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ABSTRACT: Selenium (Se) vacancies are the most abundant and
unavoidable n-type defects in the topological insulator, bismuth
selenide (Bi,Se;). A recent study has shown that the surface Se
vacancies not only n-dope the system but also result in the splitting
of the Dirac cone associated with the surface and the emergence of a
nonlinear state pinned at the Fermi level due to the interactions
between surface-, defect-, and quantum-well states. In this combined
theoretical and experimental work, we show how the defective
surfaces of Bi,Se; slabs can be healed by adsorption of different
gases. Depending on the adsorbates, we find that the band structure
of Bi,Se; either reverts back to its pristine form or exhibits localized
adsorbate bands near the Fermi level. Notably, our density
functional theory calculations show that both atomic and molecular
oxygen are isoelectronic to Se, binding strongly to the vacancy position. Along with counterdoping (p-doping) of Bi,Se; (as reported
by earlier studies), oxygen adsorption completely restores the Dirac structure of the surface states. Our experiments confirm that
annealing intrinsically n-doped Bi,Se; samples with oxygen reduces the carrier density by &~ 6%. This is a reversible process, with the
Bi,Se; slab reverting back to the original carrier concentration on vacuum annealing, thus confirming the healing of vacancies by
oxygen. We distinguish the possible features of the adsorbates that can be used to a priori predict their effects on the electronic
structure of the Bi,Se; slab after adsorption. Our results provide a foundation for a general strategy for the in situ engineering of the
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band structure of the Bi,Se; family of topological insulators by quenching Se vacancies.

B INTRODUCTION

Three-dimensional (3D) topological insulators are an exotic
class of materials that exhibit an insulating bulk and topologically
nontrivial surface states"” that are protected against time
reversal invariant perturbations such as crystal defects,
distortions, and nonmagnetic impurities.*® The surface states
disperse linearly and intersect one another forming a Dirac cone,
with a Dirac point at the Fermi level. The robustness of these
states against perturbations, coupled with spin-momentum
locking that prohibits backscattering processes, makes topo-
logical insulators advantageous for application in spintronics and
quantum computing. The position of the Fermi level depends on
the quality of the sample, its aging effects, and the ambient
conditions. The ability to control and manipulate the position of
the Fermi level with respect to the Dirac cone will strongly
influence the performance of these devices.

Bi,Se; is a strong 3D topological insulator with a large bulk
band gap of 0.3 eV.”® It has been widely studied because its
surface states fall in the bulk gap and are isolated from the bulk
states. The surface states in Bi,Se; samples undergo changes
with time, which is also known as aging.g_12 This manifests as an
increase in the binding energy of the topologically protected
surface states, that is, the shift of the surface states and Dirac
point deeper into the valence band, indicating an effective n-
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doping of the surface. Possible explanations for the aging effect
include the following: change in the van der Waals (vdW)
distance between the layers, 13 adsorption of molecules/atoms at
the surface,”'* and/or formation of Se vacancies."> ™7 As the Se
vacancies are the most abundant intrinsic defects in Bi,Se;, and
those on the surface are exposed to the environment and are
reactive, it is important to understand how different gases,
whether present intentionally or unintentionally, modify the
defect structure and affect the surface states. In addition,
understanding the interaction of vacancies with gases could
potentially alter the aging process by either stopping or slowing
down the degradation.

Previous works have shown that O, doping of Bi,Se;'"”
reduces the n-doping of the samples by binding strongly to Se
vacancies. On the other hand, N, dissociates at the surface
vacancies and binds to them, shifting the Dirac point toward the
Fermi level, that is, p-doping the sample.”' However, previous
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Figure 1. Electronic structure of Bi,Se; (5 X 5 X 7 QL slab) with and without the Se vacancy and structural model of the vacancy site. Band structure of
the (A) pristine and (B) defective Bi,Se; slab with single Se vacancy at the surface. Reproduced from Shirodkar; Dev, “Nonlinear hybrid surface-defect
states in defective Bi,Se,”, The Journal of Physical Chemistry C 2022, 126, 11833—11839. Copyright 2022 American Chemical Society.”” The blue
arrows indicate the surface states shifted into the conduction and valence bands due to hybridization with the defect. Red circles denote the
contribution from the top QL. The surface states from the bottom layer are degenerate with the top layer surface states in the pristine case. (C) Top and
side views of the top QL with a Se vacancy. Also shown is the isosurface of the charge density difference (between defective and pristine supercells),
showing the pooling of electrons at the vacancy site. Bi (Se) atoms are shown as yellow (green) spheres and the charge density is shown in purple.

