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Ambipolar field effect in the ternary topological
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Topological insulators exhibit a bulk energy gap and spin-polar-
ized surface states that lead to unique electronic properties'®,
with potential applications in spintronics and quantum infor-
mation processing. However, transport measurements have
typically been dominated by residual bulk charge carriers
originating from crystal defects or environmental doping-'?,
and these mask the contribution of surface carriers to charge
transport in these materials. Controlling bulk carriers in
current topological insulator materials, such as the binary
sesquichalcogenides Bi,Te;, Sb,Te; and Bi,Se;, has been
explored extensively by means of material doping®°" and
electrical gating™-'¢, but limited progress has been made to
achieve nanostructures with low bulk conductivity for electronic
device applications. Here we demonstrate that the ternary
sesquichalcogenide (Bi,Sb,_),Te; is a tunable topological insu-
lator system. By tuning the ratio of bismuth to antimony, we are
able to reduce the bulk carrier density by over two orders of
magnitude, while maintaining the topological insulator proper-
ties. As a result, we observe a clear ambipolar gating effect in
(Bi,Sb,_,),Te; nanoplate field-effect transistor devices, similar
to that observed in graphene field-effect transistor devices'’.
The manipulation of carrier type and density in topological
insulator nanostructures demonstrated here paves the way for
the implementation of topological insulators in nanoelectronics
and spintronics.

The binary sesquichalcogenides Bi,Te;, Sb,Te, and Bi,Se; have
recently been identified as three-dimensional topological insulators
with robust surface states consisting of a single Dirac cone in the
band spectra®®. In these materials, topological surface states have
been experimentally confirmed using surface-sensitive probes such
as angle-resolved photoemission spectroscopy (ARPES)”#!® and
scanning tunnelling microscopy/spectroscopy (STM/STS)!%.
Several recent magnetotransport experiments have also revealed
charge carriers originating from surface states!*!-2>. However,
despite substantial efforts in relation to material doping®>!! and
electric gating!*~'®, manipulating and suppressing the bulk carriers
of these materials, especially in nanostructures, is still challenging
because of the impurities formed during synthesis as well as extrinsic
doping from exposure to the ambient environment!*-*2,

Here, we propose ternary sesquichalcogenide (Bi,Sb,_,),Te; as a
tunable three-dimensional topological insulator system in which we
are able to engineer the bulk properties by means of the
bismuth/antimony composition ratio. (Bi,Sb,_,),Te; is a non-stoi-
chiometric alloy that has a similar tetradymite structure to its
parent compounds Bi,Te; and Sb,Te; (Fig. la). To verify the

topological nature of (Bi Sb, _,),Te;, we performed ARPES measure-
ments on the (0001) plane of (Bi,Sb, _,),Te, bulk single crystals with
a variety of compositions, yielding experimental Fermi surface
topology maps and band dispersions (Fig. 1b). Together with the
broad electronic spectra originating from the bulk states, the single
Dirac cone that forms the topological surface state band (SSB) is
revealed around the I' point for all ternary compositions, indicated
by the hexagram Fermi surfaces (top row) and the sharp linear dis-
persion in the band spectra (bottom row). The parent compounds,
as-grown Bi,Te; (n type) and Sb,Te; (p type), are highly metallic,
with the Fermi energy E. located deep inside the bulk conduction
band (BCB) and bulk valence band (BVB), respectively, due to
excessive carriers arising from crystal defects and vacancies®. With
increasing antimony concentration, Ep. systematically shifts down-
ward (Fig. 1b, bottom row). In particular, at a bismuth/ antimony
ratio of 1:1, that is, (Bij5,Sb,50),Tes, the bulk states completely
disappear at E; with a vanished bulk pocket in the Fermi surface
map and band dispersion. The surface Dirac cone of (Bi,Sb,_,),Te,
(Fig. 1c) noticeably exhibits clear hexagonal warping, similar to
that of pure Bi, Te; (refs 8,19,24).

