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Abstract

We successfully identified native point defects that occur in BiyTes crystals by com-
bining high-resolution bias-dependent scanning tunneling microscopy and density func-
tional theory based calculations. As-grown BiyTes crystals contain vacancies, antisites
and interstitial defects that may result in bulk conductivity and therefore may change
the insulating bulk character. Here, we demonstrate the interplay between the growth
conditions and the density of different types of native near-surface defects. In par-
ticular, scanning tunneling spectroscopy reveals the dependence on not only the local

atomic environment, but also on the growth kinetics and the resulting sample doping
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from n-type towards intrinsic crystals with the Fermi level positioned inside the energy
gap. Our results establish a bias-dependent STM signature of the Bi;Te; native defects
and shed light on the link between the native defects and the electronic properties of
BiyTes, which is relevant for the synthesis of topological insulator materials and the

related functional properties.
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Topological insulators (TIs) represent one of the most active areas of quantum tech-
nology related research in condensed matter physics the last couple of years. The intense
interest in TI materials soon after their theoretical prediction and experimental confirmation
is justified as they realize a new electronic phase with promising applications ranging from
advanced electronic and spintronic devices to quantum computing. The topological sur-
face states (T'SSs) of a three-dimensional TT provide robust conduction on the surface while
the bulk is insulating. The low-energy electronic properties of these TSSs are dominated
by massless Dirac fermion excitations, where the emerging Dirac cone defines the energy
dispersion relations. Furthermore, a spin-momentum locking property is acquired due to
spin-orbit interaction and time reversal symmetry that is present in these materials. As a
result, backscattering from non-magnetic impurities is not allowed in TIs.Y"*X However, these
fascinating properties experience many challenges caused by intrinsic point defects that exist
naturally in binary tetradymites, including Bi,Tes and Bi,Ses.*? Bi antisite defects denoted
as Bir., Te antisite defects denoted as Teg;, and Te vacancies denoted as V., are native
defects with low formation energies that dope BiyTe; crystals, which in turn exhibit bulk
conductance that overshadows the TSSs.X¥1% On the other hand, identifying and investi-
gating the impact of such native point defects close to the surface of the BiyTes is critical

for improving the sample quality and the TI electronic properties necessary for TI-based



devices.

BiyTes is a well-studied material due to its thermoelectric properties and it was already
understood many decades ago that Te concentration during synthesis affects the sign of
the charge carriers. Crystals grown under stoichiometric conditions turn out to be doped
samples with a Bi excess. To achieve charge neutrality an excess of Te exceeding the Bi,Tes
stoichiometric ratio for the material synthesis is needed. The very early experiments revealed
that p-type BiyTe; crystals are formed when there is a higher excess of Te.T™® In a more
recent experimental study it was found that Te shows a high evaporation tendency during
crystal growth and that around 60 at.% of Te induces n-type doping.™ To date, the doping
scheme remains a rather complicated problem and requires additional experimental results
to be better understood.

The unit cell of BiyTes is rhombohedral and consists of repetitive slabs of five atomic
layers (Tel-Bi-Te2-Bi-Tel; see Figure |1}, which are referred to as quintuple layers (QLs).
For convenience, the crystal structure of BiyTes is commonly described using a hexagonal unit
cell that consists of 3 QLs. The QLs are weakly bonded by van der Waals forces occurring
between neighboring Tel sublattices, while strong interatomic bonding inside the QLs is of
covalent and ionic nature.“?* The weak van der Waals forces allow the in situ cleaving of the
Bi,Tes layered material to preferably reveal a Tel terminated surface. It has been calculated
based on density functional theory (DFT) that antisite and vacancy defects created in the
Tel sublattice have lower formation energies than analogous defects created in the Te2
sublattice. Furthermore, antisite defects should be the most dominant with Bit, dominating
for Bi-rich conditions and Tep; dominating for Te-rich conditions. Both antisite defects
have similar probability to exist in the material with the exact stoichiometric composition.
The majority of the DFT-based calculations agree that the defects with the next lower
formation energy after antisite defects, especially for Bi-rich conditions, are vacancies on the
Tel sublattice 221023725 Tep. antisite defects act as single donors and Bir, antisite defects act

as single acceptors. On the other hand, vacancies are strong perturbations with V. acting



as double donors and Vg; as triple acceptors.’#2® However, it is noteworthy that different
DFT-based calculations have shown that V. defects are charge neutral .3

