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Defects and high bulk resistivities in the Bi-rich tetradymite topological insulator Bi2+xTe2−xSe
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Defects in the topological insulator Bi2Te2Se are studied by scanning tunneling microscopy. Small numbers of
TeBi antisite defects are found and are postulated to be the origin of n-type carriers in this tetradymite composition
near the n-to-p crossover. Based on this defect chemistry, we design an alternative method for obtaining resistive
Bi2+xTe2−xSe samples, by the introduction of compensating p-type carriers through BiTe antisite defects induced
by making the material slightly Bi rich. Our resistivity and Hall coefficient measurements of Bi2+xTe2−xSe
crystals grown by the Bridgeman-Stockbarger method show that the carrier concentration at base temperature
is significantly reduced from that of stoichiometric samples. Analysis of the measurements reveals the possible
underlying chemical distribution along the boules during growth.
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I. INTRODUCTION

The discovery of spin-locked, gapless electronic states on
the surfaces of three-dimensional (3D) topological insulators
(TIs) has opened a new avenue for investigating electronic
topological phenomena in condensed matter physics.1–5 Al-
though surface-sensitive probes such as angle-resolved pho-
toemission spectroscopy (ARPES) and scanning tunneling
microscopy (STM) have been successfully employed for
studying the exotic surface Dirac metallic state in TIs,6–12

the charge transport of the surface states has proven to
be significantly more challenging to characterize. This is
primarily because a very low concentration of defects in
these narrow-band-gap semiconductors can easily induce high
bulk conductivities that overwhelm conductivity from the
surface states. Recently, attempts to make truly bulk insulating
3D TIs to allow characterization of surface transport have
been focused on the tetradymite (Bi,Sb)2(Te,Se)3 family,13–19

archetypical thermoelectric materials that have been studied
for more than 40 years.20 It has been found that bulk crystals
with resistivities higher than 1 �cm at low temperatures
can be achieved by tuning the chemical composition of
the tetradymites, leading so far to a best case in which
the surface electrons contribute up to ∼50% of the total
conductance.18,19,21–23

Among the tetradymite (Bi,Sb)2(Te,Se)3 family, the fully
crystallographically ordered compound Bi2Te2Se (BTS) has
been the subject of significant crystal growth efforts relevant
to its TI properties.21,22,24,25 Unlike the heavily doped parent
compounds, p-type Bi2Te3 and n-type Bi2Se3, BTS is located
at the border of an n–p transition point while still keeping
its full crystallographic order; the Se occupies the inner layer
of the five-layer sandwich, while the Te occupies the outer
layers.26 Previous studies reported that carefully prepared
BTS crystals manifest clear Shubnikov–de Hass oscillations
of the surface states22,24 due to the high mobility of the
surface electrons. However, most stoichiometric BTS crystals
prepared by the modified Bridgman method are metallic
conductors, with n-type carrier concentrations of the order of
∼1019/cm3.25 As previously reported, more highly resistive
crystals can be prepared by either fine-tuning the selenium

composition or doping tin at the bismuth site,25,27 in order to
introduce p-type carriers to compensate the n-type defects.
Due to the complicated defect equilibria in this ternary
compound, sample properties show a strong dependence on
the initial chemical composition and large sample-to-sample
variation within a single-crystal growth run.25

Considering these difficulties in the reproducible prepara-
tion of resistive crystals, we were motivated to identify the
defects in BTS crystals by a microscopic method. To perform
this work, we selected a resistive BTS sample obtained by
the modified Bridgman growth method from a stoichiometric
initial composition and employed STM analysis to understand
its defect equilibria. We show that the primary defects in
this crystal are electronically neutral Se-Te antisite defects. In
addition, a small number of TeBi antisite defects are observed,
which produce n-type carriers. Calculations have shown that
both of these types of defects are energetically favored in
BTS.28 Based on this result, we designed an alternative method
for obtaining resistive Bi2+xTe2−xSe crystals by introducing
compensating p-type carriers through the introduction of small
amounts of Bi substitution for Te expected to form BiTe antisite
defects. Our resistivity and Hall coefficient measurements on
Bi2+xTe2−xSe samples made by the Bridgeman-Stockbarger
method show, for 0.015 < x < 0.06, that these crystals display
a significantly reduced carrier concentration at low tempera-
tures. For x � 0.02, parts of the 14-cm-long boules start to
show a high resistivity and low carrier concentrations, while
almost the whole boule becomes resistive, with a p-type carrier
concentration, at low temperatures when x = 0.06. Thus we
report that Bi excess BTS crystals can be grown reliably with
high bulk resistivities and are, therefore, good candidates for
the study of surface currents in 3D TIs.