The experimentally observed ARPES measurements are qualitat-
ively reproduced by ab initio band structure calculations (Fig. 1d)
in which the linear SSB dispersion around the I' point in all
compositions confirms their topological non-triviality. This is not
surprising, because the spin-orbit coupling strength (critical for
the formation of topological insualtors'™) and the bulk energy
gap in ternary (BiSb, .),Te;, with varying bismuth/antimony
ratios, are comparable to those of the parent compounds Bi,Te,
and Sb,Te;. Consequently, a quantum phase transition to an ordin-
ary insulator does not occur when varying the bismuth /antimony
ratios, which is complementary to a recent study on the topological
trivial /non-trivial phase transition in the BiTl(S, sSes), system?®.
This non-triviality across the entire compositional range in
ternary (Bi,Sb,_,),Te; compounds demonstrates a rich material
assemblage of topological insulators based on an alloy approach,
which is an attractive avenue to search for material candidates
with improved properties.

The compositional engineering of the bulk properties of topolo-
gical insulators can also be applied to nanostructures. Single-crystal-
line (Bi,Sb,_,),Te, nanoplates were synthesized using a catalyst-free
vapour-solid growth method using a mixture of Bi,Te; and Sb,Te,
powders as precursors. The growth method was established in our
previous work®. Figure 2a shows a typical optical microscopy
image of as-grown (Bi,Sb,_,),Te; nanoplates on an oxidized
silicon substrate (300 nm SiO, /silicon) with thicknesses of a few
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Figure 1| (Bi,Sb,_, ),Te;, a tunable topological insulator system with a single Dirac cone of surface states. a, Tetradymitetype-type crystal structure of
(Bi,Sb,_,),Te; consists of quintuple layers (thickness, ~1nm) bonded by van der Waals interactions. b, ARPES Fermi surface maps (top row) and band
dispersions along K-I'-M (bottom row) directions for bulk single crystals with nominal compositions of Bi,Tes, (Big755bg 55)5Tes, (Big 50Sbg 50)-Tes,
(Big255bg 7505 Tes and Sb,Tes. By increasing the concentration of antimony, E exhibits a systematic downshift from the BCB to the BVB through a bulk
insulating state achieved in (Big 5Sby 5),Tes. The SSB consists of a single Dirac cone around the I" point, forming a hexagram Fermi surface (top row) and
V-shaped dispersion in the band structure (bottom row). The apex of the V-shaped dispersion is the Dirac point. Note that the shape of the Dirac cone
(especially the geometry below the Dirac point, which hybridizes with the BVB) also varies with bismuth/antimony composition. For a bismuth:antimony ratio
less than 50:50, as-grown materials become p-type; E; resides below the Dirac point, so only the lower part of the Dirac cone is revealed in the ARPES
measurement (and the V-shaped dispersion inside the bulk gap is not seen). The n-type SSB pocket on the Fermi surface shrinks with increasing antimony
concentration and eventually becomes a p-type pocket hybridized with the bulk band (BVB) in bismuth:antimony concentrations of 25:75 and 0:100.

¢, Three-dimensional illustration of the band structure of (Big 5,Sbg 50),Tes with vanished bulk states on the Fermi surface. SSB forms a single Dirac cone with
hexagram Fermi surface. d, Ab initio band structure calculations of Bi,Tes, (Bij;55bg »5),Tes, (Big505bg 5005 Tes, (Big 255bg 75),Tes and Sb,Te; show qualitative
agreement with ARPES measurements (b, bottom row), with gapless SSB consist of linear dispersions spanning the bulk gap observed in all the
compositions. The difference in Ep between calculated and measured band structures reflects the carriers arising from defects and vacancies in the crystals.

nanometres and lateral dimensions on the scale of micrometres. On
these substrates, thin layers of nanoplates are semi-transparent
and can be readily identified, with thickness-dependent colour
and contrast®® resembling the optical properties of graphene. The
single-crystalline nature of these nanoplates is revealed by the
clear lattice fringes in high-resolution transmission electron
microscopy (TEM) images (Fig. 2b) and the sharp selected area
electron diffraction (SAED) spot pattern (Fig. 2¢). Energy-dispersive
X-ray spectroscopy (EDX) elemental mapping reveals bismuth,
antimony and tellurium distributed across the entire nanoplate
without detectable phase separation (Fig. 2d). Nanoplate elemental
composition was calibrated using EDX spectra (Fig. 2e). To reflect
the initial growth conditions, the nanoplates were labelled
with nominal compositions. We fabricated six-terminal Hall bar
devices on thin nanoplates with thicknesses ranging from 5 nm to
10 nm for transport measurements (shown schematically in the
inset of Fig. 2f). Figure 2f illustrates the dependence of carrier
types and area carrier densities on composition measured by the
Hall effect, which is consistent with the trend in bulk crystals.