Even though BiyTes has been widely investigated during the past few years due to its
TT properties, there is a lack of experimental studies focusing on the native point defects to
support the first-principles calculations of defect formation and characterization. Advances in
high-resolution scanning transmission electron microscopy (HR-STEM) have made it possible
for this technique to provide structural and chemical information down to the atomic scale
about defects in tetradymite crystals and thin films. Up to date this information remains
restricted to defects located below the top surface QLs.*™® On the other hand, scanning
tunneling microscopy (STM) and spectroscopy (STS) allow direct visualization of the atomic-
scale surface topography and investigation of the two-dimensional (2D) T'SSs that appear
within the top surface QLs.“*4%3U For conclusively identifying the origin of the native defects
in BiyTes, a direct comparison between high-resolution STM images and simulated STM
images is required.

Here, we present a comprehensive analysis of the identity of the native defects as well as
their impact on the electronic properties of BiyTes, by means of high-resolution STM/STS
combined with DFT-based calculations. In particular, we successfully identify (1) V. va-
cancy defects and Bir, antisite defects on the Tel sublattice and on the Te2 sublattice, (2)
Tep; antisite defects occurring on the Bi sublattice (for the 2°¢ atomic layer of the QL),
(3) Bi interstitial defects in the van der Waals gap of the QLs, and (4) Bi adatoms on the
surface of BiyTes. The considered single crystals are (A) BiyTes grown under Te-rich con-
ditions (starting from a mixture with a Te excess of about 0.1 at.% Te), (B) BiyTes grown
under the same Te-rich conditions, but with a slow cooling (SC) rate (grown with a three
times slower cooling rate than the Te-rich single crystal (A)), and (C) BiyTez grown starting
from a stoichiometric mixture with exactly 40 at.% of Bi and 60 at.% of Te. We further
on more briefly refer to these single crystals as “Te-rich” BiyTes, “Te-rich SC” BiyTe; and

“stoichiometric” BiyTes, respectively. We determine the densities of the native defects for



each sample to reveal the complexity of the doping mechanism and the importance of not
only the thermodynamics but also the growth kinetics. We demonstrate by STS measure-
ments that the Te-rich BiyTes crystals approach intrinsic electronic behavior with the Fermi
level positioned inside the energy gap. Furthermore, for the Te-rich growth conditions we
demonstrate the existence of Bi adatoms, for which STS data reveal the presence of an elec-
tronic resonance above the Fermi level. Our results fill the gap resulting from the absence
of sufficient experimental data on the naturally occurring point defects in BiyTe; and can

direct future synthesis to improve the functional properties of TT materials.

{(a) Side view (b)  Top view

Figure 1: Crystal structure of Bi;Te;. (a) Side view of the crystal structure showing two
QLs. Orange dotted rectangle presents the topmost QL and the lateral numbers indicate
the atomic layers of the Tel terminated surface. (b) Top view of the crystal structure along
the z-direction.

Results and discussion

The atomically resolved STM topography of the surface of the Te-rich BiyTes crystal after
in situ cleavage is presented in Figure 2h. Figures and 2k present the corresponding
high-resolution STM images of the surface topography of the Te-rich SC Bi,Te; and the

stoichiometric BiyTes, respectively. The STM topographies reveal the existence of native



defects, whose type and density differs depending on the growth conditions. Native defects
appear as protrusions or depressions, most of them of trigonal geometry, which is due to the
chemical bonding in the BiyTes crystals.222 For an applied negative bias in Figures [2h-c,
features appearing as bright protrusions correspond to defects that are electron acceptors
and features appearing as dark depressions reflect the presence of defects that are electron
donors, while at positive bias the opposite contrast will appear.#2”