theoretical works”””" studied these effects under very high

doping/vacancy concentrations (in-plane 10" cm™ due to
remarkably high cost of computations) that were much larger
than those found in real experimental samples, thus limiting the
applicability of the calculations. Furthermore, until recently, the
subtle effects that result in the shifting and splitting of the Dirac
cone associated with the defective surface layer were not
understood.”” Shirodkar and Dev showed that the splitting of
the Dirac cone associated with the defective surface is due to the
interactions between the defect-, surface-, and quantum-well
(QW)'? states. The adsorption of ambient gases at the defect
site is expected to modify these interactions. Here, we explore in
detail the effect of ambient gases (O, O,, N, N,, F, and F,) on
both, the lattice and electronic structure of vacancies on the
surface of Bi,Se; for very low defect concentrations (in-plane
10" cm™2, i.e, 1.3%, as observed in real samples), using both
experiments and first-principles calculations. To understand the
correlation between the change in the electronic structure of
Bi,Se; and the adsorbed gas, we also analyze the physical
attributes of the gases: a step toward possibly defining a
descriptor that can predict the doping levels in the slab due to
adsorbates.

B METHODS

Computational Details. We used the SIESTA package
to carry out density functional theory (DFT) calculations. A
plane wave mesh cutoff of 150 Ry was used for non-
spinpolarized calculations and calculations including spin—
orbit interactions. The electron—ion interactions were modeled
with fully relativistic norm-conserving pseudopotentials ob-
tained from PseudoDojo,”*> with exchange correlation energy
between electrons approximated by the GGA functional
parameterized by Perdew—Burke—Ernzerhof.”” A double-zeta
polarized basis set was used in our calculations.

23,24
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In order to minimize the interaction between the top and
bottom layers in Bi,Se;, we used seven quintuple layers (QLs),
in which each QL consisted of Se—Bi—Se—Bi—Se layers. This
ensures a Dirac cone at the Fermi level with the band gap <1
meV. In addition, to ensure that our calculations have
experimentally relevant defect densities, we used a S X § in-
plane supercell. A single Se vacancy was created on the top
surface in the 5 X 5 X 7 QL Bi,Se; supercell, and the adsorbate
was added at the defective site. Using the reasonable assumption
that the defect site-adsorbate chemistry is unaffected by the
lower vdW bonded layers, we carried out the calculations in two
steps: (a) first, we relaxed the composite structure consisting of
an adsorbate on a single 5 X 5 defective QL, yielding the
adsorption energy and (b) we then translated this defective QL
with the adsorbate onto a 5 X 5 supercell slab of six QLs, yielding
a 5§ X S5 X 7 QL stack. This composite structure with the
adsorbate on a 5 X 5 X 7 QLs was used to calculate the band
structure, capturing the effect of the adsorbate on the surface and
vacancy states. This two-step process made these very expensive
calculations more tractable.

In the first step, the structural relaxation calculations of the 5§ X
S X 1 QL slabs with adsorbates were carried out without spin—
orbit coupling effects, and the structure was relaxed until the
Hellman—Feynman forces on the atoms were <0.04 eV/A. We
relaxed the structures under both, without and with vdW
interactions (i.e., by adding a dispersion potential of the Grimme
type’®). We found that the inclusion of vdW interactions
compressed the QL layer by = 1.8% and lowered the adsorption
energies by & 0.2—0.3 eV with respect to the layer without vdW
interactions. Hence, we report the adsorption energies with vdW
interactions (in agreement with®'); however, we use the
structures without vdW interactions to calculate the electronic
band structure in the § X 5 X 7 QL slab. The Brillouin Zone
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(BZ) integrations were carried out over a 3 X 3 X 1 Monkhorst
Pack k-point mesh fora 5 X § X 1 QL slab.

