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ABSTRACT: Bi2Se3, widely studied as a topological insulator, has great
potential for applications in low-power electronics and quantum
computing. Intrinsic doping, however, presents a persistent challenge,
leading to predominantly bulk conduction. In this work, we use
substitutional Sn dopants to control the Fermi level in Bi2Se3 films.
Scanning tunneling microscopy (STM) shows a shift in the local density
of states toward the Dirac point as more Sn is incorporated. Density
functional theory calculations elucidate the STM results, showing that Sn
adds metallic states near the Fermi level that are localized to the defect
sites while leaving the Dirac cone undisturbed. Electronic transport
measurements demonstrate that the Sn defects increase the separation
between bulk and surface states, though bulk conduction remains a
dominant component.

■ INTRODUCTION

In a post-CMOS paradigm, extending the fast computational
gains envisioned by Moore’s law for high-performance
computing requires novel devices utilizing alternate state
variables.1,2 Spintronic devices, such as various MRAM designs
and spinFETs, utilize the spin degree of freedom, which can
allow for lower power dissipation, higher device density, and
nonvolatility unlike conventional Si and CMOS-based
electronics.3−6 Such devices require efficient spin-to-charge
conversion, long spin-diffusion lengths, and controllable spin
relaxation.7,8 Control of the spin relaxation can be achieved
through spin−orbit coupling (SOC), although it is detrimental
to long spin diffusion lengths as it introduces additional
scattering.9,10 Topological insulators (TIs) can be used to
circumvent this roadblock via topologically protected surface
states.11,12 TIs are characterized by a linear dispersion in their
surface bands, referred to as a Dirac cone, at the center of
which the conductance and valence bands meet at a single
“Dirac” point where the conductivity is expected to be
minimized.13−15 The surface states associated with these
bands are accompanied by spin-momentum locking and are
thus protected from backscattering by the band topology.
Finally, TIs have significant SOC which should enable control
of the spin relaxation. Unfortunately, TIs are often intrinsically
doped such that the non-topological bulk conduction over-
whelms that of the surface, resulting in metallic behavior.15,16

Among the TIs, Bi2Se3 is widely studied due to the relative
ease of thin-film growth and the simplicity of the band
structure, with one Dirac cone at the gamma point and a large
band gap (∼0.3 eV).13 However, because of Se vacancies,

samples are heavily n-doped leading to a significant
contribution from the bulk. In order to effectively utilize
Bi2Se3, the bulk contribution must be minimized. Gating has
been used to modulate the conductivity, but the bulk
contribution continues to dominate in these samples.17,18

Elemental doping is a promising pathway to minimize the bulk
conductivity by changing the intrinsic carrier density. Mg, Mn,
and Ca have been used as p-type dopants for Bi2Se3, which is
naturally n-type due to Se vacancies, though the resulting
insulating behavior remains weak.19−21 Cu and Pd doping were
reported to introduce a superconducting transition.22 Alloying
Bi2Se3 and Bi2Te3 has shown mixed results, where the alloyed
films are often still heavily doped.16,23,24 Sn is a promising p-
type dopant which is predicted to create resonant levels near
the valence bands,25 minimizing the interference with the
electronic gap.
In this work, we study 400 nm thick Sn-doped Bi2Se3 grown

via molecular beam epitaxy (MBE) with doping levels varying
up to 5%. Scanning tunneling microscopy (STM) images likely
show Sn dopants at the surface, closely matching with our first-
principles calculations. Local differential conductance (dI/dV)
curves show the Dirac point indeed moving toward the Fermi
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level with increasing Sn doping. Surprisingly, Hall measure-
ments show a persistently high, 1019 cm−3, n-type carrier
density regardless of Sn doping level, likely resulting from an
increase in Se vacancies in the bulk. Magnetoresistance (MR)
shows a strong quadratic background that decreases with
doping, accompanied by weak antilocalization (WAL) that
becomes stronger at higher doping, which could indicate a
separation of bulk and surface states. These results indicate
that the Sn dopants have the desired effect of moving the Dirac
point toward the Fermi level, while increasing the bulk carrier
density. At sufficiently high doping levels, Sn adds an
additional conduction channel through the Sn defects.