In order to identify the type and the exact position of the native defects in the QL, DFT-
based calculations are employed. The comparison between the experimental STM images and
the simulated STM images is presented in Figures [2d-g, where the bias voltages are selected
to highlight the most apparent topographic appearance for each defect type (for experimental
STM images of the native defects within a broader bias voltage range see Figures SM1, SM2
and SM3). Bir, antisite defects occurring in the 1%, 3"4 and 5 atomic layer of the topmost
QL and in the 1% atomic layer of the next QL (6" atomic layer from the top) are presented in
Figure 2[4, for both filled (negative bias) and empty (positive bias) states of the experimental
and simulated STM images. Figure [2e illustrates the Tep; antisite defect occurring in the
274 atomic layer and Figure [2f illustrates the Te vacancies occuring in the 15, 3' and 5
atomic layer. The Bi interstitial defect in the van der Waals gaps between QLs is clearly
resolved as well in the experimental STM images, observed in this case in between the 5%
and 6" atomic layer (denoted as Bi;,5-6 in Figure ) from the top surface. Furthermore,
our experiments reveal the existence of Bi adatoms measured for the Te-rich and the Te-rich
SC BiyTe; crystals. Bi adatoms can be observed in Figure (denoted as Bi,) and are
unambiguously distinct from the Bir,,1 defects due to their observed mobility on the surface
(see Figure SM5). From our experimental data, two possible mechanisms for the formation of
the Bi adatom defects can be put forward. The first mechanism assumes that they correspond
to the naturally trapped excess Bi atoms in the van der Waals gaps and are revealed after
cleaving. The second mechanism assumes that they result from imperfect cleaving. The

assignment of the observed adatoms as Bi adatoms is motivated by the presence of Bi;,5-6
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Figure 2: Bias-dependent STM signatures of native point defects in the vicin-
ity of the Bi,Te; surface. Typical atomically resolved 40 x 40 nm? filled-states STM
topographies of (a) Te-rich BiyTes (V = —0.5 V), (b) Te-rich SC BiyTes (V = —0.7 V),
(c) Stoichiometric BiyTez (V' = —0.4 V). Color height scales are (a) 1.9, (b) 1.74, and (c)
0.22 A. Experimental and simulated STM images for both filled (orange-brown color) and
empty (gray-blue color) states for (d) Bir, defects located in the 15* (Bipe,1 at V = 0.5 V),
34 (Bire,3 at V = £0.5 V), 5 (Bire,5 at V = £0.5 V) and 6 (Bipe,6 at V = £0.7 V)
atomic layer, (e) Tep; defects located in the 2°¢ (Tep;,2 at V = —0.5 V and V = 0.4 V)
atomic layer, (f) V. defects located in the 1% (Vre,1 at V = —0.5 V and V = 0.7 V), 3™
(Vre,3 at V= —0.7 Vand V = 0.3 V) and 5" (Vpe,5 at V = —0.7 V and V = 0.5 V)
atomic layer and (g) Bi; defects located in between the 5 and 6" (Bi;,5-6 at V = £0.1 V)
atomic layer and on top of the 1°* (Bi, at V = —0.5 V and V = 0.7 V) atomic layer.



defects, corresponding to interstitial Bi atoms in the van der Waals gap in between the top
and second QLs. Bi interstitial defects in the van der Waals gaps of Bi,Ses crystals have
also been identified by HR-STEM measurements.28 A reasonable assumption is to assign the
adatoms as Bi adatoms that are formed according to the first mechanism mentioned above.
However, experimental and simulated STM images of the adatoms cannot unequivocally
distinguish between Bi and Te adatoms, implying the possibility that the adatoms are Te
adatoms cannot be excluded. The good agreement between experimental results and DFT-
based calculations for both filled and empty states, makes the identification of the commonly
observed Bi,Te; native defects possible. Therefore, Figures [2ld-g can serve as bias-dependent

STM signatures for the most frequent native defects near the surface of cleaved BiyTes.
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Figure 3: Density of native point defects in the vicinity of the Bi,Tez surface.
Column graph of the statistical analysis of the native defects over a total area of 500 x 500 nm?
for all three BiyTes crystals. The indicated doping character (n-type or p-type) of each native
defect is based on our DFT-based calculation of the PDOS spectra (see Figures SM6-SM10).

The density analysis of the native defects that occur in the top QL of the BiyTe; samples
is presented in the column graph of Figure [3| (also, see Table SM1). Furthermore, from our
DFT-based calculations of the projected density of states (PDOS) spectra for each native

