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ABSTRACT: The stability of the surface of vacuum-cleaved topological insulator | [grief air-exposure Bi, terminated Bi,Se,
Bi,Se; single crystals is investigated with high-resolution synchrotron-based ecceee
photoelectron spectroscopy. While the surface is stable at room temperature in o e000® °©
vacuum, a Bi, layer always forms at the surface of Bi,Se; upon even brief (S min) I S
exposure to atmosphere. This is accompanied by a depletion of selenium in the ' _— . (XX X X B
near surface region and a 1.4 eV decrease in work function. The Bi, surface is I : I s« 90000
found to be stable upon return to ultrahigh vacuum conditions but is unstable [ 'i'| = ........... Bi
with prolonged exposure to air, ultimately resulting in two possible different [ \Bi-Se [ :
reconstructed surfaces, explaining previous contradictory results on long-term (L | 'l‘Bl'-Se ®00ee
atmosphere exposure of Bi,Se;. / \j' '-\ e ..........
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B INTRODUCTION

Topological insulators, such as Bi,Se;, are a new class of
material that possess topologically protected helical metallic
surface states and a bulk band gap. These three-dimensional
topological insulators hold great promise for future nano-
electronic devices including spin generation and detection
without ferromagnetism, dissipationless electronic transport in
the quantum anomalous Hall state," > and the ability to host
exotic bound edge states when interfaced with other materials.*
However, unanswered questions remain regarding the fate of
the Bi,Se; surface upon exposure to the atmosphere.
Importantly, while the topology of Bi,Se; guarantees the
presence of a metallic surface, the topological properties of the
metallic surface, including the presence of nontopological bands
overlapping in energy, depend on the details of the surface and
its reconstruction.>® Thus, it is essential to understand the
structure of the air-exposed Bi,Se; surface in order to interpret
the properties of any air-exposed Bi,Se; device.

Given the rhombohedral crystal structure of Bi,Se;, with
weak van der Waals bonding between adjacent selenium planes
joining Se—Bi—Se—Bi—Se quintuple layer units, it is expected
that the surface would be selenium-terminated postcleaving,”®
However, a recent study using low-energy ion scattering and
density functional theory (DFT) suggests that bismuth
termination is the most energetically favored, and a transition
from selenium to bismuth termination takes place postcleav-
ing,9 although another study using low-energy electron
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diffraction and surface X-ray scattering found the expected
selenium termination.'® Furthermore, significant debate exists
in the literature on the effect of air exposure to vacuum-cleaved
Bi,Se; single crystals, with conflicting reports of rapid oxidation
after 2 days air exposure'' and negligible surface reactivity after
months of exposure."”"® A recent study found two different
surface terminations for samples cleaved in air, but only
selenium terminations for vacuum-cleaved crystals.” A careful
study on the evolution and fate of the surface of vacuum-
cleaved Bi,Se; on exposure to atmosphere is needed to
reconcile the diverse and contradictory observations in the
literature. Most notably, no study has examined the immediate
effects of air exposure on the vacuum-cleaved surface, with
previous studies typically investi%ating exposure times of
days'""* or samples cleaved ex situ.

