gapless metallic surface states
and semiconducting bulk states with a band gap, £; = 300 meV. A
fundamental question of considerable importance is how the elec-
tronic properties of this material evolve under nanoscale confinement.

We report on catalyst-free, high-quality single-crystalline Bi,Se; with
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controlled lateral sizes and layer thicknesses that could be tailored down to a few nanometers and a few quintuple layers (QLs), respectively. Energy-resolved

photoabsorption spectroscopy (1.5 eV < Egporon < 6 €V) of these samples reveals a dramatic evolution of the photon absorption spectra as a function of size,

transitioning from a featureless metal-like spectrum in the bulk (corresponding to a visually gray color), to one with a remarkably large band gap (E; > 2.5 eV)

and a spectral shape that correspond to orange-red colorations in the smallest samples, similar to those seen in semiconductor nanostructures. We analyze this

colorful transition using ab initio density functional theory and tight-binding calculations which corroborate our experimental findings and further suggest that

while purely 2D sheets of few QL-thick Bi,Se; do exhibit small band gaps that are consistent with previous ARPES results, the presently observed large gaps of a

few electronvolts can only result from a combined effect of confinement in all three directions.
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ince the earliest demonstration that

the bulk Bi;_,Sb, system can sustain

massive Dirac particles in a quantum
spin-Hall phase while simultaneously pre-
serving topologically protected gapless
Dirac-like surface states,' 3D topological
insulators (Tls)>~® have become one of the
most exciting research topics in condensed
matter physics. The gapless (metal-like) sur-
face states feature elementary excitations in
a spin-momentum locked configuration on
the Dirac cones with energies that lie within
the bulk band gap, and these quantum
states are thought to be robustly protected
even in the presence of nonmagnetic
scatterers,®” although there is some evidence
indicating the limits of this hypothesis.2® This
represents the first 3D analogy of a type of
time-reversal symmetry that was previously
observed only in 2D systems such as edge
states of quantum-Hall'® or quantum spin-
Hall systems."" '3 The surface states of 3D Tls
have been proposed to be a potential breed-
ing ground for exotic particles such as Major-
ana fermions' and magnetic monopoles;'®
and the topological protection is potentially
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attractive for dissipation-free information
processing” and fault-tolerant quantum com-
putation applications.'®

The possibility of exploring and exploit-
ing these and other novel phenomena has
spurred the development of a variety of 3D
Tl systems. A textbook example of this is
bismuth selenide (Bi,Ses), a Tl with a single
Dirac cone surface state which is energeti-
cally positioned in the bulk band gap of
Eq = 300 meV.*"" " Its Tl properties were
predicted® and subsequently experimen-
tally verified'” at room temperature. Along
with Bi,Ses, Bi,Tes and Sb,Te; have also
received a lot of recent attention, as a
number of different fabrication methods
have allowed high-quality crystals to be
investigated through ARPES, STM, and
field-modulated and temperature depen-
dent transport."® 23 In particular, owing to
the layered nature of these materials, easy-
to-fabricate approaches such as micro-
mechanical exfoliation”*~%* and chemical
vapor deposition®>*?” have complemented
the more conventional molecular beam
epitaxy techniques,’*?"?¢73% opening up
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an array of experiments accessible to a wide variety of
research disciplines.

One area that has been receiving rapidly growing
interest is exploring the effect of confinement in these
novel materials, both mechanical confinement in ultra-
thin 2D films (down to a few quintuple layers or QLs)
and electronic confinements, such as those originating
from band bending at the surface of Bi,Ses®' that
results in strong spin—orbit splitting of the quantum-
confined states in the conduction band.>?> Much work
has been invested in thin films and nanostructures of
Bi>Ses with enhanced surface-to-volume ratios in an
attempt to reduce the bulk contribution and allow
greater access toward probing the exotic surface
states. For example, thin films have been grown
using molecular beam epitaxy (MBE),>%?'?473% nano-
plates via chemical®**~3> and mechanical exfoliation
methods,”>~%° and a variety of nanostructures, includ-
ing nanowires, nanoribbons, and nanoplates?2%%’
have been produced using chemical vapor deposition
(CVD) methods. In this context, a fundamental ques-
tion of extreme importance is how the electronic
properties of this system evolve with increased quan-
tum confinement, especially at the few QL-level.
Previous works have reported QL-dependent studies
in 2D/thin film architectures of Bi,Ses including Raman
shifts,2>>3 transport properties,”® and the appearance
of a surface state band gap.'® 2"?® As the sample
thickness begins to approach the penetration depth®
of the surface states, | = Aive/Eg (~1.5 nm for Bi,Ses),
these states begin to interact with each other through
quantum tunneling. A number of recent ARPES experi-
ments have shown a clear evidence of gap-opening in
the surface states in samples below 5QL thickness,??*'
that coexists with bulk band-gaps (E4) of a few hundred
millielectronvolts,2?* though 2D films of 2—3 QL
thickness still retain their spin-polarized bands. How-
ever, it appears that there has been no systematic
study of samples that approach a true confinement
in all three directions, i.e., 0D samples.