Next, we translated the defect + adsorbate layer (only the top
Bi and Se layer, relaxed without vdW interactions) onto six
pristine QLs, keeping the interlayer separation fixed to that of
bulk to determine the electronic structure. This S X 5 X 7 QL
supercell slab consisted of 875 atoms. The BZ integrations for
the 5 X § X 7 QL slab were carried only at the BZ center, that is,
[-point. A vacuum of 24 A was included in the nonperiodic
direction to minimize the interaction between the periodic
images of the defects and adsorbates for both the S X 5 X 1and §
X § X 7 QL slabs.

Experimental Details. In order to confirm our theoretical
predictions, a Hall bar of Bi,Se;, previously characterized in
depth,29 was annealed under O,, vacuum, and N, gas to observe
the change in carrier density, and thereby the Fermi level, with
gas adsorption. Experiments were performed in a cryogen-free
magneto-cryo-probe station capable of reaching temperatures
between 10 K and 500 K. Gas inlets were used to expose the
sample space to gas without exposing it to the atmosphere. We
first measured the baseline sample carrier density at 10 K. Next,
we annealed the sample in situ at 450 K for 1 h under vacuum or
0.5 bar N, gas. Then, we measured the carrier density again at 10
K. The sample was then annealed again in situ at 450 K for 1 h
under 0.5 bar O, gas before the carrier density was again
measured at 10 K. Finally, we annealed the sample at 450 K for 1
h under either vacuum or 0.5 bar N, gas and measured the
carrier density again at 10 K. The sample was kept in a N, dry
box between the N, and vacuum cycles. Measured values were
compared between different sets of contacts on the same Hall
bar to estimate the uncertainty.

B RESULTS AND DISCUSSION

Figure 1A is the plot of band structure for a pristine 5 X 5 X 7 QL
Bi,Se; slab showing the Dirac cone structure of the topologically
protected states at the Fermi level. On the other hand, the
presence of the Se vacancy in the surface layer not only n-dopes
the system but also leads to a number of subtle effects (discussed
in detail by Shirodkar and Dev*”) that went unreported in the
earlier works.’>*" For example, it splits the Dirac cone such that
the bottom part of the Dirac cone moves to &—225 meV below
the Fermi level and the top part hybridizes with the conduction
band (details elsewhere,”” see Figure 1B, blue arrows). The
hybridization of the Dirac cone with the defect states not only
shifts the Dirac cone into the valence and conduction bands but
also introduces nonlinearitg in them and pins the Fermi level to
the parabolic defect bands.”” These nonlinear defect states were
mistakenly identified as the defective layer’s Dirac cone in a
previous work™ since they too prohibit spin-backscattering
processes at the Fermi level and also connect the valence and
conduction bands through topologically protected defective
surface states, just like the surface states in pristine Bi,Se; slabs.
Because the nonlinearity of these states implies an increase in
effective mass of electrons and hence a decrease in their mobility,
itis crucial to understand the physics behind the evolution of the
electronic structure of the defective Bi,Se; slab with adsorbed
gases to predict their applicability and performance in devices.
Furthermore, due to symmetry breaking and the doping of the
defective QL (see Figure 1C), a number of QW states emerge
inside the bulk gap in the conduction band due to band bending
at the vacuum and the defective top QL (see Figure 1B, energy
range of 0.1—0.3 eV).""