defect, the n-type or p-type doping character can be inferred (see Figures SM6-SM10).
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We find that the total amount of native defects increases slightly when the cooling rate is
decreased for the Te-rich crystals and further increases for the stoichiometric BiyTes crystal,
but remains of the same order of magnitude. Interestingly, for the stoichiometric BisTes, Ve
defects occuring at the Tel sublattice are as frequent as V. defects occurring on the Te2
sublattice, unlike what is expected when relying on the DFT-based calculations reported in
literature, where Vr,,1 and Vr.,5 defects have lower formation energy than Vre,3 defects. 104
The latter is only obeyed in the Te-rich BiyTes crystal where V.,1 defects have a higher
density than Vr.,3 defects. On the other hand, Te-rich SC BiyTes exhibits a higher density
of Vre,3 defects than of Vrpe,1 defects. For Te-rich conditions, Teg; defects are expected
to be dominant, but in our experiments Tep; defects were not observed and Bir. defects
occurring in the Tel sublattice have the same probability as V. defects. Based on our
STM topographies, we determined that in the stoichiometric BiyTes, Bir, defects occurring
in the Te2 sublattice (Bir.,3) are the most frequently observed defects, but nevertheless the
sample is n-type doped, as will be demonstrated below. Apparently, this results from the
double donor character of the V., defects compared to the single acceptor nature of Bir,
defects. 1220 Although previous calculations report charge neutrality for Vi, defects, our STM
measurements and DFT-based calculations support the donor character of the Ve, 1, Ve, 3,
and Ve, 5 defects.” Furthermore, our results go along with the reported high evaporation
rate of Te during growth, resulting in the fact that using a mixture with 60 at.% of Te for
the crystal growth is already sufficient to induce n-type doping.*® Evaporation of Te atoms
during the crystal growth can explain the formation of Te vacancies that result in n-type
BiyTes. In addition, the Vg; defect is not observed in our samples and hence is not identified.
The difference in the density of native defects between the samples that were grown in a Te
rich environment, but with different cooling rates, reveals and highlights the importance of
growth kinetics, which has been observed for Bi,Se; as well.*

The relation between the native defects and the electronic properties of BiyTes is un-

veiled by STS measurements. The normalized differential conductance (d1/dV)/(I/ V) spec-
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Figure 4: Surface electronic properties of Bi,Te; crystals measured by STS and
simulated using DFT-based calculations. (a) (d//dV)/(I/V) spectra (open feedback
loop) recorded on the surface of the Te-rich BiyTes (blue curve), the Te-rich SC BiyTes (green
curve) and the stoichiometric BiyTes (red curve). (b) DFT-based calculations with spin-orbit
coupling of the DOS spectra for n-type (red curve), intrinsic (blue curve) and p-type (black
curve) BiyTes (15 QLs slab). (c¢) Energy dispersion of the surface state of the Te-rich BiyTe;
(blue symbols), Te-rich SC BiyTes (green symbols) and stoichiometric Bi,Tez (red symbols),
including the linear fittings of the data points that allow to determine the Dirac point energies
Ep. (d) 1.2 x 1.2 nm™? FT-QPI maps corresponding to the Te-rich BiyTes (d;, dj;), the Te-
rich SC BiyTes (djj;, div) and the stoichiometric BiyTes (dy, dyi), acquired at the indicated
voltages. (e) (d1/dV')/(I/V) spectra (open feedback loop) recorded on top of a V. vacancy
in the 1% atomic layer (orange points), on top of a Bir, antisite in the 1°* atomic layer (cyan
points), on a defect free area (dark yellow points) and on top of a Bi adatom (dark red
points).
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tra measured at the surface of the investigated samples are proportional to the local den-
sity of states (LDOS) and are illustrated in Figure [fh. The stoichiometric BiyTes crystal
shows a minimum in the (d7/dV)/(1/V) spectrum at —180 £+ 5 meV below the Fermi level
(Er = 0 eV), whereas the Te-rich and Te-rich SC BiyTes exhibit minima at approximately
2 £ 5meV and 7 + 5 meV above Ef, respectively. From the (dI/dV)/(I/V) spectrum
of the stoichiometric BiyTes, it can be inferred that Ep is positioned very close to the bot-
tom of the bulk conduction band (BCB), and hence one can consider this sample as n-type
doped.®¥ Moreover, it is clear that by growing Bi,Tes crystals in Te rich environment Ep can
be modified and positioned inside the energy gap, as illustrated in Figure [fa. The resulting
doping effect in the Te-rich and Te-rich SC Bi,Tes crystals is compared to our DFT-based
calculations of the DOS of n-type, intrinsic and p-type BiyTes near Er, which are presented
in Figure [db. The qualitative agreement between the experimental data and the calculated
DOS spectra suggests that the samples grown in Te-rich environment approximate intrinsic
behavior. In particular, the local minima of the Te-rich and Te-rich SC BiyTe; at Ep in
Figure [4h match the local minimum of intrinsic BiyTez in Figure [dp, while the local minimun
of stoichiometric BiyTes in Figure da shifts to lower energies, corresponding to a n-type be-
havior as can be seen in Figure [db. Our ST'S results indicate that by growing Bi,Tes crystals
in Te-rich environment, electronic properties approach intrinsic behavior with Er inside the
energy gap.