In this work, we investigate the evolution of the
electronic properties of Bi,Se; as a function of sample
size approaching a few nanometers in all dimensions,
using energy-resolved photoabsorption spectroscopy.
Going beyond past investigations that looked at ultra-
thin (2D) samples, we explore the possibility of open-
ing a larger band gap within the few-QL regime using
quantum confinement effects in the other 2 dimen-
sions. Samples of different lateral sizes and thicknesses
were stoichiometrically grown in a catalyst-free envi-
ronment on silicon dioxide wafers with no epitaxial
relation to the growth substrate. Measurements were
performed on crystals suspended in a pure DI water
suspension rather than on a substrate. We believe that
in this manner, we were able to obtain the intrinsic
properties of these crystals without any effect of sub-
strate-induced strain, doping, band-bending, etc., that
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TABLE 1. A Summary of Growth Conditions for the
Samples Described in This Paper Detailing the Location
of the Receiving SiO,/Si Substrates with Relation to the
Center of the CVD Furnace, CVD Chamber Temperature,
And Growth Time

sample distance from center (cm) temperature (°C) time (min)
S1 15 450 1
S2 14 500 1
S3 15 500 10
S4 13 500 1

naturally result from MBE-growth or inadvertent con-
tamination/doping effects due to lithography/metalli-
zation that occur in samples prepared for transport
measurements. We note that due to the small size of
these crystals, ARPES or conventional transport mea-
surements would be quite difficult to perform. We find
that the photon-energy dependence of absorbance
changes significantly from bulk all the way down to a
few QLs. Most importantly, we find that nanoflakes of
2—6 QL Bi,Se; with an average lateral size ~7 nm
show a large band gap 2 eV < Eg < 2.6 eV, which is
3—5 times the band gap reported for thin films of
similar thicknesses. Hence, this 0D confinement could
potentially lead to exciting new physics beyond those
being currently explored in ultrathin films of topologi-
cal insulators.2%?! The obtained results were verified by
suspending the nanoflakes in other liquid media such
as isopropanol, and no significant difference was ob-
served, implying that the surrounding medium played
little or no role in this large gap-opening. Nearly
identical results were obtained from samples that were
directly exfoliated from bulk Bi,Sesz by ultrasonication
and nanopore filtration, providing further confirmation
that the gap-opening was not an artifact of contam-
ination in the growth-process. We present systematic
studies of optical absorption for 1.5 eV < E,, < 6 €V in
Bi,Ses samples from the bulk to the few-QL limit. Since
we did not have an integrating sphere in our measure-
ment setup, effects of scattering could not be sepa-
rately estimated in the energy-dependence of the
photon absorption, A. However, this does not affect
our main results which focus on the absorption edge £,
below which A =0, i.e., the photon energy below which
there was 100% transmittance, with no measurable
scattering effects.