Adsorption Energies: Adsorbates on the 5 x 5 x 1 QL
Slab. In order to determine which of the common gases/
molecules both p-dope and restore the band structure of the
defective Bi,Se;, we investigated the adsorption of O, O,, N, N,,
F, and F, at the vacancy site (see the Supporting Information for
results on H,0 and P). For the diatomic molecules O,, N,, and
F,, we consider both parallel and perpendicular orientations of
the molecule with respect to the surface of the slab (see Figure

Figure 2. Structural orientation of the adsorbate at the vacancy site for a
single atom (X) and a diatomic molecule (X,). (A) The diatomic
molecule can be oriented with its axis parallel (||) or perpendicular (L)
to the slab, and we consider both the orientations. Bi (Se) atoms are
shown as yellow (green) spheres, and the adsorbate is shown in black.
(B) Relaxed structures of O, (red), N, (orange), and F, (pink)
molecules at the Se vacancy. Note that the || and L orientations for both
0, and F, relax to the same structure shown here.

2A). The adsorption energy (E,gsomption) With respect to the
molecule for a § X 5§ X 1 QL slab is calculated as follows

Eadsorption = Evacancy+adsorbate - Evacancy - Eadsorbate/ n (1)

where E,,, is the energy of the 5 X 5 X 1 QL slab with Se
vacancy, Eyiuneyradsorbate 1 the energy of the slab with the
adsorbate at the vacancy site, and E_ g, is the energy of the
molecule. n = 1 if the adsorbate is in the molecular form orn =2
if it is in the atomic form.

The calculated adsorption energies are given in Table 1.
Clearly, oxygen and fluorine bind strongly to the vacancy site,
whereas nitrogen only physisorbs”' and most likely desorbs from
the surface at finite temperatures. We find that the O, molecule
relaxes parallel to the slab, irrespective of the original || or L
orientation. However, the fluorine molecule in both parallel and
perpendicular orientation dissociates and the atoms attach to
two different Bi atoms adjacent to the vacancy. This explains the
similar adsorption energies for the two structures (|| and L), and
henceforth, we will discuss results for only one of the dissociated
structures. N, binds weakly to the surface, in agreement with a
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Table 1. Adsorption Energy (in eV) of O, N, and F at the
Vacancy Site with Respect to Their Molecular Forms®

adsorbate (0] N F
X -3.02 1.47 -3.82
%l -329 0.32 —6.42
X, L —1.61 0.08 —6.66

“X and X, signify atomic and molecular forms of the adsorbate,
respectively; || and L correspond to the parallel and perpendicular
orientations of the molecule, respectively. Note that the vdW
interactions are included in the adsorption energies.

previous report.”' Gottschalk et al. predicted that a N, molecule
can dissociate near a pair of Se vacancies and then strongly bind
to the surface. This p-dopes the sample exposed to N, and
consequently the shifts of the Dirac point closer to the Fermi
level.”" However, we find that such a situation is less probable
since (a) formation of a vacancy pair at the surface is less likely
and depends on the sample quality and (b) atomic nitrogen is
magnetic (discussed in detail later) and opens a gap in the
surface states. Hence, we suspect that the p-doping that they
report in their work is a result of other contaminants or has a
different origin and needs further exploration. Therefore, we will
only focus on the parallel configuration in the following
discussion. The final relaxed structures of the molecules at the

vacancy are shown in Figure 2B; the quantitative details of the
structure are discussed in a later section.