■ METHODS

Sample Growth. The growth of Sn-doped Bi2Se3 by MBE
was accomplished using high-purity elemental sources of Bi,
Sn, and Se. To facilitate the characterization of Sn-doped film
properties, the epitaxial layers were grown on semi-insulating
(001) GaAs substrates. Before initiating MBE growth, the
GaAs substrates were thermally cleaned in ultra-high vacuum
(UHV) and exposed to a flux of Se vapor such that a
termination layer of Ga2Se3 exhibiting a (2 × 1) surface
reconstruction is obtained at a growth temperature of 260 °C.
MBE was then initiated by exposing the surface to a combined
flux of Bi, Se, and Sn. The flux ratio of Se-to-Bi was about 10,
and the range of Sn doping was obtained by varying the Sn
flux. Films are denoted as A, B, C, and D where the
corresponding Sn concentrations as a percentage of the Bi are
(A = 0%, B = 0.73%, C = 2.16%, D = 4.9%), measured as the
ratio of Sn-flux to Bi-flux during growth. Growth proceeded
with a c-axis orientation, and visually, all obtained films were
remarkably specular. As shown in Figure 1a,b, the obtained
films exhibited a domain size of roughly 500 nm, with root
mean square roughness on the order of 1−4 nm. Atomic force
microscopy (AFM) images and X-ray diffractograms of all films
are given in Supporting Information Figures S6 and S7.

Measurement Details. Atomic resolution STM micro-
graphs and dI/dV curves are measured in an Omicron STM at
room temperature in UHV, with voltage applied to the sample
and the tip at virtual ground.26,27 To prepare pristine surfaces
for STM, a metallic post is glued to the sample surface with
non-conducting epoxy and the post is mechanically removed in
the chamber under UHV, resulting in a freshly cleaved surface.
Data is taken using standard lock-in techniques28 and with
electrochemically etched W tips that were e-beam annealed in
vacuum. AFM scans are taken in a Bruker Dimension Icon
AFM in ambient conditions. To probe the macroscopic
transport behavior, MR and Hall effect measurements are
carried out in a closed-cycle variable-temperature (3−300 K)
cryostat suspended between the poles of a 1 T electromagnet
and mounted on a variable angle platform. Hall bar samples
(10 μm × 20 μm) are defined using an Ar plasma etch, with e-
beam deposited Ti/Au contact pads.

Computations. Electronic structure calculations were
performed using the projector-augmented wave method29 as
implemented in the VASP package.30 Fully relativistic
calculations were carried out to include SOC, which plays a
significant role in the electronic structure of Bi2Se3. Exchange−
correlation effects were taken into account within the Perdew−
Burke−Ernzerhof (PBE) approximation.31 The kinetic energy
cut-off was set to 400 eV. We chose a 25 Å thick vacuum gap
to prevent interaction between the replica films. Bi2Se3 thin
films were formed by stacking n quintuple layers (QLs) of
Bi2Se3 (n = 2, 3, 4) along the trigonal axis. Such a termination
is most stable because it breaks only weak van der Waals
bonds. In order to understand how doping with Sn affects the
electronic structure properties of Bi2Se3, we added Sn atoms in
the Bi-subsurface layer substitutionally, while the topmost
surface layer was occupied by Se atoms. The concentration of
the Sn atoms within a layer was controlled by setting different
in-plane (IP) lattice parameters of the supercell. We studied
the effect of Sn-dopants in 2 × 2 × 3 QL, 2 × 2 × 4 QL, 2 × 2
× 6 QL, 3 × 3 × 4 QL, and 4 × 4 × 2 QL, reserving n = 2 QL

Figure 1. (a,b) AFM scans of (a) sample A with intrinsic doping and (b) sample D with 4.9% Sn doping. (c) STM images at room temperature for
samples A (inset) and D. The bright spots correspond to the Sn defects and adjacent Se sites, as demonstrated by (d) the theoretical STM surface
reconstruction. The Sn site is shown in green with Se in red.
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for larger supercells due to the computational cost. During
structural relaxations, the IP lattice parameter of the films was
kept to the bulk value and the atoms were allowed to move to
relax both forces and out-of-plane (OP) stresses. To simulate
STM images, we used the so-called Tersoff−Hamann’s model,
in which the unknown electronic structure of the tip is
assumed to be an atomic s-wave-function. Within this model,
the tunneling current is defined by integrating over energy the
product of two quantities: the local density of states (LDOS)
of the tip and the LDOS of the sample at the position of the tip
apex atom.