SAMPLE GROWTH AND CHARACTERIZATION

Synthesis of the Bi,Se; nanoplatelets was done via
catalyst-free chemical vapor deposition (CVD).?%%%?7 |t
was found that the dimensions and shape of the single-
crystal nanoplatelets depended most sensitively on
the CVD furnace temperature as well as growth time
and the position of the receiving substrate from the
center of the CVD chamber. Suitable growth conditions
(see Table 1) were developed to obtain samples with
both narrow as well as broadly distributed sizes and
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Figure 1. Typical SEM images of (A) sample S1 and (B) sample S3. (C) A typical TEM image of sample S1.Inset is an example FFT
of area I. (D—F) Inverse transforms of contrast-enhanced FFTs of the marked areas of 1C, shown from top to bottom. These
digitally enhanced images were used to obtain the lattice fringes as shown.

thicknesses. The end products were characterized using
scanning electron microscopy (SEM), tunneling electron
microscopy (TEM), energy-dispersive X-ray spectrosco-
py (EDX), Raman spectroscopy, and X-ray diffraction
(XRD). A large number of samples were fabricated and
characterized, and in this paper, we report on four well-
characterized samples (as shown in Table 1) that are
representative of the various size/thickness ranges of
samples on which measurements were performed.
Figures 1A,B show typical SEM images of CVD grown
Bi,Ses nanoplatelets from 2 different sets of growth
conditions. We found that samples larger than a few
nanometers in size preferred to form nanoplatelets
with trigonal or hexagonal morphologies and grow flat
on the surface. TEM analysis was conducted on sample
S1, which had the smallest Bi,Ses crystals. The nano-
platelets were released by ultrasonication from their
growth substrate into deionized water, and this sus-
pension was drop cast onto a holey carbon TEM grid.
Figure 1Cis a representative TEM image of the smallest
Bi,Ses nanocrystals (sample S1) which ranged from 3 to
5 nmin size, clumped together in random orientations.
These sizes agree extremely well with those obtained
from SEM measurements performed on the parent
substrate (see later). To measure the crystal-plane
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spacings, the nanocrystal fringes (as shown by red
boxes I, II, and lll in Figure 1C) in the TEM images were
digitally processed using a 2D Fourier transform
scheme, contrast enhanced (see inset, Figure 1C), and
inverse transformed to obtain the 2D Fourier-trans-
form filtered lattice fringes (Figures 1D—F). The nano-
crystals were found to have plane spacings consistent
with various crystal orientations of Bi,Ses (Figures 1D—F),
indicating that our CVD process was indeed producing
Bi,Se; for the smallest samples.

For larger samples, we performed EDX measure-
ments which gave the expected ratio of 2 bismuth to
3 selenium, as shown in Figure 2A. XRD measurements
show that the nanoplatelets grow almost entirely in the
(001) hexagonal direction (Figure 2B). There are traces
of (107) and (015) growth directions and these may
arise from the deviations occurring at the contact of
two separate nanoplatelets during the growth process.
Raman analysis of the Bi,Se; nanoplatelets showed
the expected Raman shifts of 131 and 174 cm™'
(Figure 20).3® Bi,Se; also possesses an additional
Raman peak at 72 cm ™" which was undetectable in our
system since it was below the cutoff filter on our Raman
spectrometer. According to previous works, which
report a shifting of the Raman peaks in samples with
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Figure 2. (A) Typical EDX measurement of Bi,Sez nanoplatelets. (B) XRD data showing majority of grown nanoplatelets with a
preferred (001) hexagonal direction. (C) Raman data with dashed lines indicating expected Raman shifts of 131 and 174 cm ™'
for bulk Bi,Ses.
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Figure 3. (A) AFM of typical as-grown sample of Bi,Se3 on Si. (B) Height map of shown AFM image. (C) Thickness distribution
of shown AFM image. (D) Effective lateral diameter distribution of shown AFM image.

few QLs, our Raman peaks for S2 and S3 correspond to
an expected thickness of ~8 nm for S2 and ~16 nm for
S3, which also match remarkably well with the median
sizes obtained in AFM measurements.>?

The thickness of the nanoplatelets was measured
using atomic force microscopy (AFM). Figure 3A shows
an AFM image of S2 with a distribution of different
thicknesses and lateral diameters. This is typical of our
CVD grown samples. With the use of a collection of
AFM images from the various samples and custom
Matlab code, which automatically detected nanoplate-
lets from the AFM topographical data and calculated
the average c-axis thickness of each nanoplatelet
(Figure 3B), thickness distributions were obtained
(Figure 3A's thickness distribution shown in Figure 3C)
along with the effective diameter (the diameter of a
circle of equivalent area) distributions (Figure 3A's
effective diameter distribution shown in Figure 3D).
For sample S1 (Figure 1A), in which the effective diam-
eters of the flakes were mostly smaller than the tip radius
of our AFM, we used the SEM image of Figure 1A to obtain
the diameter distribution. The trend was found that
longer growth times, higher growth temperatures, and
shorter distances from the furnace center gives rise to
larger thicknesses and lateral sizes.