II. EXPERIMENT AND RESULTS

A. Observation of effects

Our previous investigations of BTS crystals grown by
the modified Bridgeman method yielded a few batches of
resistive BTS samples from a stoichiometric nominal starting
composition.22 Realizing the strong sample dependence of
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FIG. 1. (Color online) (a) Topographic image (Vbias = 500 mV,
I = 30 pA) of the surface of BTS showing five types of defects.
(b) Schematic structure of a quintuple layer in BTS. The cleavage
plane lies between two Te layers in adjacent quintuple-layer sand-
wiches. Upon looking into the basal plane, the first inner layer that
registers with the upper Te layer is the layer of Bi three layers deeper
(registry shown by the dotted line).

properties even in nominally equivalent crystal growths, we
selected crystals for STM characterization from a batch with
resistivities higher that 1 �cm, with n-type behavior at 4 K.
Crystals were cleaved in situ and measured under UHV at 4 K
in a home-built STM.

The topographic image in Fig. 1(a) shows atomic corruga-
tions on the sample surface of BTS. Since the Te-Bi-Se-Bi-Te
quintuple-layer sandwich is strongly bonded internally26 [see
top and side views in Fig. 1(b)], the cleavage is at the van der
Waals bonds between sandwiches, and thus the imaged atoms
on the exposed surface are Te atoms. In the image, we find
five types of defects. We classify them by their registry with
the lattice and their lateral size: the larger the imaged defect
is laterally, the deeper it resides below the surface.29 Defect I
appears as an ∼1-Å-high circular hump; these we identify as
adatoms remnant from the cleavage process. There is a very
small number of them in this image, which shows about 10 000
surface layer atom sites. Defect II registers with a single lattice
site and thus is embedded in the upper Te layer. This defect
appears as a dip in both occupied and empty state topographies,
therefore signifying that it is electrically neutral. It is the most
abundant defect observed, occupying ∼2.5% of the imaged
lattice; this defect is absent in the binary compounds Bi2Te3

and Bi2Se3. These features strongly suggest that defect II is a
Se-Te antisite defect. The fact that there are two equivalent Te
layers per quintuple-layer sandwich doubles its abundance in
the crystal to ∼5%, which is in agreement with our previous
structural determination of BTS.25 The dominance of these
neutral SeTe defects is consistent with calculations.28 Defect
III is triangular, with an edge length of two atoms, centered
directly between lattice sites in the upper Te layer. It thus
resides in the Bi layer just below the upper Te layer. This
defect is identified as either a Te or a Se antisite defect on the
Bi layer; the TeBi antisite is energetically preferred.28 These
defects act as charge donors and therefore render the crystal
n-type. Finally, defects IV and V are both large and register
with the upper Te lattice, suggesting that they are Te or Se

antisite defects located in the deeper Bi layer [see Fig. 1(b)];
these defects thus dope the crystal with electrons, like defect
III does. Interestingly, we find no traces of the defects that
are common in the parent binary compounds—vacancies in
Bi2Se3 (which would register with the lattice and extend over
three sites) or Bi substitution for Te antisite defects (which
would appear as charged defects in the upper Te layers), the
dominant defects rendering the parent binaries n- and p-type,
respectively.13,20,30 The dominant charged dopants that we
have observed in native BTS are therefore BiTe antisite defects.
These defects render the crystals n-type and shift the chemical
potential to be above the surface Dirac point in the bulk gap.