Electronic Structure: Adsorbates on the 5 x 5 x 7 QL
Slab. The band structures of oxygen, nitrogen, and fluorine (in
both atomic and parallel molecular forms) are given in Figure 3,
where the contribution from the adsorbent (in the top QL) is
highlighted in blue (red). The adsorbate states hybridize
strongly with the top QL states and contribute to all the states
near the Fermi level. In addition, O, O,°° and F, heal the
vacancy and restore the top QL Dirac cone to the Fermi level
(see Figure 3A,C). The wave functions at the Dirac point plotted
in Figure 3B,D, also confirm the preservation of the top QL
surface state. It is important to note that among the three
adsorbates, atomic oxygen brings the electronic structure of the
defective Bi,Se; slab closest to that of a pristine slab (compared
with Figure 1B). Even if O, and F, manage to counter dope and
compensate fully for the n-doping of the top QL, states at the M-
point (near the Fermi level) shift deeper into the valence band
and the band structure does not exactly resemble that of a
pristine slab. We also find that although a single F atom at the
vacancy acts as a p-dopant, it cannot compensate (accept) for all
the electrons in the absence of Se. This can be understood on the
basis of formal oxidation states of the ions involved, which is —1
for fluorine as opposed to —2 for oxygen, with the latter having
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Figure 3. Electronic structure and wave functions belonging to the top layer at the I'-point for X = O, N, F, O,, N,, and F, in the parallel configuration.
Band structure of (A) O (left column), N (middle column), and F (right column) and (C) O,|| (left column), N, || (middle column), and F, || (right
column). Red (blue) circles denote the contribution from the top QL and the adsorbate. The charge density isosurface of the wave function (denoted
by a black arrow in the band structure) at the I'-point is shown in (B) for X = O, N, and F and (D) for X = O,, N,, and F, (i.e., below their respective
band structures). Bi (Se) atoms are shown as yellow (green) spheres. The opposite phases of the wave functions are denoted by red and blue colors in
the charge density plots. Note that we only show the top QL of the seven QLs in the S X 5 X 7 QL slab for ease of visualization, and these structures

were relaxed without vdW interactions.

16880

https://doi.org/10.1021/acs.jpcc.2c05175
J. Phys. Chem. C 2022, 126, 16877—16884


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05175?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05175?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05175?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05175?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c05175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
10.4 —
o 102} &
X ¥ s
& 100} L,
; %
S g8l .
=
g g6l
a
g %
8 o92;
9.0}
& & &£ F ’ & &S
T FESE TS

N
S
N
Rt T

S W o
Annealing Step

00 T

e i

Ty SRRRRR
A
S TR
SRR, O

Figure 4. Experimental results and QW states. (A) Optical image of a Bi,Se; Hall bar used in this study. Electrical contacts are electron beam-deposited
Ti/Au, described elsewhere.” (B) Plot of variation in carrier density with control annealing in N, (black) and vacuum (red). The I'-point charge
density isosurface of wave functions of (C) the LUMO of pristine Bi,Se; at 0.27 €V and (D) QW state at 0.24 eV of O adsorbed at the Se vacancy on the
surface. Note that the asymmetry in the structure due to O adsorption also introduces asymmetry in the QW states as compared to pristine Bi,Se;. Bi
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plots.

the same oxidation number (—2) as Se in Bi,Se;. Hence, the top
QL still remains slightly n-doped (see Figure 3A,B, right
column).

The N,|| configuration has the most unique band structure,
which resembles that of a Se vacancy situated in the middle of
the layer.”” This is because N, does not bind to the vacancy (see
Table 1) and only modifies the dispersion of the bands by
changing the environment of the vacancy. On comparing the
band structure with that of a Se vacancy sandwiched between
two Bi layers (refer to ref 22) in the top QL, we find similarities
in the dispersion of the defect/nonlinear bands at the Fermi
level. We postulate that the N, molecule acts similar to Bi layers,
that is, it screens the vacancy from vacuum that modifies the
defect, hence mimicking the electronic band structure of the
vacancy deeper in the layer. The contribution of the N, molecule
to the bands at the Fermi level is also negligible in comparison
with the other adsorbates. The charge density plot of the wave
function at the Fermi level (see Figure 3B, middle column)
shows that the contribution is mostly from the surface state and
the N, contribution is negligible. Quite interestingly, atomic
nitrogen is magnetic with a moment of ~0.5 g, which destroys
the topological protection of the top surface state and opens up a
gap of 20.06 eV. Our calculations for phosphorus (isoelectronic
to N) doping of the Se vacancy show that the adsorbate still

remains magnetic but without any significant opening of the gap
(see the Supporting Information for details). However, it does
not energetically bind to the vacancy (Eadsorption =0.28 eV with
vdW corrections). This implies that although elements
belonging to group 15 of the periodic table can be used to
manipulate the Dirac cone back to the Fermi level, they will do
so under special conditions (e.g., pressure, strain, and doping)
since they do not adsorb under equilibrium (as captured by ab
initio calculations). We note that none of the other molecular/
atomic configurations support a magnetic moment, thus
ensuring topological protection to the surface states, as seen
from our band structure and wave function plots. For
completeness, we also calculate the electronic structure for
H,O adsorbed at the Se vacancy and find that its influence on the
band structure is similar to that of N, (see the Supporting
Information for details).