RESULTS AND DISCUSSION

Photon absorption experiments were performed on
the Bi,Se; nanoplatelets after they were released from
their parent substrate into deionized water using a low-
power bath-type ultrasonicator. After the sonication
process, inspection of the parent substrates via SEM
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showed that nearly all the nanoplatelets went into the
aqueous suspension. A suspension containing “bulk”
Bi,Se; was separately obtained by ultrasonicating
pure, commercial Bi,Se; pieces and collecting the
residue after filtering through a membrane filter
(Millipore) with 10 um pore size. The filtration was
performed in a commercially purchased standard
vacuum filter setup with an all-glass vacuum filter
holder. The Bi,Ses dispersions were then analyzed using
UV—vis photoabsorption spectroscopy. Figure 4A
shows the photoabsorbance spectra of aqueous sus-
pensions of nanoplatelet samples S1—S4 and the
“bulk” Bi,Ses sample, corrected for the background
absorption spectrum of water and the quartz cuvette.
The thickness and effective diameter distributions for
each sample are shown in Figures 4B,C, respectively.
The distributions show a peak for S1 and S2 around
3—4 nm thickness and lateral effective diameters of 7
and 16 nm, respectively, with the diameter distribution
of S1 being much narrower (i.e., these samples were
much more monodispersed) compared to that of S2.
The larger samples, S3 and S4, have much broader
distributions. It was found that the photoabsorbance of
Bi,Ses changes significantly as the thickness ap-
proaches a few QLs, and the effective diameter de-
creases. We see from Figure 4A that bulk-sized Bi,Ses
pieces have a featureless photoabsorbance that de-
creases very slowly with increasing photon energy. The
large, nearly homogeneous absorption with a slightly
higher spectral weight in the low-energy regime is
expected to give samples a gray color which matches
with the visual inspection of as-received bulk samples.
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Figure 4. (A) Energy-resolved photoabsorbance spectra of bulk and nanoscale Bi,Se; samples of various thicknesses and
lateral sizes. (B) The thickness distribution and (C) effective lateral diameter distribution of the samples shown in (A), obtained

by AFM/SEM image analysis, as described in the text.

As the thickness approaches a few QLs and effective
diameter decreases, the energy dependence flattens
and begins to invert so that more high-energy photons
are absorbed than low-energy ones. The trend reaches
a dramatic transformation in the smallest samples, where
no photons are absorbed over a band of energies all the
way up to the blue region of the visible spectrum, and the
remaining portion of the spectrum corresponds to an
orange-red coloration in the smallest samples.

To ascertain that the large band gap observed in
extremely small samples of Bi,Sesz is not a result of
accidental contamination during the CVD synthesis
process, a number of samples were prepared using a
“top-down” approach whereby aqueous suspensions
of commercially purchased Bi,Se; powders were sub-
jected to long-term ultrasonication processes which
resulted in suspended particles that ranged from micro-
meters to nanometers in size. These samples were then
sequentially vacuum-filtered through commmercially
purchased cellulose filters of decreasing pore size: 10 um,
1.2 um, 100 nm, and 25 nm. The photoabsorbance
measurements were repeated on these suspensions
between each filtering step. Figure 5A reveals the photo-
absorbance spectra of these samples. We see that each
curve has a flat, featureless low-energy absorbance spec-
trum with a clear set of features in the high-energy region.
With decreasing size-distribution, the low-energy, flat
portion of the spectrum decreased almost completely,
indicating that the larger pieces of samples were respon-
sible for this region of the photoabsorbance spectrum.
Significantly, the high-energy portion of the spectrum
maintains strong features all the way to the sample with
the smallest size-scales (d < 25 nm). Figure 5B is a mag-
nified view of absorbance vs energy data of sample S1
and the 25 nm filtered sample ultrasonicated from bulk
(from Figure 4A and Figure 5A, respectively) which con-
firms that the absorbance reaches A = 0 at E; ~2.5 eV for
the smallest sample S1,implying that an optical band gap
of ~2.5 eV opens up when Bi,Se; nanoplatelets reach
a quantum confinement of a few QLs in thickness
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and a few nanometers in effective diameter. The 25 nm
filtered pieces of Bi,Se; contain a relatively broader
thickness-distribution (<25 nm) compared to sample
S1 (=7 nm). As a result, when magnified 100 times, there
was a very small but finite absorbance at low energies
that prevented us from estimating the absorption-edge
of the smaller particles within the distribution of sizes.
Unfortunately, we could not obtain filters with smaller
pore-sizes to match the two size-distributions (i.e., that of
fabrication by CVD vs ultrasonication). However, we note
that despite the completely different fabrication ap-
proaches, and except for a small baseline difference in
absorbance at the lowest energy values (Figure 5B), the
absorption curve-shapes (as a function of energy) are
strikingly similar even at the highest magnification level.
We believe that the evolution of the absorbance curves
as a function of size-distribution in Figure 5A gives clear
indication that a band gap would be seen in these
samples if further smaller size-distributions could be
achieved via filtration through pores <25 nm. These
experiments (using both CVD and mechanically exfo-
liated samples) were also verified in other dispersion
media (e.g., 2-propanol), resulting in identical ap-
pearance of a band gap in the smallest samples, estab-
lishing that the observed evolution of the absorption
spectra (color) or the appearance of a band gap in Bi,Se3
is not an artifact of synthesis or the surrounding media.