In order to better characterize the exact doping level of
these highly resistive samples with respect to the surface-
state dispersion curve, we imaged the dispersive interference
pattern that the surface Dirac electrons form in the vicinity of
crystallographic defects. The topographic image in Fig. 2(a)
shows a nanoscale crack on the surface of BTS; differential
conductance (dI/dV ) line scans were measured along the
dotted arrow. The resulting oscillating local density of states
is shown in Fig. 2(b), where the second derivative d2I/dV 2

was taken numerically to suppress the dc background. As a
result, we were able to resolve a standing wave pattern at
almost all energies. The wavelength increases as the bias is
lowered. While the oscillating pattern at high energies decays
rather rapidly, at lower energies the pattern remains remarkably
coherent throughout our field of view. This unusual robustness
may very well have to do with the topological protection
against backscattering of the Dirac surface states within the
bulk gap.

To further study the dispersion of the interference pattern,
we calculated its Fourier transform, which is shown in
Fig. 2(c). The pattern shows that we clearly resolve a linearly
dispersing scattering mode (dotted line) persisting almost
down to the zero momentum transfer that signifies the Dirac
energy. The Fermi velocity for this mode is consistent with
what is seen in the ARPES spectra for BTS.31,32

Linear extrapolation of this mode sets the Dirac-point en-
ergy at 300 meV below the Fermi energy, confirming the n-type
nature of these resistive BTS samples. Nevertheless, the phase
space between the linearly dispersing modes for scattering
from the crack seems to get occupied above ∼70 meV; we
associate this with the onset of the bulk conduction band
above that energy. This yields a bulk gap of ∼370 meV, in
agreement with the values measured in ARPES for BTS.31,32

More importantly, this sets the chemical potential for these
crystals within the bulk gap, a very important requirement for
the observation of surface transport in 3D TIs. The features
inside the Dirac cone in Fig. 2(c) are due to noise in the
interference pattern.

A potential problem that defects might introduce on the
surface of a TI is a spatially varying chemical potential (as
well as a spatially varying Dirac-point energy).33 This would
result if the defects are electrically charged. To test whether this
happens in BTS, we performed extensive differential conduc-
tance line scans, as demonstrated in Fig. 3. Topographically,
the neutral 2.5% Te-Se antisite defects on the cleavage surface
layer in BTS make the surface appear highly disordered, even
more so than the surface of 2.5% Mn–doped Bi2Se3 [insets in
Figs. 3(a) and 3(b), respectively]. Nevertheless, the differential
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FIG. 2. (Color online) (a) Topographic images of a 50-Å-long
crack on the surface of BTS. A dI/dV line scan was taken along
the dotted arrow. (b) To eliminate background, a second derivative
d(dI/dV )/dV was taken numerically. This line scan reveals a
dispersing standing wave pattern in the local density of states.
(c) Its Fourier transform shows a linearly dispersing scattering mode
(marked by the dotted line) that extrapolates to 300 meV below the
Fermi energy.

conductance measurements across these surfaces reveal that
the chemical potential does not vary substantially in BTS
(with a standard deviation of ∼2 meV. In contrast, Mn dopants
on the Bi sites in Bi2Se3 are charged (as are other charged
native defects) and make the local density of states shift as a
whole from point to point on the surface due to underlying
electrostatic potential variations. These variations are more
than 30 meV. Thus an unanticipated positive characteristic of
BTS is that the defects present do not significantly disturb the
chemical potential at the surface, making the surface hosting
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FIG. 3. (Color online) (a) An extended dI/dV line scan over the
highly defective surface (the inset shows its topography) of a BTS
crystal shows only minor fluctuations of the spectrum because the
majority of the defects are neutral. (b) For comparison, a similar line
scan taken on the surface of 2.5% Mn–doped Bi2Se3 exhibits large
energy fluctuations of the measured dI/dV spectrum due to charged
substitutional Mn.

the topological surface states more electrically uniform on the
nanometer length scale.