■ RESULTS AND DISCUSSION

AFM micrographs of samples A and D are shown in Figure
1a,b respectively. The intrinsic film (sample A) shows the
expected triangular crystallites merged into a continuous film
as observed in the literature.32 Sample D has a similar
microstructure, but with hexagonal islands. The absolute
roughness, or corrugation, between the islands is similar
between the two films. Figure 1c shows atomic resolution STM
surface scans at room temperature in UHV for sample D, with
the sample A in the inset at a tunneling current of 300 pA and
bias voltage of 200 mV. The Sn dopants are likely visible as
bright triangular spots in the sample D image, features which
are absent in sample A. Similar triangular features are
attributed to anti-site defects in other studies26 and charged
Se vacancies. Nonetheless, the absence of such features in
sample A and the difference in expected sizes of these features
and what we observe suggest they are in fact Sn dopants.
Figure 1d shows the calculated STM surface scan with

periodic Sn dopants (calculation details are given below). The
green sphere corresponds to the location of the Sn dopant,
blue spheres are the Bi-atoms, and the red spheres represent
the surface Se layer. The triangular bright/dark spots are
similar to the bright spots observed in sample D STM scan,
indicating that the bright spots are likely from the Sn dopants,
further discussed in depth below.

Local dI/dV curves measured via STM at room temperature
are shown in Figure 2a. The LDOS is proportional to dI/dV,
providing a direct measurement of the local electronic
structure. Because the LDOS is proportional to the differential
conductance, dI/dV, STM provides a direct measurement of
the local electronic structure. As doping density increases, the
dI/dV minimum (Dirac point) moves toward zero (Fermi
energy), indicating that the Fermi energy is moving toward the
Dirac point (Figure 2a-inset), implying a reduction in carrier
concentration as expected.27,33 The carrier density and Hall
mobility, found by measuring devices patterned into Hall bars
as shown in Figure 2b, are plotted versus doping percentage in
Figure 2c. The bulk carrier density (Figure 2c black triangles,
left axis) increases quickly with Sn doping, staying relatively
constant between samples B, C, and D. The increased carrier
density correlates with a 5-fold decrease in Hall mobility
(Figure 2c red squares, right axis). This is in contrast to the dI/
dV scans where the movement of the Fermi level toward the
Dirac point suggests a decreasing carrier density. The increase
in bulk carrier density likely results from an increase in Se
vacancies with the addition of Sn. The apparent discrepancy
can be explained by the local and surface-sensitive nature of
the STM probe. At the surface, the electronic structure is
dominated by the Dirac cone, so additional carriers will shift
the Fermi level such that the Dirac point moves towards zero,
as seen in the dI/dV scans. However, the Hall measurement
averages over the entire film, which is 400 nm thick. The
localized nature of the Sn means that the overall conduction is
still governed by the bulk bands. Figure 2d shows the
temperature dependence of the carrier concentration for
samples A (black triangles, left axis) and D (red squares,
right axis). As a function of temperature, the carrier
concentration is relatively constant at 6 × 1019 cm−3 for the
intrinsic sample. For sample D, at low temperature, the carrier
concentration is much higher at 3.4 × 1020 cm−3 and there is a
30% decrease between 10 and 300 K. The resistivity increases
from 1.6 × 10−5 to 5.4 × 10−5 Ωm as the carrier concentration

Figure 2. (a) Local dI/dV curves at room temperature for samples A, C, and D. Each curve is an average of 20 scans. The minimum corresponds to
the charge neutrality (Dirac) point. As Sn-doping increases, the Fermi energy moves relative to the Dirac point, as shown in the inset. (b) Hall bar
layout. (c) Carrier density (black) and Hall mobility (red) as a function of Sn doping at 3 K. The carrier density increases with Sn doping, in
contrast to the dI/dV results. (d) Temperature dependence of carrier density n for samples A and D. The carrier density for sample A stays
relatively constant while the density for sample D decreases by 25%.
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decreases in this temperature range (see Supporting
Information Figure S3).
In order to understand the origin of the STM images and