Here we report high-resolution photoemission spectroscopy
of lightly doped Bi,Se; crystals (surface Fermi energy relative to
Dirac point E; — Ep ~ 270 meV) cleaved in a vacuum. We find
that the vacuum-cleaved surface is invariably selenium
terminated and is stable in vacuum for at least 1 week. We
then studied the changes to the vacuum-cleaved surface with
brief exposure to atmosphere (S min) before reintroduction
into vacuum and longer air exposure (days). Surface-sensitive
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photoemission spectroscopy (photon energy hv = 100 eV) of
the Bi 5d and Se 3d core levels allows accurate surface-sensitive
observation of the evolution of composition of the Bi,Se;
surface upon air exposure, while low-energy secondary electron
cutoff spectroscopy allowed measurement of change to the
work function. Upon brief atmospheric exposure we con-
sistently observe (in 7 out of 7 samples) the formation of an
elemental bismuth layer at the surface of Bi,Se;, coinciding with
a depletion of selenium from the uppermost surface layers and
a reduction in work function of 1.4 eV. These findings
demonstrate that Bi,Se; single crystals exposed to atmosphere
undergo an immediate reconstruction at the surface to form a
Bi, layer that is ~0.8 nm thick. Prolonged air exposure is shown
to have markedly different effects on two identically prepared
crystals from the same growth; in one case we observe the
formation of bismuth oxide consistent with oxidation of the
elemental bismuth surface layer, while another sample returned
to a state consistent with Bi,Se; termination with little
oxidation. These two different ultimate surface terminations,
both occurring through the intermediate phase of the Bi
terminated surface, explain the previous apparently contra-
dictory results in the literature.”"' "3

B EXPERIMENTAL METHODS

Low-doped (carrier density ~10" ¢m™) bulk Bi,Se; single
crystals with bulk resistivity exceeding 2 mQ cm™ at 300 K
were grown by melting high purity bismuth (6 N) and selenium
(5 N) in sealed quartz ampules."* Crystals used in this
experiment were all taken from the same growth and then
mounted to a sample holder using conductive epoxy, with a
cleaving post subsequently attached to the crystal surface. The
samples were then introduced into the ultrahigh vacuum
photoemission endstation at the soft X-ray beamline, Australian
Synchrotron, where they were subsequently cleaved in situ, and
then photoelectron spectroscopy measurements were per-
formed immediately at P ~ 107'° mbar. The size of the
illuminated area is approximately 100 ym X 20 pm; multiple
spots on each sample under investigation were measured
postcleaving and after air exposure. The peak intensity of the Bi
and Se core levels and all components within (i.e., Bi—Bi and
Bi—Se) were found to be uniform across the sample. Zoom lens
cameras and the sample manipulator were used to track
measurement positions, with a consistent measurement
position used throughout the course of measurements on
each sample. Samples were exposed to atmosphere via venting
the lock load with nitrogen gas and then exposing the sample to
ambient conditions for 5 min. Both the Bi 5d and Se 3d core
level components of Bi,Se; were measured at a photon energy
of 100 eV to ensure high surface sensitivity with an overall
measurement uncertainty of +0.02 meV. The work function
was determined from the secondary electron cutoff spectra with
an experimental uncertainty of +0.03 meV. The binding energy
scales of all Bi,Se; related spectra are referenced to the Fermi
energy (Ep), determined either using the Fermi edge or setting
the binding energy of the Au 4f;,, core level to be 84.00 eV for
an Au reference in electrical contact with the sample. Core level
spectra were analyzed using a Shirley background subtraction
and then peak fitted using Voigt functions for each peak
component, where the Gaussian and Lorentzian widths of the
Bi 5d and Se 3d core level parameters were taken from ref 1S.
Error bars associated with measurements and fits correspond to
one standard deviation unless otherwise noted.

B RESULTS

The effect of air exposure to Bi,Se; proceeds in two parts,
which are (i) immediate effect of air exposure and (ii)
prolonged air exposure.