To confirm that the adsorption of O, at the Se vacancy site
heals the defect, whereas N, does not attach to the defective site,
we carried out annealing experiments (results are shown in
Figure 4). As discussed in the Methods section, transport
measurements are made on a sample patterned into a standard
Hall bar, as shown in Figure 4A. In particular, the carrier
concentration is recorded after the sample is exposed to various
gases while being annealed to 450 K, as shown in Figure 4B. We
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find a clear decrease in the carrier density between both control
anneals (vacuum and N,) and the O, anneal. Upon O,
annealing, the sample shows an 8% and 2% reduction in carrier
density relative to vacuum annealing and N, annealing,
respectively. These decreases are well above measurement
uncertainties and are significant. Note that there is a modest
increase in carrier concentration after exposure to the ambient
conditions in the laboratory and is likely a byproduct of the O,
treatment. As oxygen heals defects, it not only fills vacancies but
also likely replaces other more weakly bound chemisorbed
species. Nitrogen annealing will drive off some of the oxygen, but
exposure to atmosphere can lead to other chemisorbed species
such as CO, and H,0, displacing even more oxygen. The
vacuum anneal then drives off the newly adsorbed species,
restoring the carrier concentration. Since n-doping of the sample
is a result of Se vacancies, " ~'"** annealing in O, heals these Se
vacancies on the surface. Therefore, we observe a decrease in the
carrier density, confirming that O, leads to antiaging effects in
the sample.”'" We also find that the carrier density is similar for
both of the control annealing steps (in vacuum and N,), further
supporting the theoretical conclusion from our DFT results that
N, does not bind to the vacancies/impurities.

In addition to confirming the seamless passivation of Se
vacancies by oxygen molecules, that is, the return of the Dirac
cone back to the Fermi level, we focus our attention on the QW
states in the conduction band. We note that these states persist
for all of the adsorbate elements/gases and lie at & 0.24 eV for O,
0.19 eV for O,, 0.25 eV for N, 0.19 eV for N,, 0.20 eV for F, and
0.18 eV for F,. They are lower in energy than the bulk
conduction band minimum, which is at 0.27 eV for the pristine
case (see Figure 1A) and higher than the QW + defect + Dirac
cone hybrid state at & 0.1 eV (see Figure 1B). On closer
inspection of the wave functions of these doubly degenerate QW
states at the I'-point (see Figure 4D and the Supporting
Information for details), we find that they are made up of one
state localized to the bulk and the other to the outer QLs and are
almost similar to the lowest unoccupied molecular orbital
(LUMO) states of the pristine Bi,Se; slab (see Figure 4C) with
slight asymmetry due to the adsorbed molecule/atom. Hence,
we note that even if O, O,, and F, electronically replace Se, the
breaking of structural inversion symmetry due to the adatom/
molecule itself shifts the QW states inside the bulk gap and is
related to how strongly the symmetry is broken. Since F, breaks
apart, the structure is more asymmetric and the shift is larger,
that is, QW state appears at &~ 0.18 eV, in comparison with O,
which breaks the symmetry weakly and its QW state emerges at
~ 0.24 eV. We note that the N, molecule is an exception to this
observation since it does not bond to the vacancy, and its QW-
state wave functions are closer to those in the vacancy case (see
Figure 1B and the Supporting Information for details). Previous
works””*" missed this nuance since they focused mainly on the
restoration of the Dirac cone to the Fermi level, but our detailed
study clearly highlights these differences and also explains their
origin.