Binary Bi,Te; (n-doped) and Sb,Te; (p-doped) nanoplates have
very high carrier densities of ~1 x 10'* cm 2. By adjusting the com-
position in ternary (Bi,Sb,_,),Te; nanoplates, the carrier density
systemically drops orders of magnitude, with the lowest density
achieved in (Bij 5,Sb, 50),Te;. In addition to the intrinsic defects
formed during synthesis, the carrier concentration in chalcogenide
topological insulators is often affected by extrinsic dopants
contaminating the sample surfaces as a result of atmospheric
exposure!®!!. For example, we have identified water as an effective
n-type dopant that is always present in ambient conditions
(Supplementary Fig. S5). A systematic approach to modulating the
carrier density is therefore essential for nanostructures to achieve
low density, because the extrinsic doping depends on environmental
conditions.

The bulk carriers in low-density (Bi,Sb,_,),Te; nanoplates can
be electrically suppressed with backgate field-effect transistor (FET)
devices. In ultrathin nanoplates (~5nm), the typical dependence
of resistance R on gate voltage V; (Fig. 3a) exhibits a very sharp
peak that is ~50 times greater than the resistance at large V; far
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Figure 2 | Characterization of (Bi,Sb,_,),Te; nanoplates. a, Optical microscopy image of vapour-solid grown (Bij 50Sbg 50)>Tes nanoplates. b, High-resolution
TEM image of the edge of a (Biy 50Sby 50),Te; nanoplate (shown in the inset) reveals clear crystalline structure with top and bottom surfaces as (0001)
atomic planes. ¢, SAED pattern with sharp diffraction spots indicates that the nanoplate is a high-quality, single crystal. d, Bismuth, antimony and tellurium
elemental maps obtained from an EDX scan. Overlaying the elemental maps (bottom right panel) reveals the morphology of the nanoplate, indicating that
the elements are fairly uniformly distributed without obvious precipitates. e, Composition xgpy in (Bi,Sb;_,),Te; nanoplates calibrated by EDX spectra.

f, Nanoplate area carrier density is chemically modulated by adjusting compositions, as determined by the Hall effect. Average carrier concentration from
multiple samples is shown as filled circles. Error bars correspond to maximum deviation. Inset: schematic of device structure.

from the peak position. The high-field Hall coefficient Ry, reverses its
sign when R approaches its maximum value, as shown in Fig. 3b (see
Supplementary Fig. S6 for representative Hall traces at different gate
voltages). These behaviours resemble the ambipolar field
effect observed in graphene!’, which also has two-dimensional Dirac
fermions. The gate voltage induces an additional charge density and
electrostatically dopes the nanoplate, altering the nanoplate from an
n-type conductor to a p-type conductor via a mixed state in which
both electrons and holes are present. For regions with only electrons
or holes, R and |Ry| decrease with increasing gate-voltage-induced
carrier concentration. In the mixed state, R approaches a peak value
where the total carrier density is minimized; Ry; changes sign when
the dominant carrier type (electrons or holes) switches. As expected,
no zero-conductance region is observed, presumably due to the pres-
ence of surface states inside the bulk bandgap, although other contri-
butions cannot be excluded (Supplementary Figs S8, S9).

The temperature dependence of R further confirms the suppres-
sion of bulk conduction in the mixed state. Systematic dependence
studies were performed on another device exhibiting the ambipolar
field effect (Fig. 4a). In the purely electron-conductive region, the
nanoplate shows typical metallic behaviour, with decreasing R as
temperature T decreases due to electron-phonon scattering
(Fig. 4b). As the nanoplate approaches the mixed state, R begins to
increase as T continues to decrease for the entire temperature
range (~2-120 K), primarily due to the freeze-out of bulk carriers,
also observed in lightly doped topological-insulator Bi,Se; crystals'’.
Note that the actual activation energy E, cannot be extracted simply
by the relation R A~ R,ef/*:T (where k; is the Boltzmann constant)
owing to multiple-channel conduction in the presence of surface
carriers®. Furthermore, the resistance does not diverge at low temp-
erature but gradually saturates to a finite value below 10 K, consistent
with metallic surface conduction in parallel with bulk states. Further
sweeping V, to negative values restores the metallic behaviour of the
nanoplate as a hole conductor (Fig. 4¢).