B. Characterization of transport

Our STM investigation revealed that resistive n-type BTS
samples show no observable Se vacancies, while TeBi antisite
defects are the main defects introducing n-type carriers. Such
highly resistive BTS samples were not, however, obtained
reliably through the modified Bridgman or the Bridgeman-
Stockbarger methods from nominally stoichiometric melts;
most of these samples showed heavily doped n-type metallic
behavior.25 The TeBi antisite defects identified by STM
motivated us to seek more reliably high-resistivity samples by
investigating a controllable p-type doping parameter: the BiTe

antisite defects introduced by intentionally adding extra Bi in
small amounts to the initial composition. We therefore grew a
series of Bi2+xTe2−xSe crystals, with a maximum x of 0.06,
by the classic Bridgeman-Stockbarger method.25,34 The boules
obtained in these growths are approximately 14 cm in length
and 0.6 cm in diameter. Due to the chemical composition
distribution that naturally occurs along crystal boules during
such growth, the electrical properties at different positions in
the boules are expected to be different. Therefore the boules
were cut to seven pieces of about 2-cm length for individual
investigation. The parts of each boule are labeled from A, the
ending point of the crystal growth, to G, the starting point of the
growth. Bar-shaped samples with a typical thickness of 0.1 to
0.02 mm, cleaved along the basal plane, were selected for the
resistivity and Hall measurements, which were performed by a
standard four-point or five-point method in a Quantum Design
Physical Property Measurement System (PPMS) from 300 to
10 K. Considering the samples’ expected variation in defect
concentration, we selected multiple pieces from each region
for measurements; only representative results are presented in
this report.

Figure 4 shows the temperature-dependent in-plane single-
crystal resistivities, as R/R300 K, for Bi2+xTe2−xSe for rep-
resentative x = 0, 0.015, 0.02, and 0.04 crystals. Almost
all parts of the boule show metallic behavior for x � 0.01.
For x � 0.015, the crystals cut from the middles of the
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FIG. 4. (Color online) Normalized in-plane temperature-
dependent resistivities for Bi2+xTe2−xSe crystals for x = 0, 0.015,
0.02, and 0.04. Labels A to G represent samples selected from 2-cm
sections, from the ending (A) to the starting (G) points of the growth
of the boule.

boules (parts B–E) show resistivities that increase rapidly
with decreasing temperature below 100 K. Highly resistive
samples (R10 K/R300 K > 100) are found in the middles of the
boules for x � 0.02. When x � 0.04, all parts of the boules
show R10 K/R300 K > 1. It is worth noting that while most of
the insulating samples show a resistivity that saturates at low
temperatures, some samples show resistivity drops below 25 K
(e.g., sample B for x = 0.015 and 0.02). Those samples also
show resistivities that rise with decreasing T at a relatively
lower temperature than is seen for other resistive samples. This
behavior is correlated with changes in carrier concentration,
as described below.

Figure 5 shows the temperature-dependent Hall coefficients
(RH ) for Bi2+xTe2−xSe for a range of x values. For x = 0.0,
all of the samples show small negative RH values, indicative
of relatively high electron carrier concentrations, consistent
with their low resistivities. For x � 0.015, most of the highly
resistive samples in the middles of the boules show similar
temperature-dependent changes in RH : RH initially increases
with decreasing T , leading to a positive maximum below
100 K; it then decreases with further decreasing T , crosses
0, and shows a negative maximum at low temperatures.
This behavior is similar to previous observations.21,22,24,25

Consistent with this behavior, the resistivities of these samples
rise to a high value below 100 K and then saturate at
low temperatures. For samples showing anomalous resistivity
drops at low temperatures, RH shows a positive maximum at
relatively lower temperatures (e.g., sample B for x = 0.015
and 0.02). A few samples (e.g., sample C for x = 0.02 and
0.04) show positive carrier contributions at low temperatures,

FIG. 5. (Color online) Temperature-dependent Hall coefficient
for Bi2+xTe2−xSe for x = 0, 0.015, 0.02, and 0.04 crystals. Samples
are the same ones used to measure R(T ) in Fig. 4 and are similarly
labeled A through G.

leading RH to cross 0 to a small positive value. The origin of the
anomalous behavior of these samples is not yet clear, but we
believe that it is correlated with the contribution from the bulk
valence band when the Fermi level (EF ) is very close to the
top of the valence band. It is tempting to attribute the observed
saturation of or decrease in the resistivity at low temperatures
in the resistive samples (Fig. 4) to a short-circuiting effect
of the surface-state currents. However, the corresponding
changes in bulk carrier concentrations (Fig. 5) indicate that
this phenomenon, rather, occurs in the bulk of the crystals,
likely reflecting a temperature dependence of the details of the
bulk band structure.