film behavior, we investigated the electronic structure of Bi2Se3
thin films using density functional theory (DFT). Bi2Se3 thin
films were formed by stacking n QLs of Bi2Se3 (n = 2, 3, 4)
along the trigonal axis. The Sn-dopant is more likely to
substitute a Bi-atom in the lattice rather than a Se-atom as: (i)
the ionic radius of Sn4+ (83 pm) is considerably closer to that
of Bi5+ (90 pm) than to the radius of Se4+ (64 pm), and (ii)
Pauling electronegativity of Sn (1.96) is closer to that of Bi
(2.02) than that of Se (2.55). Our direct calculations support
this intuition. We compared the energies of two different
processes: (i) Sn goes in the Bi site in the subsurface layer,
with the replaced Bi going into vacuum as a free atom, and (ii)
Sn substitutes a Se-atom in the top surface layer, with the
replaced Se going into vacuum as a free atom. We found that
the first process associated with Bi substitution is energetically
more favorable than the second process by ∼3.3 eV. Hence,
the Sn atoms were added in the Bi-subsurface layer
substitutionally (Figure 3a), while the topmost surface layer
was occupied by Se atoms, with the Se atoms above Sn
arranged at the corners of a triangle. In the relaxed structure,
these Se atoms in the top surface layer, which sit just above the
Sn atoms, move inward with the Se−Se distance decreasing by
3%. Using this structural model, we can simulate STM images,
and in our calculations, the STM images are very similar for all
the supercell sizes studied here. The simulation presented in
Figure 1d is for the case of 3 × 3 × 4 QL, and shows a periodic
set of triangular bright spots. This type of defect pattern has
been observed for other types of substitutions such as Bi anti-

sites and Cu dopants.33 The center of the bright triangles
coincides with the Se atoms that sit just above the Sn dopants.
This is because Sn atoms introduce s- and pz-derived impurity
states that hybridize with the Se π* states. As a result, the main
contribution to the tunneling current stems from the Se atoms
that are closest to the impurity and form equilateral triangles.
Our simulated STM images show good agreement with the
experimentally observed triangles, implying that Sn indeed
substitutes Bi as expected. STM simulations with Sn
substituting for Se as well as Se vacancies are shown in
Supporting Information Figure S4. Both neutral and Se2+

vacancies are calculated, with the charged vacancies showing
a triangular feature. However, the change in DOS produced by
the charged vacancy is significantly smaller than what is
observed in our samples which extends across several atoms.
Furthermore, no such features are observed in the undoped-
sample, further validating Sn-Bi substitution.
Figure 3b−f shows the band structure of pure and doped

Bi2Se3 thin films. For the intrinsic material (Figure 3b), 4 QL
was used. Figure 3c−f corresponds to a Sn-dopant in 3 QL
through 6 QL respectively. From Figure 3b, one can see that a
thickness of 4 QL is enough to reproduce the topological Dirac
cone,13 though the crossover to the 3D behavior is known to
occur at 6 QL.34 When the Sn dopants are introduced, two
new weakly dispersive impurity bands appear within the “bulk”
energy gap over the entire Brillouin zone (shown in red in
Figure 3c−f). They are derived from the s- and pz-orbitals of
Sn and energetically overlap with the topological surface bands.
By comparing the band structure for 2 × 2 × 3 QL shown in
Figure 3c with that for 2 × 2 × 4 QL in Figure 3d, one can see
that for the thicker film, but with the same dopant

Figure 3. (a) View of the supercell 3 × 3 × 4 QL containing 4 QLs and 180 atoms: 71 Bi atoms (shown in red), one Sn atom (shown in green),
and 108 Se atoms (shown in blue). (b−f) Band structures of Bi2Se3 thin films: (b) a 4 QL-thick pure Bi2Se3 slab. The red lines indicate the
topological surface states. The Dirac point is where the conduction and valence bands meet at E = 0 eV. (c) 2 × 2 × 4 QL with a thickness of four
QLs and stoichiometry of Bi31Sn1Se48, (d) 2 × 2 × 6 QL (Bi47Sn1Se72) (e) 3 × 3 × 4 QL (Bi71Sn1Se108), and (f) 4 × 4 × 2 QL (Bi63Sn1Se96),
roughly corresponding to the doping levels in the samples measured in this study. The red lines indicate the “impurity” states associated with the Sn
atoms and localized near the surface.
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concentration, the character of the impurity bands does not
change appreciably. Due to computational cost, the number of
QLs in the supercell is limited, thus the Dirac cone is not fully
recreated as it would be for thicker films (see Supporting
Information Figure S5).27 A pure bulk calculation without a
vacuum gap is given in Supporting Information Figure S6,
which shows that the Sn defect band exists throughout the
entire film. On the other hand, as one decreases the dopant
concentration (compare Figure 3d−f), the impurity bands
become progressively flatter. The impurity bands do not show
any tendency to make the connection between the “bulk”
conduction and valence bands, as one would expect keeping in
mind the topological nature of Bi2Se3. Furthermore, as the
bands under discussion cross the Fermi level, new 2D Fermi
surfaces may appear, thereby increasing the DOS at the Fermi
level. In this context, the Sn dopant makes the bulk conduction
more metallic.
With the STM images demonstrating reduced metallicity

locally with Sn doping and Hall measurements showing an
increase in conductivity, we use magnetotransport measure-
ments to further explore the macroscopic electronic behavior.
Figure 4a shows the MR at 3 K for the measured samples. The
measured MR consists of a quadratic component and a low-
field cusp. The quadratic component is attributed to geometric
MR where MR = μMR