Finally, a thickness dependence of the transport measurements in
FET devices was observed. The suppression of bulk conduction
requires the nanoplate to be much thinner than the depletion
length D, the length scale controlled by the gate. An
order-of-magnitude estimation found by solving the Poisson
equation yields D~ 11 nm (Supplementary Fig. S8). For a thicker

nanoplate with a thickness of ~9 nm, however, the dependence of
Ron Vg (Fig. 4d) shows a much weaker tunability than the ultrathin
nanoplates, and the entire sample remains n-type, as Ry; does not
reverse sign. In addition, R decreases with T for all V;, exhibiting
metallic behaviour until ~20 K, below which weak carrier freeze-

a 50
g 25
[+
0 T T T T T T T
-150 =75 0 75 150
Ve (V)
b oo
] @
754 @
= () (]
1
[
G 077777777777777.7 7777777777777777777777777 i”’
& @
=75 . .
-150 : ‘ : : : ‘ :
-150 =75 0 75 150
Ve (V)

Figure 3 | Ambipolar field effect in ultrathin nanoplates of (Bi,Sb,_,),Te,.
a, Typical dependence of resistance R on gate voltage V; in an ultrathin

(Big 505b0.50)5 Te; nanoplate (thickness, ~5 nm) exhibiting a sharp peak in
the resistance and subsequent decay. Inset: optical microscopy image of FET
device with a thickness of ~5 nm as determined by AFM. b, High-field Hall
coefficient Ry, versus V; for the same nanoplate. Each Ry, (solid circle) is
extracted from the Hall trace for +£6 T at a certain V(. At the V;; at peak R,
Ry, exhibits a reversal in sign.
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Figure 4 | Temperature-dependent field effect in (Bi,Sb,_, ),Te; nanoplates. a, Dependence of resistance R and Hall coefficient R, on gate voltage V for

a 5-nm-thick (Bij 50Sbg 50)-Tes nanoplate (inset), showing the ambipolar field effect. For Hall effect measurements, filled circles indicate high-field Hall
coefficient extracted from Hall traces for £6 T at specific V5. The curve is obtained by measuring the Hall resistance versus V at magnetic fields of +4 T.
b,c, Temperature dependence of R at different V from electron conductor to mixed state (b) and hole conductor to mix state (¢). R is normalized to its value
at the highest measured temperature. d, Dependence of resistance R and Hall coefficient Ry, on gate voltage V; for a 9-nm-thick (Bij 50Sbg 50), Tes nanoplate
(inset). The Hall coefficient is obtained by measuring the Hall resistance versus V at magnetic fields of +4 T. ef, Temperature dependence of R at different

V. R is normalized to the value at the highest measured temperature.

out is indicated by a slight rise in R (Fig. 4e,f). Apparently, the
nanoplate is too thick to be effectively depleted by gating, and large
metallic bulk conduction is always present in the device and contrib-
utes to charge transport. It is therefore important to fabricate FET
devices from few-layer nanoplates for the effective manipulation of
bulk conductivity. Signatures of the ambipolar field effect have
been observed previously in several topological insulator nanode-
vices equipped with backgates!*1627. The observation of the much
more pronounced effect reported here benefits from the successful
synthesis of ultrathin and low-density nanoplates, made possible
by compositional engineering of the bulk carrier density in
(Bi,Sb,_,),Te; compounds. We note that, in the thinnest limit, the
top and bottom surface states may hybridize by quantum tunnelling
and open an energy gap, resulting in either a conventional insulator
or atwo-dimensional quantum spin Hall system?*?%-3, Gapless SSBs
are clearly observed in the ab initio band structures on the six-quin-
tuple-layer slab (~6 nm) shown in Fig. 1d, indicating that the critical
thickness of (Bi,Sb,_,),Te; compounds enabling the observation of
such a transition is thinner than 6 nm. The measured thin nanoplates
(>5 nm) are expected to be beyond the critical thickness?!.

Note that, while we were writing this manuscript, another group
also independently identified topological insulator states in
(Bi,Sb,_,),Te; compounds®..