In order to characterize the variations in properties with po-
sition along the crystal boules, the resistivities and carrier con-
centrations at 10 K (ρ10 K and n or p), for different parts of the
boules at representative x values, are plotted in Figs. 6(a) and
6(b), respectively. The starting (l = 12 cm) and ending (l =
0 cm) points of the crystal growth always show relatively low
ρ10 K values, with higher resistivity samples found in the mid-
dle region (between 4 and 6 cm). At a higher x, the whole boule
becomes more resistive, and about 4 cm of the boule shows
ρ10 K > 1 �cm for x � 0.02. About 10 cm of the boule
displays ρ10 K > 1 �cm for x = 0.06. We assume for the sake
of discussion that a single band dominates the carrier contribu-
tions at the base temperature. The carrier concentrations thus
determined from the Hall coefficient data at 10 K are shown in
Fig. 6(b), as a function of the position along the boule. [This
simplified model may not explain the behavior of the samples
showing additional p-type contributions at low temperatures
(i.e., sample C for x = 0.04).] As shown in Fig. 6(b), the whole
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(a)

(b)

FIG. 6. (Color online) (a) Resistivities at 10 K of Bi2+xTe2−xSe
for x = 0, 0.015, 0.02, 0.04, and 0.06 for different positions in
the crystal growth boule (0 marks the last-to-crystallize end of the
crystal). (b) In-plane Hall coefficients at 10 K. The sample at l = 4 cm
(sample C) for x = 0.04, which deviates most from the general trend,
has anomalous p-type carriers occurring at the lowest temperature
measured. The lines are guides for the eye.

boule is heavily doped n-type for x � 0.01. The later sections
of the boule become p-type for x � 0.015, while the part
that is the first to crystallize remains heavily doped n-type
(n ∼ 2 × 1019/cm3 to 1 × 1018/cm3) for all samples. This
variation leads to an n-to-p transition along the boule, yielding
low-carrier-concentration (n- or p-type) samples in the middle.
Additional Bi makes the whole boule more p-type, and all but
the last-to-crystallize part of the x = 0.06 boule are p-type.
The points that fall farthest from the general trend (i.e., at l = 4
cm for x = 0.04) are from the crystals that show anomalous
positive RH contributions at the lowest temperatures measured.

III. DISCUSSION AND CONCLUSION

In order to obtain highly resistive bulk samples of BTS-
based TIs, previously reported crystal growth studies compen-
sated the native n-type carriers present by means of employing
external elements, i.e., Sn doping at the Bi site for BTS,27

high quantities of Sb substitution for Bi,18,19 and Ca doping
at the Bi site for Bi2Se3.13 The defect equilibria for Sn2+
and Ca2+ doping at the Bi site has shown those defects to be
effective charge +1 acceptors with low ionization energies at
low doping levels; they appear to contribute p-type carriers in
proportion to their doping level.13,27 For Bi2Te3, BiTe antisite
defects act as effective 1+ acceptors that are fully ionized at

FIG. 7. (Color online) The temperature at which RH shows a
positive maximum value for 0.015 � x � 0.06 as a function of
position in the boule. 0 marks the last to crystallize end of the crystal.

100 K.20 In accordance with theoretical calculations28 and the
current experimental study, we postulate the following defect
chemistry for native BTS:

Bi2Te2Se ⇀↽ Bi′Te + h• + TeBi + e′ + V••
Te + 2e′

+ Te×
Se + Se×

Te + 1/2Te2(g). (1)

In the presence of excess Bi, which compensates for the
two sources of electrons, the excess BiTe antisite defects in
Bi2+xTe2−xSe are acceptors, with the defect equilibrium:

Bi2+xTe2−xSe ⇀↽ xBi′Te + xh• + 2BiBi + (2 − x)TeTe + SeSe.