Next, we determine the Dirac point (Ep) for all three crystalline materials from the
energy dispersion of the TSSs electrons. LDOS mapping of the local electronic structure, so-
called quasiparticle interference (QPI) mapping, allows the visualization and investigation of
QPI patterns created by local point defects.®? As a result of the electron interference due to
the scattering of the TSSs electrons by point defects, the QPI maps reveal high periodicity,
which can be analyzed in more detail by producing the Fourier-transformed (FT) images.
An example of the bias-dependent F'T images of the real space QPI maps is presented in

Figure [dd, where the FT-QPI patterns of the measured samples are illustrated. For the

11



indicated bias voltages, one can observe hexagonal patterns in the FT-QPI maps along
the I' — M direction. The noticeable scattering events along the I' — M direction point
to an increase of the wave vector length of the hexagonal geometry in the FT-QPI maps
from left to right, as illustrated in Figure [dd, which captures the variation of the surface
electronic properties of the BiyTe; crystals grown under different conditions. The prominent
difference between the electronic properties of the crystals grown in Te-rich environment and
the stoichiometric BiyTes can be also observed in the energy dispersion plots in Figure [,
where we demonstrate the linear energy dispersion of the T'SSs determined from the bias-
dependent FT-QPI maps. The slope is obtained from a linear fitting of the data points
to a linear energy dispersion E(k) = Ep + hopk.?® We find the Dirac point energy to shift
from Fp = —320 + 20 meV for the stoichiometric BiyTe; to Ep = —250 £+ 10 meV for the
Te-rich BiyTes; and to Ep = —240 + 10 meV for the Te-rich SC BiyTe;. The Fermi velocity
is vp = 5.5 x 10° m/s (stoichiometric BiyTes), vp = 7.4 x 10° m/s (Te-rich BiyTes) and
vp = 6.6 x 10° m/s (Te-rich SC BiyTes). Therefore, our analysis of the STS results shows
that a Te rich environment during growth drastically shifts the Dirac point towards higher
energies.

As noted previously, the Te-rich and Te-rich SC BiyTe; crystals host among other native
defects, Bi adatoms that are found in the topmost atomic layer. Clearly, for the Bi adatom
one can observe in Figure 4 an electronic resonance above Ep with a pronounced increase
of the LDOS at 0.33 £ 0.05 eV. Such observation may be related to the local attractive
potential exerted by the adatom and may be explained in terms of a bound state that is
split off from the bottom of the BCB of the BiyTe;. The adatom-induced resonance has not
been reported for adatoms found on the 2D TSSs of BiyTe; but a similar observation has
been reported in a non-TI system.”** Furthermore, a closer look at the LDOS near Er of the
defects occurring in the topmost atomic layer for the Te-rich BiyTes (see Figure ), reveals
an increase of the LDOS (defect state at a bias voltage of —0.30 £ 0.05 eV) at the valence

band for the case of the Bir.,1 antisite defect, implying an acceptor character for this type of
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defect. On the other hand, the electronic signature of the Vr,,1 defects reveals a pronounced
increase of the LDOS (defect state at a bias voltage of 0.45 £+ 0.05 eV) at the conduction

band of the Te-rich BiyTes, pointing to a donor character.

Conclusions

We successfully identified native point defects that exist in TI BiyTes crystals by using
STM/STS experiments and DFT-based calculations. The investigated samples are Bi,Tes
crystals grown under stoichiometric conditions and under Te-rich conditions (two different
cooling rates for the latter). Our results demonstrate that the resulting density of native
defects depends not only on the Bi and Te atomic concentrations during growth, but on the
growth kinetics as well. Furthermore, our STS measurements reveal that a Te rich environ-
ment during growth drastically shifts the Dirac point towards higher energies and yields Fg
inside the energy gap. As a result, Te-rich BiyTes crystals approximate intrinsic behavior,
while BiyTes crystals grown under stoichiometric conditions result in n-type doping with Ep
lying at the bottom of the BCB. Our results establish a bias-dependent STM signature of
the BiyTes native defects and underline the significance of both thermodynamics and kinetics
during growth conditions, which can promote the synthesis of intrinsic T1 samples and may

offer an appropriate route for improving the functional properties of TT materials.