The observed metal-to-insulator transition of the
surface states at few QLs was previously theoretically
predicted®**” and also experimentally explored.>**'
However, both predictions and measurements as-
sumed samples of planar geometry that were sub-
jected to 2D confinement, wherein band gaps of a few
hundred meV were predicted, and also confirmed in
large area thin films of Bi,Ses. It appears that the
potential impact of complete confinement in all three
dimensions has not been explored. Since Bi,Ses is a
direct band gap material, the rather large band gap of
Eq ~2.5 eV places the smallest Bi,Se; in a region of
high technological importance, namely low-cost solar
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Figure 5. (A) Photoabsorbance spectra of Bi,Sez samples of different size-distributions obtained by ultrasonication of a
commercially obtained bulk sample that was filtered through membranes of progressively smaller sizes. (B) Zoomed view of
the photoabsorption spectrum of sample S1 showing the optical absorbance reaching 0 at ~2.5 eV. In this highly magnified
scale, the absorbance curve of the ultrasonicated samples filtered through 25 nm pores retain a very small, featureless
residual absorbance consistent with their larger size-range compared to sample S1.

cells, photodetectors and display devices. A matter
of significant importance is how far the quantum
confinement in all three dimensions is critical for these
large band gaps, and whether size-control can be an
effective approach for tuning the electronic properties
in a continuous manner. To understand this, and get a
better insight on the experimental observations, we
carried out a systematic study of the size-effects of
Bi,Ses using the first-principles method as well as tight-
binding model calculations. The optical absorption
coefficient which is a measure of how far light with a
specific energy can penetrate the sample is given by

aw) = V20le(@) + @) —&@]'? (1)

where ¢; and ¢, are the real and imaginary parts of the
frequency (w) dependent dielectric function, respec-
tively. Direct interband transitions contribute to the
imaginary part and hence &,(w) is determined by
summing all possible vertical transitions from the
occupied to unoccupied states. Within the notation
of projector-augmented wave (PAW) methodology,*®
ap 4.7[262

. 1
(w) = S limg—o0— Y 2WikO(ek — &k — @)
q v, k

X <Uck +eqq ‘kaxuck +esq ‘ka>*

(2)

where the indices ¢ and v refer to conduction and
valence band states respectively, uy is the cell periodic
part of the orbital at the k-point k and wy is the k-point
weight. The real part ¢ is obtained by the usual
Kramers—Kronig transformation

2 oo GB( 1
&) =1+ P/ e MW
JT 0 W —w

where P denotes the principal value of the integral. The
optical properties are calculated within the density
functional theory, based on the generalized gradient

VARGAS ET AL.

approximation (GGA)*? using the full-potential projected
augmented wave method®®*' as implemented in the
VASP package."o'41 The 1QL, 2QL and 3QL slab models
with a vacuum thickness larger than 10 A are used in this
work. The electronic structure calculations were per-
formed over 11 x 11 x 1 Monkhorst-Pack k-mesh with
the spin—orbit coupling included self-consistently. Atomic
positions are taken from the experimental bulk structure.