Immediate Effect of Air Exposure on Bi,Ses. Figure 1
shows photoelectron spectroscopy measurements of the Bi 5d
and Se 3d core levels and also the low-energy cutoff spectra
measured after in situ vacuum cleaving and upon reintroduction
to UHV after a S min air exposure of the Bi,Se; (sample S1). In
Figure 1a, the Bi 5d core level is shown in the upper panel after
vacuum cleaving without exposure to air; the lower panel shows
the Bi 5d core level of the same sample after air exposure. After
cleaving, the core level contains only the characteristic doublet
representing the Bi Sds;, and Bi S5d;, orbitals with peak
positions of 24.86 and 27.89 eV, respectively. We label these
peaks Bi—Se, and as discussed in further detail below, we
identify them as characteristic of bismuth bonded to selenium
within the Bi,Se; quintuple-layer unit. These peak positions are
consistent with previous measurements on these low-doped
crystals'® and other Bi,Se; crystals."” After the 5 min air
exposure a new component appears at 1 eV to the lower
binding energy side of the Bi—Se doublet, labeled Bi—Bi at
23.86 and 26.89 eV, respectively, consistent with elemental
bismuth."” The Bi—Bi component has a peak area 4 times larger
than the Bi—Se component, which now appears as a small
shoulder in the spectra. The Bi—Se component has also shifted
0.1 eV to higher binding energy from the as-cleaved position,
indicative of the Fermi level moving 0.1 eV further away from
the Dirac point. This signifies population of the bulk
conduction band and large increase in n-type doping, which
is consistent with previous reports of increased electron doping
after exposure to water vapor or aging in vacuum.'®"?

To examine this additional Bi—Bi component, measurements
were performed at photon energies between 100 and 850 eV
(as shown in Figure 1b) in order to increase the photoelectron
mean free path (or probing depth). In Figure 1b as the photon
energy increases (i.e., the emitted photoelectrons possess a
larger kinetic energy) the Bi—Se peak increases, while the Bi—
Bi peak decreases. This demonstrates that the additional Bi—Bi
peak relates solely to the near surface of the crystal and not the
bulk. A small shoulder to higher binding energy of the Bi 5ds/,
and Bi 5d;,, orbitals is also identified, indicating a small amount
of oxidation.

Turning to the Se 3d core level, we plot the as-cleaved (black
squares) and air-exposed (red circles) spectra in Figure lc.
Unlike the Bi 5d core level for both as-cleaved and air-exposed,
the Se 3d core level contains only a single doublet representing
the Se 3ds;, and Se 3d;/, orbitals. After air exposure a large
reduction in intensity is observed, with the peak area of the core
level after air exposure 4 times smaller than as-cleaved. This
reduction is quantitatively consistent with the 4:1 ratio of the
Bi—Bi to Bi—Se peak intensity observed in the lower panel of
Figure 1la, strongly suggesting that selenium is associated only
with Bi,Se; units responsible for the Bi—Se peak and no
selenium is associated with the Bi—Bi peak. Furthermore, the
peak position of both orbitals shift to higher binding energy by
~0.45 eV after air exposure, which is 0.35 eV more than
observed for the Bi 5d core level. Finally, we examine in Figure
1d the change in the low-energy cutoff spectra for as-cleaved
(black) and air-exposed (red) Bi,Se;. The work function of the
as-cleaved Bi,Se; is measured to be 5.4 eV, consistent with
previous reports.'® Upon exposure to atmosphere the work
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Figure 1. Core level measurements on Bi,Se; crystals after cleaving
and postexposure to atmosphere on sample S1. (a) Bi 5d core level
taken at 100 eV where the upper panel represents the as-cleaved
surface and the lower panel represents the air-exposed surface. (b)
Photon energy dependent measurements of the Bi 5d core level taken
at 100, 350, and 850 eV for the upper, middle, and lower panels,
respectively. (c) Se 3d core level taken at 100 eV for the as-cleaved
(black) and air-exposed (red) surfaces. (d) Secondary electron cutoff
spectra measured for as-cleaved (black) and air-exposed (red) Bi,Se;.

function decreases to 4.0 eV, a difference of 1.4 eV from the as-
cleaved state. The sample was then left under UHV conditions

for 3 days but showed negligible change to the Bi 5d and Se 3d
core levels.