Methods

Synthesis. Single crystals of (Bi,Sb,_,),Te; were obtained by slow cooling of a
ternary melt of varying ratios of bismuth/antimony/tellurium. This mixture was
sealed in quartz under a partial pressure of argon. The mixture was heated to 800 °C
over 14 h, held at this temperature for an additional 6 h, then cooled over a period of
100 h to 500 °C, then finally cooled naturally to room temperature.

Ultrathin (Bi,Sb, _,),Te; nanoplates were grown inside a 12-inch horizontal tube
furnace (Lindberg/Blue M) with a 1-inch-diameter quartz tube. A uniform mixture
of Bi,Te; and Sb,Te; powders (Alpha Aesar, 99.999%) with a specific molar ratio
was placed in the hot centre region as the precursors for evaporation. Degenerately
doped silicon substrates with a 300 nm thermally grown oxide film were placed
downstream at certain locations, using the temperature gradient along the tube to
control the growth temperature. The tube was initially pumped down to a base
pressure less than 100 mtorr and flushed with ultrapure argon repeatedly to reduce

4

residual oxygen. During growth, argon flow provided the impetus to transport the
vapour to the substrates. Typical growth conditions of (Bi,Sb,_,),Te; nanoplates:
powder mixture, ~0.5 g; pressure, 10 torr; carrier gas flow, 15 s.c.c.m.; precursor
temperature, 490 °C; duration time, 10 min. (Bi,Sb,_,),Te; tended to grow at
locations ~12 cm away from the hot centre region, corresponding to a temperature
of ~300 °C.

ARPES measurements. ARPES measurements were performed at Beamline 10.0.1
of the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory. The
measurement pressure was kept below 3 x 10" torr at all times, and data were
acquired by Scienta R4000 analysers at a sample temperature of 10 K. The total
convolved energy and angle resolutions were 15 meV and 0.2°, that is, 0.012(1/A)
for photoelectrons excited by 48 eV photons. A fresh surface for ARPES
measurement was obtained by cleaving the sample in situ along its natural
cleavage plane.

Theoretical calculations. First-principle electronic band calculations were
performed in a six-quintuple-layer slab geometry using the Vienna Ab-initio
Simulation Package (VASP). The Perdew-Burke-Ernzerhof type generalized
gradient approximation was used to describe the exchange-correlation potential.
Spin-orbit coupling was included using scalar-relativistic eigenfunctions as a basis
after the initial calculation was converged to self-consistency. A k-grid of 10 x 10 x 1
points was used in the calculations, and the energy cutoff was set to 300 eV. A 2 x 2
unit cell of randomly substituted bismuth and antimony atoms was used to simulate the
structure. The lattice parameters of (Bi,Sb,_,),Te; were interpolated from the
experimental lattice parameters of Bi,Te; and Sb,Te, according to the composition.

Nanostructure characterizations. Characterization was carried out using optical
microscopy (Olympus BX51M, imaged with a x100 objective under normal white
illumination), TEM (FEI Tecnai G2 F20 X-Twin microscope, acceleration voltage
200 kV) equipped with an EDX spectrometer, and atomic force microscopy (AFM,
Park Systems XE-70). For TEM and EDX characterizations, (Bi,Sb,_,),Te,
nanoplates were directly grown on 50 nm Si;N, membranes supported by silicon
windows. The actual composition of (Bi,Sb,_,),Te; nanoplates was calibrated by
EDX spectra with Bi,Te; and Sb,Te; spectra as references.

Device fabrication. Backgate FET devices were directly fabricated on as-grown
substrates with 300 nm SiO, films on silicon. The substrates were first decorated with
metal markers based on standard electron-beam lithography followed by thermal
evaporation of chromium/gold (5 nm/60 nm). Once a suitable nanoplate was
selected, a second patterning step defined multiple chromium/gold (5 nm/100 nm)
electrodes using the markers.
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Transport measurements. Low-frequency (~200-1,000 Hz) magnetotransport
experiments were carried out in an Oxford cryostat with digital lock-in amplifiers
(Stanford Research Systems SR830). All transport measurements were measured at a
base temperature of 2.0 K unless specified otherwise. A Keithley 2400 source meter
was used to apply the gate voltage. The resistance was measured using a standard
four-terminal configuration to eliminate contact resistance.