Near the band edge, the absorbance ais expected to
scale as (ahv)""” ~ (hv — E), where E is the optical
band gap.** A plot of (ahv)'"” as function of photon
energy hv is usually called a Tauc plot, where n = 1/2, 3/2,
2, or 3 for direct allowed transitions, direct forbidden
transitions, indirect allowed transitions, and indirect
forbidden transitions, respectively. While Bi,Ses; has
been described as on the verge of being indirect,*®
the theoretical gap seems to remain direct as a func-
tion of film thickness. Hence, we assume Bi,Sej is direct
gap, in which case = 0.5. Figure 6 compares the
thickness dependence of the Tauc plots of Bi,Ses
between experiment (panel A) and theory (panel B).
The theoretical spectra are calculated for two-dimen-
sional (2D) infinite sheets of various thicknesses rang-
ing from 1 to 3 quintuple layers (QLs) (black, red, and
green curves, respectively) and for the bulk Bi,Ses
(orange curve). One can see that there is distinct cor-
relation in the shapes and evolution of the theoretical
and experimental Tauc plots as a function of sample
size. In both cases, there is a clear trend of lowering of
the low-energy spectral weight with decreasing sam-
ple size resulting in the clear opening of a band gap in
the smallest samples. However, it is also clear that the
theoretical optical gap for the smallest thickness (1 QL)
is much smaller than the corresponding observed experi-
mental gap. These observations indicate that modeling
the smallest samples (with a peak lateral size ~7 nm) as
2D planar (infinite) sheets with finite layer thickness is not
sufficient to explain the large observed gap, and we need
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Figure 6. Tauc plot of optical absorbance as function of thickness of the nanoplatelets. (A) Experiment, (B) first-principles
calculations for slabs of thicknesses 1—3 QL (black, red, and green, respectively) and bulk (orange).
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Figure 7. (A) Schematics of the x—z plane of a 4 x 4 x 4 atom cluster of Bi,Ses. (B) Total density of states for the same cluster.
(C) Gap-size as a function of the lateral size (n atoms) of clusters with a fixed 2 QL (4 atoms) thickness.

to invoke three-dimensional (3D) confinement in our
modeling, i.e., treat the smallest samples as 0D crystals.
To understand the effect of 3D confinement, we
carried out model calculations for small Bi,Ses crystal-
lites based on tight-binding theory. We note that even
the smallest-sized crystallite has a large number of
atoms and performing first-principles calculations on
such a system is computationally quite expensive. We
constructed a two-orbital tight-binding (TB) model in
the rhombohedral lattice where each QL was represented
by two p, orbitals associated with two equivalent Se atoms
in one unit cell, as shown in Figure 7A.*” The tight-binding
Hamiltonian, by construction, captures the essential fea-
tures of the band structure near the I" point. Within this
model a small crystallite can be viewed as a cluster of
atoms with a shape of a rectangular parallelopiped with
z-axis being equivalent to the (111) direction of the
rhombohedral lattice. The x—z plane of a 64 Se-atom
cluster (4 x 4 x 4) is shown schematically in Figure 7A. We
considered the nearest neighbor hoppings along x- and
y-directions within a Se-layer and hopping along z-direc-
tion between the two equivalent Se layers within a QL (t;)
and between the two adjacent Se layers in the neighbor-
ing QLs (t,). The spin—orbit coupling was incorporated in
terms of an intra-Se-layer hopping. Note that this model
has no dangling bonds and it possesses a symmetrical
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shape, and we find that it captures the slab thickness
dependence of the gap in reasonable accordance with
first principle results. However, even for 0D samples the
gap does not reach the large size seen experimentally for
the bulk hopping parameters. We find that we can
reproduce the largest observed gap size if the interlayer
hopping t; changes from —1 to —1.55 €V, suggestive of a
small change in layer spacing. In Figure 7 we use an
average t; = —1.25 eV. The total density of states (tDOS) for
a 64 Se-atom cluster (4 x 4 x 4) is presented in Figure 7B
which shows a large gap (AE) of the order of 1.28 eV, while
the gap for the smallest cluster of size (2x 2x4) is closer to
1.55 eV, which is much larger than the gap seen in the 2D
sheets, and is encouragingly closer to that seen experi-
mentally in the smallest samples. Further, this gap is found
to decrease for samples with laterally larger cluster sizes. In
Figure 7C, we analyze the variation of the gap-size as a
function of the lateral size (n atoms) with a fixed thickness
(4 atoms or 2 QLs along z-direction), i.e, these clusters have
2 x 2 x 4 Se atoms, 3 x 3 x 4 Se atoms, and so on.
Initially, the gap-size decreases rapidly with the lateral
size, but eventually it becomes a slowly varying func-
tion. The asymptotic value of AE (or AE,p, estimated by
fitting the data with an empirical curve AE = AE,p +
a/n) approaches 1.1 eV which is close to the optical gap
observed for 2D infinite sheet of 2 QL thickness as shown
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in Figure 6B by the red dotted curve. As the crystal size
decreases, the gap grows in a manner which is nearly
inversely proportional to the lateral size. Notably, a similar
behavior is predicted, for example, in PbS quantum dots
where the gap also scales inversely with the dot radius.*®
Although quantum confinement effects are at play in both
materials, we should keep in mind that Bi,Ses is a layered
material with strong intraplane interactions and a weaker
interplane coupling, while PbS is a 3D cubic lattice with no
obvious 2D symmetry. The size dependence of the band-
gap in BiSes is thus intrinsically more complex and
involves the interplay of in-plane and out-of-the-plane
confinement effects.