The positions of the Bi—Bi components in Figure 1a are very
similar to that reported for Bij)-terminated surface regions of
Bi,Se;, which consists of single Bi, layers interleaved with single
Bi,Se; layers.” The agreement between peak positions and the
accumulation of bismuth and depletion of selenium in the near
surface regime suggests that layers of Bi, are spontaneously
forming at the surface of Bi,Se; upon exposure to atmosphere.
This is further confirmed from the reduction in work function
to 4.0 eV after air exposure, which is similar to the work
function of Bi(111) of 4.2 eV.*® The 0.2 eV difference is
reasonable given that we are dealing with few-layer isolated Bi,.
The height of single Bi, and Bi,Se; layers is known to be 0.4
and 0.8 nm, respectively, from scanning tunneling microscopy.’
From Figure 1 we assume after air exposure that a layered
structure forms with the Bi, layers on top and the Bi,Se;
underneath. From the ratio of peak areas of the Bi—Se and Bi—
Bi components the thickness of the Bi, can be determined
using the relation d = A In(I_p;/Igi_g. + 1), where 4 is the
photoelectron mean free path.21 From the 100, 350, and 850
eV spectra in Figure 1b we determine an average value for the
thickness of the Bi, of 0.7 + 0.1 nm. This is almost twice the
thickness of a single Bi, layer, suggesting that two layers of Bi,
form at the surface of Bi,Se; upon air exposure. The consistent
observation of a Bi 5d doublet only slightly shifted from that of
pristine Bi,Se;, and only a single Se 3d doublet after air
exposure, indicates that the Bi,Se; unit below the Bi, layer is
largely unmodified. However, a small but consistent difference
in chemical shifts (~0.35 eV; see also data for additional
samples below) for Bi and Se may indicate a weak chemical
effect of the Bi, layer(s) on the underlying Bi,Se;.

We now turn to the origin of the Bi—Bi peak and the
depletion of selenium in the near surface regime as a result of
air exposure. The key to this reconstruction at the surface is
exposure to atmosphere, as vacuum-cleaved samples sub-
sequently left in vacuum for several days are not observed to
form this Bi, layer. In ref 7 it was observed that some air-
cleaved Bi,Se; crystals had Birich surface terminations. The
authors of that work concluded that the surface termination was
the result of intercalation of the crystals with ambient species
which produced a greater likelihood of cleaving between the Bi
and Se planes of the Bi,Se; unit. However, we can eliminate this
mechanism as it does not explain how the Bi,Se; termination in
vacuum is transformed to a Bi-rich termination after air
exposure. Instead, our results indicate the accumulation of Bi or
depletion of Se at the surface may arise as a result of two
possibilities. The first is that selenium is volatile with a high
vapor pressure and is also known to react with water; thus, the
observed reduction in selenium near the surface may be the
result of selenium desorption in the form of gas-phase dimers
or hydrogen selenide gas.”> While we cannot rule out this
possibility, we find it unlikely, since we observe the Bi,Se;
surface to be stable in a vacuum, suggesting selenium
desorption is negligible, and ~10 nm capping layers of
selenium are regularly used for transporting Bi,Se; samples
between UHV chambers for experiments, calling into question
the reactivity of selenium upon exposure to atmosphere. The
second possibility is that the accumulation of additional
bismuth at the surface is a result of diffusion from the bulk.
In thin film growth bismuth is known as a surfactant due to its
low solid solubility and has a propensity to collect at surfaces in
stable configurations despite lattice mismatch and strain to
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reduce overall surface energy.”’ >° Indeed, first-principles
calculations mdlcate the favorable energetics of the Bi, layer
atop Bi,Ses.” Selenium vacancies are inevitable in Bi,Se; and
exist in concentrations >10'7 cm™ even in our low-doped
crystals. We hypothesize that the nucleation of the energetically
stable bismuth bilayer region at the surface through e.g.
desorption of a small amount of selenium could seed the
segregation of mobile bismuth or bulk selenium vacancies at the
surface, allowing the bismuth bilayer to grow rapidly.