Received 22 August 2011; accepted 13 September 2011;
published online 2 October 2011
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S$1. Additional structural characterizations on (BixSb1.x).Te; nanoplates with different
compositions. a, High resolution TEM image of a (Bip.25Sbo.75)2Tes nanoplate supported on
50 nm-thick SiNy membrane. b, The corresponding selected area electron diffraction (SAED)
pattern with sharp diffraction spots. ¢, High resolution TEM image of a (Bio75Sbo.25)2Tes
nanoplate. d, The corresponding selected area electron diffraction (SAED) pattern with

sharp diffraction spots.
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S2. Chemical composition analysis of (BixSbix).Te; nanoplates by STEM-EDX
mapping. a, Scanning transmission electron microscopy (STEM) bright field image of a
(Bio.s50Sbo.s50)2Tes nanoplate. EDX spectra are acquired along the orange dash line with spot
size less than 1 nm. b, Intensity of Bi and Sb peaks reflects the elemental distribution. The
solid lines are the averaged counts to guide the eye. The elemental intensity profiles

indicates fairly uniform distribution without large precipitates.
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S3. Normalized EDX spectra of (BixSb1.x).Te; nanoplates with different compositions.
Raw spectra are normalized with respect to Te peaks (27.4 keV) for comparison. Spectra
from tenary nanoplates are decomposed to Bi;Tes and Sb,Tes reference spectra to
determine the atomic ratio xgpx between Bi and Sb. The results from multiple samples are

summarized in Table S10.
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S4. Uniformity of carrier density in (BixSb1x).Tes nanoplates. The uniformity of carrier
density in the nanoplates is checked by comparing Hall traces from two pairs electrodes. a,
Hall traces in a (Bios0Sbos0)2Tes nanoplate. b, Hall traces in a (Bio.75Sbo.25)2Tes nanoplate.
The variation of Hall coefficient between two pairs of electrode is within 5%, indicating
excellent uniformity in electrical properties. As a result of the lack of stoichiometry, certain
inhomogeneity is expected to exists in (BixSb1x)2Tes alloy system. Such an effect is less
severe in nanoplates likely due to the reduced dimension. Note that all the Hall traces are

acquired at zero gate voltage.
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S5. Sensitivity of carrier density to H,O as an environmental dopant. We have
performed control experiments on two p-type Sb,Tes nanoplate devices to study the effect of
exposure to H,O on the carrier concentration. Hall traces from as-grown (black) nanoplates
are acquired. Samples are then rinsed in water for 1 min and blew dry. After such a
treatment, Hall traces from the same devices are measured again. Apparently, the samples
are n-type doped with electrons to compensate the carriers in the hole conductor of Sb,Tes
upon water exposure. Large changes in carrier concentrations of ~1x10'* cm™ are observed
for both samples. This effect indicates the transport properties of nanostructured

chalcogenide topological insulators are strongly influenced by environmental doping.
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S6. Hall traces and the approaches to extract the Hall coefficient. For the FET device in
Fig. 3, representative Hall traces at different gate voltages are shown here. a, Hall traces are
slightly non-linear at large negative gate voltages presumably due to the presence of
multiple carriers. b, Hall traces exhibit excellent linearity from relatively small negative gate
voltages to positive gate voltages. In the semiclassical transport model, more mobile carriers
have larger contribution to low field Hall resistance, whereas the net carrier density
determines the Hall traces at high field limit'. The high-field Hall coefficient is thus extracted
from the linear region of the Hall traces between ~2T and 6T at different gate voltages, as
presented in Fig. 3b. Similar approach is used previously to extract the Hall coefficient from
non-linear Hall traces'. Note that continuous curves of Hall coefficient in Fig. 4a,d are
obtained from Hall resistance values at +4T respectively according to the relation, Ry = [Rxy
(4T) — Ry (-4T)] / 8. The two approaches yield consistent results as shown in Fig. 4a, likely

because the measured Hall traces are either very linear or only slightly non-linear.
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S7. Thickness of the nanoplates measured by atomic force microscopy (AFM). a,b,c,
Optical microscopy images (top row) of FET devices, also shown as insets of Fig 2, Fig. 3a
and Fig. 3d respectively. AFM height profiles (red solid line, bottom row) corresponding to
the red dash line in the optical images, from which the thickness of the nanoplates is
obtained as the averaged value. a, We identify an extra layer grown on the edge of the
nanoplate from optical contrast, with the thickness of ~13.0 nm. It is away from the center
region of the nanoplate probed by voltage electrodes, so the influence on transport

measurements is negligible.
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S$8. Band bending due to electrostatic gating with maximum surface depletion length.