2B2,35 and the cusp corresponds to WAL.
No WAL is observed in the intrinsic Bi2Se3, but as doping
increases, the WAL cusp emerges and becomes stronger while
the quadratic background decreases. This suggests the
contribution from the topological states gets stronger with
Sn-doping. Figure 4b compares the MR mobility (μMR) and
Hall mobility (μHall) versus doping. Qualitatively, the two
values exhibit similar trends as a function of doping level,
demonstrating that the decrease in quadratic background
mostly stems from Sn decreasing the carrier mobility. The
WAL that emerges with doping is fit to the Hikami−Larkin−
Nagaoka (HLN) model to extract the phase coherence
length.36,37 The conductivity is described by
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The coefficient α is 1/2 for each conduction channel. The
resulting coherence length L is plotted versus doping in Figure
4d. Additionally, the fit yields a value of the coefficient α = 0.82
and 0.87 for B and C samples, respectively, while sample D
yields α = 1.4. Because the thickness of these films is 400 nm,
the top and bottom surfaces should be effectively decoupled
giving two conduction channels, yielding α ≈ 1,38,39 as is seen
in samples B and C. In sample D, the Sn-dopants are at a high
enough density to produce an additional conduction channel,
yielding α ≈ 1.5. The increase in α is accompanied by a
decrease in L, suggesting that the Sn conduction channel has
considerably weaker phase coherence than the surface states.
An increase in WAL is often explained by an increase in

SOC. However, as Sn is lighter than Bi, this substitution should
lead to a decrease in average SOC strength. Additionally, the
observed decrease in mobility, Figure 4b, suggests that the
localization length is decreasing, which also would have a
mitigating effect. The increased WAL, therefore, most likely
results from an increased surface state contribution.
In addition to measuring the WAL with out-of-plane (OP)

magnetic fields, in-plane (IP) fields can be used to investigate
the extent and quality of the surface states.23,40 MR versus field
for both field directions is given in the Supporting Information
Figure S7. Only samples B and D showed IP MR. The IP
magnetoconductance can be fit to the Tkachov−Hankiewicz
model to extract an effective skin depth of the surface states. In
this model, for an IP field, the magnetoconductance is
described by41

σ
σ π

Δ
= − +e

h
B
B2

ln(1 )xx ,

0

2 2

2
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Figure 4. (a) MR at T = 3 K for all doping levels. The quadratic contribution decreasing with increasing Sn doping, while the WAL contribution
increases. There is no WAL contribution for sample A. (b) MR mobility and Hall mobility versus doping at T = 3 K. The similar trend indicates
that the background comes from geometric magnetoresistance. (c) WAL fitting for sample D with OP (red) and IP (blue) magnetic fields. The OP
data is fit with the HLN model to get (d) the phase coherence length as a function of doping. The IP field data is fit to the Tkachov−Hankiewicz
model, yielding an effective skin depth of 90 nm for sample D.
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where λ is the effective skin depth. The WAL cusp in sample B
is nearly independent of the field angle, indicating a mostly 3D
origin (see Supporting Information) and therefore mostly
unrelated to the 2D surface states. However, the angle
dependence in Sample D is well explained by the Tkachov−
Hankiewicz model (Figure 4c), which gives an effective skin
depth of 90 nm. This is considerably thinner than the 400 nm
sample thickness but much larger than the expected 4 nm skin
depth.42 The absolute film roughness, which is on the order of
30 nm, will smear the surface states due to depinning and
increases in Fermi velocity.43

■ CONCLUSIONS
These results demonstrate that Sn dopants in Bi2Se3 introduce
localized metallic states and induce a shift in the Fermi level
toward the Dirac point. The shift in the Fermi level correlates
with an increase in WAL, indicating an increased surface state
contribution. The macroscopic electronic transport is governed
by bulk conduction, due to the additional carriers added by the
Se vacancies and the thickness of our film. Overall, we find that
Sn doping is a promising method for enhancing the surface
states in Bi2Se3 as compared to the bulk. Further material
optimization, such as incorporating Sn into smoother films as
well as better control over Se vacancies, could lead to better
control of the Dirac point.
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