CONCLUSION

We have established, using a combination of experi-
mental and theoretical investigations, the dramatic
manner in which the electronic properties of a known
topological insulator, i.e, Bi,Ses, evolve as a function of
thickness (down to 1QL 2D confinement) and lateral
size (down to a few nanometers). We note that although
the pathways for reaching 0D confinement from
bulk size-scales are different for the experimental
and theoretical approaches, their end-results at the

METHODS

Bi,Ses nanoplatelets were grown via catalyst-free chemical
vapor deposition (CVD)**?*?” in a horizontal tube furnace
(Lindberg/Blue M). Source material of 0.1g Bi,Se; powder
(99.999%, Alfa Aesar) was placed in the hot center of the furnace
with Si wafers (N-doped, (100)) placed 11—16 cm downstream.
After the system was pumped down to a base pressure of about
20 mTorr, a 30 sccm Ar flow was introduced which gave a final
growth pressure of about 360 mTorr. The center of the furnace
was then heated to a temperature of 450—500 °C which gave a
substrate temperature of 350—450 °C depending on center
temperature and substrate distance from the center. The
furnace was held at this temperature for 1—10 min and then
allowed to cool in the furnace. SEM images were taken with a
Hitachi S-4800. TEM images were taken with a JEOL 2010F. XRD
and Raman measurements were done with a Philips X-ray
diffractometer and Remishaw Ramascope (using a 488 nm
laser), respectively. AFM measurements were done with Nano-
magnetics Instruments Ambient AFM and Park Systems XE150
AFM. Samples were sonicated from their growth substrates into
a DI water solution using a bath-type sonicator. UV—vis photo-
absorption spectroscopy was performed using a Perkin-Elmer
Lambda 35.
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smallest size-scales have quite good quantitative
agreement. The visual analogy of the photoabsorp-
tion spectra of the samples of different sizes is a
color transition as a function of quantum confine-
ment in this system. The resulting samples at the
smallest size-scales have band gap values that are of
the order of electronvolts, which is larger than that
of similar-sized quantum dots of PbS and PbSe,*°
but similar to that of CdS quantum dots of compar-
able dimensions. It is well-known that these sul-
phides and selenides are highly attractive for a
number of optoelectronic applications such as mul-
tiple exciton generation (MEG)-based solar cells,*®
high-quantum gain photodetectors,”® and light
emitters.>’ In this context, it would be quite inter-
esting to explore the interaction of polarized
photons®? with carriers in these novel confined
states, as well as pursue investigations of related
photoemission processes. Hence, the controlled
development of this and other Tl nanosystems could
open new frontiers of nanoelectronics and
optoelectronics, resulting in potential room-tem-
perature applications of these materials, beyond
spintronics and quantum computation.
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