Experimental and computational methods

Sample preparation

The Bi,Tes crystals referred to as stoichiometric were prepared by heating the stoichiometric
mixture (i.e., with the exact 2/3 ratio of the atomic concentrations) of high-purity Bi and
Te powders (5N, both from Alfa Aesar) in sealed quartz ampules, at a speed of 20°C/h, to

850°C and kept at this high temperature for 3 days. The mixture was stirred continuously
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to avoid segregation of the ingredients. After slowly cooling to 550 °C in 9 days, the material
was annealed at 550°C for 5 days. The sample was naturally cooled down to room tem-
perature from 550 °C. Te-rich and Te-rich SC Bi,Te; crystals (6N) were purchased from the
2D Semiconductors company.”” Both samples were grown by the flux method in a Te-rich
environment (with a Te excess of about 0.1 at.% Te). The Te-rich SC BiyTes sample was
grown with a three times slower cooling rate. All of the probed Bi,Tes; samples were in situ
cleaved with a ultra-high vacuum compatible carbon tape at base pressure in the 10! mbar

range.

STM experiments

STM/STS experiments were carried out in a ultra-high vacuum, low-temperature STM
(Omicron Nanotechnology) operated at 4.5 K (base pressure in the 10'' mbar range).
(dI/dV)/(I/V) spectra and dI/dV maps (referred to as LDOS maps) were obtained by
lock-in detection at 800 Hz with open and closed feedback loops, respectively. STM data
were acquired using mechanically cut PtIr (10% Ir) STM tips and polycrystalline W tips that
were electrochemically etched and cleaned in situ by thermal treatment. All bias voltages
mentioned are with respect to the sample, and the STM tip was virtually grounded. STM

data were analyzed using the Nanotec WSxM software.="

DFT-based calculations

The structural and electronic properties of BiyTes surface and native defects were analyzed

using first-principle DFT-based calculations®” within the Perdew-Burke-Ernzerhof®

gener-
alized gradient approximation®” exchange-correlation energy functional with and without
taking into account the effects of spin-orbit coupling (SOC).#" Calculations were performed
using the SIESTA code,*! which relies on the expansion of the Kohn-Sham orbitals using a

linear combination of pseudoatomic orbitals. The core electrons were implicitly treated by

using norm-conserving Troullier-Martins pseudopotentials.*? A mesh cutoff of 400 Ry for the
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grid integration and a split double-zeta basis set were used in all calculations. Integrals over
the Brillouin zone were summed on a 9x9x1 (1x1x1 for the supercells) Monkhorst-Pack*?
mesh, ensuring convergence of the self-consistent field iteration process until the changes of
total energy were below 0.1 meV. The BiyTes surface was simulated by a slab with (1x1) sur-
face unit cells consisting of one to 18 QL(s) (depending on the type of calculations) separated
by a vacuum space of 26.7 A along the z-direction of the slabs. Investigations of the electronic
properties such as band structure and total DOS were carried out with SOC using a one to
18 QL(s) (1x1) BiyTez slab. To model the BiyTes surface structure, we used the supercell
approach without taking into account SOC. In the triple QLs (7x7) and in the septuple QLs
(6x6) supercells a single native defect was introduced and the equilibrium configurations of
the BiyTes system were determined using conjugate gradient geometry optimization. The
convergences of the atomic geometry relaxation were carried out until the absolute values of
all atomic forces acting on the released atoms were smaller than 5 meV/A. The calculated
geometries of the relaxed septuple QLs (6x6) supercell were used for the PDOS analysis,
while the relaxed triple QLs (7x7) supercell were transferred to larger (11x11) or (13x13)
supercells (double QLs), for which we calculated the final electronic properties in detail.

4405 ¢

The simulated STM images were generated using the Tersoff-Hamann approximation
a distance from 2 A up to 8 A above the surface. In order to evaluate the surface wave
function in the vacuum region up to z = 10 A above the surface, we relied on the 2D FT of

the wave functions in combination with spatial extrapolation. 468

Supporting Information

The Supporting Information is available on the ACS Publications website.
Bias-dependent STM topographies of Bi,Tes; native defects, bias-dependent simulated
STM images of Bi,Te; native defects not observed in the experiments, additional STM

topographies presenting the observed mobility of Bi adatoms, table presenting the densities
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of the native defects, additional DFT-based calculations of the doping character of the native

defects, and the DFT-based calculated electronic band structure of BiyTes for 1 up to 18

QLs.
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