Given that materials such as Bi,Se; will likely be used under
ambient conditions, it is instructive to determine the
physicochemical properties of different possible adsorbates
that have the biggest impact on those of Bi,Se;. Hence, in order
to gain a greater insight into the characteristics of the adsorbates
and their effect on the band structure of defective Bi,Se;, we plot
the most important features, (a) difference in valence electrons
with respect to Se, (b) Bi-adsorbate distance, and (c) the average
number of electrons gained by the adsorbate (same as

electronegativity) (see Figure S), and relate them to the shift
in the Dirac cone with respect to the Fermi level due to the
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Figure S. Shift in Dirac cone relative to Fermi energy as a function of
different physicochemical properties/attributes of the adsorbates: (A)
difference in valence electrons with respect to Se [Z,—Z,(Se)], (B) Bi—
adsorbate distance [d(Bi—X) A], and (C) average number of electrons
gained by the adsorbate (Ae). The dashed black lines indicate the values
for Se in a pristine slab.

adsorbate. First, we consider the relationship between the shift
in the Dirac cone and the difference between valence electrons
with respect to Se (see Figure S, top panel). Both O and O, lie on
the vertical, dashed black line, which indicates that they both
have the same electronic configuration as Se.”” It is not
surprising that upon adsorption of O and O,, the band structure
reverts back to that for a pristine Bi,Se; slab. However, it is clear
that a consideration of mere valency does not explain why F,
behaves the same as oxygen, even when it has an additional
electron/atom as compared to Se in its outer shell. Similarly, the
average atom/molecule and Bi distance is not related with the
changes in the band structure (see Figure 5, middle panel). The
adsorbate-Bi distance for N,, which does not heal the vacancy, is
much closer to the Bi—Se bond length, as compared to other
adsorbates. The most important attribute that affects the band
structure is the amount of charge gained by the adsorbate
(electronegativity) (see Figure S, bottom panel). The plot shows
that if the electron gain is >0.5e per adsorbate atom/molecule
(0, 0, F,and F,), the n-doping is fully compensated for and the
Dirac cone shifts back to the Fermi level. Since atomic F only
gains 0.37 e, the Dirac cone shifts to % —20 meV below the
Fermi level. However, since N is magnetic, it opens up a gap in
the surface states of the top QL and does not bring the Dirac
cone near the Fermi level. Finally, N,, which does not bind to the
vacancy, shows no electron gain. We find that F, gains the
maximum charge, 0.73¢ > O, O, (0.55¢) > N (0.47¢) > F (0.37¢)
> N, (=0.1e).

B CONCLUSIONS

We confirm that the intrinsic (n—) doping level in defective
Bi,Se; slabs can be engineered with the adsorption of ambient
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gases. Unlike other gases that only dope the defective layer, we
show that atomic nitrogen opens up a gap in the surface states of
the defective layer on account of it being magnetic, in contrast to
an earlier work”" that did not consider magnetization of the
adsorbate. Interestingly, we also find that the nonmagnetic
adsorbates such as N, and H,O, which are weakly and/or
nonbonding, change the dispersion of the surface states at the
Fermi level. In particular, the band structure of the adsorbate-
slab composite for N, or H,O resembles the electronic structure
of Se vacancies situated in a different Wyckoff positions in the
same layer.””

We conclude that electronegativity/electron gain of the
adsorbate is the most important attribute determining the shift
of the Dirac cone relative to the Fermi level and therefore the
doping level in the defective Bi,Se; slab. Our results show that
elements with larger electronegativity than Se (except nitrogen)
counteract the effects of the Se vacancies in this material and
shift the Dirac cone back to the Fermi level. Hence, one can also
counter the effects of aging by deliberately exposing the sample
to oxygen.'® *° We note that none of the elements/gases show
the ability to shift the Dirac point above the Fermi level, that s,
hole dope the ideal Bi,Se; slab. Finding such a p-dopant/
adsorbate remains a topic of future research.
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