Longer Term Effect of Air Exposure to Bi,Se;. With the
rapid reconstruction of the Bi,Se; surface upon brief air
exposure now revealed we turn to the fate of the surface upon
longer term exposure of Bi,Se; in air. This is achieved by
performing a series of measurements on two Bi,Se; crystals
taken from the same growth (denoted S2 and S3) mounted on
a single sample holder directly after cleaving, and after 5 min, 1
day, and 3 day exposures to atmosphere. The results are shown
in Figures 2 and 3 where (a) represents S2 and (b) S3
(multiple positions were measured on each sample to ensure
uniform behavior). The figures depict the evolution of the Bi 5d
and Se 3d core levels with air exposure, respectively, where the
upper panel, middle, and lower panels are S min, 1 day, and 3
day air exposures. We have omitted the as-cleaved spectra as
they are identical to the spectra in Figure la,c.

Beginning with the Bi 5d core level in Figure 2, the upper
panel clearly shows that the Bi 5d core level of both S2 and S3
closely resembles the core level spectra of S1 in the lower panel
of Figure la. This demonstrates that the Bi, layer reliably forms
across multiple samples after S min air exposure, all with a
similar ratio of the Bi—Bi and Bi—Se components and an
almost negligible Bi—O peak. It is after 1 day exposure that a
drastic difference appears between the two samples. For S2 a
large Bi—O component has developed at 25.84 and 28.86 eV as
a result of oxidation,'” with a small shoulder to lower binding
energy representing the Bi—Se component. As shown in Figure
2¢, the Bi—Se component saturates at 0.17 eV higher in binding
energy than the as-cleaved position, representing increased n-
type doping with the Fermi level now residing deep into the
bulk conduction band. The Bi—Bi component is noticeably
absent for S2 after 1 day of exposure, suggesting that the Bi,
layers have become completely oxidized upon continued
exposure to atmosphere. Turning to the behavior of S3 over
time, it is completely different to that of S2 and has returned to
the characteristic doublet representing the 5/2 and 3/2 orbitals
of bulk Bi,Se; as depicted in Figure la, albeit with a shift of
+0.08 eV from the as-cleaved position indicating n-type doping.
However, most importantly there are no Bi—Bi and Bi—O
components visible in the spectra. This demonstrates that not
only does the surface of S3 not oxidize with continued air
exposure but that selenium has returned to the near surface
region in the ordered atomic planes customary to Bi,Se;. This
is indeed confirmed in Figure 4 where we compare the peak
intensity of the Se 3d core level of S3 postcleaving (black), after
S min (red), and 1 day (blue) air exposure. The clear decrease
in intensity upon 5 min air exposure consistent with selenium
depletion is observed, followed by the large increase in intensity
after 1 day of air exposure to almost the same value obtained
directly after cleaving.

With such a marked difference in the Bi Sd core level of S2
and S3, we turn to the Se 3d core level of S2 and S3 in Figure 3
to determine the cause of this difference in sample behavior
with prolonged air exposure. After S min air exposure the only
difference between the samples is that S3 contains a small
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Figure 2. Bi 5d core level measurements after air exposure on Bi,Se;
samples: (a) S2 and (b) S3. Upper, middle, and lower panels represent
exposure to atmosphere for S min, 1 day, and 3 days, respectively. (c)
Energy shift of the Bi—Se component as a function of exposure time
for S2 (black squares) and S3 (red circles).

doublet to higher binding energy that represents a small
amount of neutral selenium. At 1 day air exposure there is a
large difference in the spectra. The S2 spectra contain three
distinct doublets: The doublet at the lowest binding energy
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Figure 3. Se 3d core level measurements after air exposure on Bi,Se;
samples: (a) S2 and (b) S3. Upper, middle, and lower panels represent
exposure to atmosphere for S min, 1 day, and 3 days, respectively. (c)
Energy shift of the Se—Bi component as a function of exposure time
for S2 (black squares) and S3 (red circles).

represents the Bi,Se; peak, shifted +0.27 eV from the as-cleaved

position (as depicted in Figure 3c). This is followed by a

doublet representing neutral selenium at 55.06 and 55.91 eV,

and then a small oxide doublet above S8 eV in binding
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Figure 4. Se 3d core level spectra taken on Bi,Se; sample S3 for the as-
cleaved surface (black), after 5 min air exposure (red), and after 1 day
air exposure (blue). The additional peaks at 1 day correspond to
neutral selenium.