The back-gate FET device electrostatically dopes the nanoplate with additional carriers and
bends the bulk band structure near the dielectric / topological insulator interface. In depletion
state, such bending occurs over a surface depletion layer D. As a first order estimation, the
thickness of surface depletion layer can be calculated by solving Poisson equation in the full

depletion approximation to yield D = (2« & AE/ e %n) V22

, Where k is the dc dielectric
permittivity (k~56 interpolated from the values of parent compounds; k~36.5 in Sb,Te; and
k~75 in Bi;Tes®) and AE is the shift of Fermi energy across the band bending region (AE <
band gap ~ 0.2 eV). Note that the model is based on the depletion of bulk states in standard
semiconductor, where the screening of topological surface states is not included to simplify

the calculations.

To suppress bulk conduction, sample thickness t should be much smaller than D, so that the
gate effectively modulate the charge carrier density of the entire sample. Dmax is ~ 11 nm
estimated based on the volume carrier concentration n ~ 10" cm™. The thicknesses of
ultrathin nanoplates (t1 ~ 5 nm; Fig. 3 and Fig. 4a) and slightly thicker samples (t> ~ 9 nm;
Fig. 4d) are labeled in the band diagram. It is therefore not surprising to observe suppressed
bulk transport in gated ultrathin samples, whereas large contribution of metallic bulk
conduction is always present in thicker samples. Given the spread of carrier density, Dmax is

expected to vary slightly among nanoplates.
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The aforementioned analysis is purely for an order of magnitude estimation without
accounting for any non-ideality in the actual samples, such as compositional inhomogeneity
and the possible presence of defect states in the bulk gap. Precise model should base on
self-consistent calculations to include the finite size effect in nanostructures and the
screening from 2D topological surface states. Additional knowledge of the properties at

dielectric/ nanoplate interface may be required.

© 2011 Macmillan Publishers Limited. All rights reserved.



Dirac Point
\

/" |
v N

Binding Energy (eV)

| Dirac Point

02 o 02 T
K (1/A) Binding Energy (meV)
S§9. Carrier concentration of topological surface states in (BixSb1.x).Te; system. The
surface electron density can be estimated from the surface states band (SSB) band
spectrum by ARPES. We use the band structure of (Bip.75Sbg 25)2Tes (shown in a) for such an
analysis, where the bulk conduction band (BCB) and bulk valence band (BVB) are clearly
observed in the measured spectrum. b, SSB carrier density as a function of binding energy.
The Dirac point is buried in BCB and inaccessible within bulk bandgap, so finite surface
carrier density (~1.0 to 7.5 x10"? cm™) is preserved across the entire gap. It is expected that
nanoplates with vanished bulk carriers would have surface carrier density between 10" to
10" cm™ (considering the contribution from the top and bottom surfaces). The value is
consistent with the lowest carrier density (outside mixed region) achieved in gated ultrathin
nanoplates (n~5x10"? cm™ in Fig.3 and n~1.3x10" cm™ in Fig. 4a), although the possible
coexistence of bulk carriers and defect states inside the band gap cannot be excluded. Note
that such an analysis is purely for an order of magnitude estimation and only applicable to
crystals with relatively low Sb concentration (Surface conducting state with much lower

carrier density is possible for Sb,Tes, where exposed Dirac point is slightly above the bulk

valance band®).
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X XEDX,1 XEDX,2 XEDX,3 XEDX,4 XEDX, average

0.25 0.141 0.159 0.159 0.15
0.50 0.314 0.338 0.308 0.32
0.75 0.647 0.624 0.576 0.620 0.62

$10. EDX calibration of actual composition in (BixSb.x).Tes nanoplates. The numbers

in subscript is the plate number.

X ny n, n; ny ns Ng ny Navearge

0 -193 -245 =277 -238
0.50 7.0 10.8 7.3 12.3 4.8 16.3 7.2 9.4
0.75 37.2 171 44.6 17.4 29.1

1 353 283 160 463 138 279

S11. Dependence of area carrier concenration on composition in (BixSbi.x).Tes
nanoplates. The electron concentration (in unit of 10'?> cm™) is determined by Hall effect

(holes shown as negative values). The numbers in subscript indicate device number.
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