(2)

The total number of excess holes created by the BiTe antisite
defects, however, appears to be much lower than the number
of antisite defects present. As shown in Fig. 7, for example,
only the last-to crystallize part of the boule (sample A) for
x = 0.015 manifests p = 5 × 1019/cm3 at 10 K, which is
lower than the concentration of the BiTe antisite defects present,
calculated from the chemical formula as (∼1020/cm3). When
x increases, the p-type carrier concentration decreases at 10 K.
The samples for x = 0.06 in Bi2+xTe2−xSe are highly resistive,
with p ∼ 1017/cm3, at 10 K. For comparison, Bi2+xTe3−x

shows strongly metallic behavior, with p ∼ 2 × 1020/cm3, at
100 K.20 All the p-type samples for 0.015 � x � 0.06 show
p of the order of 1019/cm3 at room temperature (not shown in
the plots), which is one or two orders of magnitude less than
expected from the chemical doping level.

The changes in the p-type carrier concentration and
resistivity suggest that there may be more complicated defect
equilibria and excitation energetics at high BiTe antisite defect
concentrations. One possibility is that the BiTe antisite defects
may form an impurity band at high concentrations. If this impu-
rity band is located in the bulk band gap, then it may pin EF in
the bulk band gap and induce a higher resistivity. On the other
hand, of course, the likely complexity of the Fermi surface in
bulk BTS should also preclude a simple 1:1 correspondence of
chemical and electronic doping. Detailed characterization of
the Fermi surface of bulk BTS near the n-to-p crossover has
never been performed, to our knowledge; further investigations
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beyond the current transport measurements would therefore
be of interest. Quantitative interpretation of the correlations
between chemical and electronic doping depends on detailed
models, beyond the scope of this study, which include, for
example, the effects of Fermi level pinning.28

During the BTS crystal growth by the Bridgman-
Stockbarger method, there are two factors expected to af-
fect the chemical distribution along the boule. First, the
temperature gradient induces a distribution of the chemical
composition in the solid solution, which can be assumed to
have a small stoichiometry-dependent variation in melting
point.35 This is likely to be one major influence on the variation
of electronic properties along the boule. In addition, due to the
relative stability of vacant Te sites and the vapor pressure
of tellurium, the 14-cm-long vertical melt is expected to
crystallize under a higher Te vapor pressure at the top (which
becomes the end point of the boule upon solidification) than the
bottom (the starting point of the boule upon crystallization).
Thus a subtle Te distribution gradient may also contribute to
the charge carrier distribution on the boules; with a larger Te
deficiency at the starting point of crystallization the samples
will tend to be n-type, while at the middles and end points
of the boules Te deficiency must be at a low level, since Te
vacancies are not detectable by STM. Therefore these regions
may be more responsive to p-type doping through the excess
Bi. Finally, of course, due to the directional solidification of
the boule, randomly present impurity atoms are expected to
concentrate in the last-to-crystallize portion, influencing its
carrier concentration.

Consideration of the temperature-dependent RH is con-
sistent with these subtle chemical distribution effects along
the boule. As shown in Fig. 7, the temperature of the
positive maximum in RH (i.e., the Tpeak) decreases with
position along the crystal growth direction in the boule for
all resistive samples. Our previous report on the behavior of
nearly stoichometric BTS crystals under pressure revealed that
a satellite hole pocket lower than the chemical potential23

contributed the p-type carriers at high temperatures. The
temperature-dependent RH for Bi2+xTe2−xSe is similar to that
for the nearly stoichometric BTS samples, while the change
in the Tpeak along the boule may be a reflection of the shift of
the chemical potential along the boule, from the bottom of the
conduction band to the top of the valence band. This analysis is
consistent with our assumption of the presence of small Te and
Bi concentration gradients along the boule, although a more
complicated defect effect is anticipated for the higher BiTe

antisite-defect-containing samples in this study. A comparative
study of the defects in Bi-rich and Bi-poor samples of BTS by
STM would be of future interest.
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