an increase in the neutral selenium and a significant increase in
the oxide, with the Se—Bi peak binding energy remaining
constant. In comparison, S3 contains no oxide peak and only a
slight increase in the neutral selenium doublet. As mentioned
earlier, the peak intensity of the Se—Bi component returns to
almost the same level of the as-cleaved state. The selenium
doublet representing neutral selenium is ~02 eV lower in
binding energy at 54.86 and 55.71 eV than S2. This is expected
given the difference in binding energy of 0.2 eV between S2 and
S3 of the Se—Bi component after 1 day air exposure as shown
in Figure 3c. Further air exposure causes a further increase in
the amount of neutral selenium but no change in binding
energy.

Our observations naturally explain the apparent contra-
diction in the literature regarding the long-term air stability of
the Bi,Se; surface. Sample S2 is clearly oxidized, consistent with
the observations in ref 11. Sample S3 appears similar to
vacuum-cleaved Bi,Se; even after long-term air exposure;
notably it shows no sign of Bi—O or Se—O bonding. This is
similar to the observations of refs 12 and 13. However, in our
case we are certain that sample S3 has undergone significant
reconstruction to a Bi-rich termination immediately after air
exposure, followed by additional reconstruction to its final state
which appears to be Bi,Se; terminated. The final sample shows
notable differences from the vacuum-cleaved sample: it has
higher n-doping and a measurable concentration of neutral
selenium near the surface. Of course, it is also no longer
susceptible to the formation of the Bi-rich termination as
observed for vacuum-cleaved samples on air exposure. The
microscopic structure of this sample type, and the mechanism
of the second reconstruction, will require further study, and the
uncontrolled differences which differentiate the two sample
types will need to be elucidated. We note that the two samples
studied here are nominally identical (ie., taken from the same
growth); however, we cannot be certain that there are no
significant differences in e.g. selenium vacancy concentrations
that could drive the different reconstruction pathways.

B CONCLUSION

In conclusion, we reveal that air exposure for time periods as
short as S min causes a drastic change to the surface of Bi,Se;.
Utilizing high-resolution surface sensitive photoelectron spec-
troscopy measurements, we observe an additional component
within the Bi 5d core level after air exposure that corresponds
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to the formation of isolated Bi, layers at the surface of Bi,Se;.
This coincides with a large reduction in intensity from the Se
3d core level, consistent with depletion of selenium in the near
surface region. The formation of a Bi, layer is found to occur
across multiple samples and is precipitated rapidly by exposure
of samples to atmosphere, while samples left for several days in
UHYV after in situ cleaving show no change. The Bi, surface is
found to be stable upon return to ultrahigh-vacuum conditions
but is unstable with prolonged exposure to air. Prolonged air
exposure produces one of two reconstruction pathways: in the
first the Bi, layer oxidizes completely, and in the second the
surface returns to a state which is similar to the vacuum-cleaved
Bi,Se; but with greater n-doping and a notable presence of
neutral selenjum.

The results have significant consequences for understanding
the electronic structure of the air-exposed Bi,Se; surface and
call into question the assumption that the surface can be treated
as terminated by the Bi,Se; quintuple-layer unit. In contrast to
the single topological surface state band at the surface of Bi,Se;,
Bi-terminated Bi,Se;> and bismuth bilayers grown on Bi,Te,*
have been shown theoretically and experimentally to have
multiple surface bands existing at the Fermi energy and if the
bismuth layers are incomplete could also presumably exhibit
unusual 1D states at the bismuth adlayer edges. The
observation of a stable Bi, layer on the Bi,Se; surface at
room temperature also offers new possibilities to study a 2D
topological insulator (Bi,) interfaced with a 3D topological
insulator (Bi,Se;) and suggests new routes to the isolation of
2D Bi, on other van der Waals surfaces in order to realize a
system in the quantum spin Hall state.””
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