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Surface Termination of Cleaved Bi,Se; Investigated by Low Energy Ion Scattering

X. He,! W. Zhou,' Z.Y. Wang,' Y.N. Zhang,? J. Shi,' R.Q. Wu,? and J. A. Yarmoff"*

lDepartmemf of Physics and Astronomy, University of California, Riverside, California 92521, USA
*Department of Physics and Astronomy, University of California, Irvine, California 92697, USA
(Received 14 January 2013; published 8 April 2013)

It has been widely assumed that Se terminates the surface of the topological insulator, bismuth selenide.
Although some Se is initially at the surface after cleaving at 80 K, low energy ion scattering reveals a
complete Bi termination at room temperature. Density functional theory shows that a Bi bilayer atop the
bulk-terminated structure is energetically favorable. It is thus proposed that a thermally activated process
induces a spontaneous termination change after cleaving. This has profound implications on the electrical
transport and long-term stability of such materials and devices.
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The (Bi, Sb),(Te, Se); family of compounds possesses
novel electronic phases involving gapless topological
insulator (TI) surface states [1-4]. These states, character-
ized by a Dirac cone, represent a new type of two-
dimensional electron gas in which the electron’s spin is
locked to its linear momentum [5]. TI materials have
attracted intense interest because of their fundamental
importance and their great potential for applications in
spintronics and quantum computation [6-8].

The prototypical compound in this family, bismuth sele-
nide (Bi,Sez), is a degenerate n-type semiconductor in
which the topological surface states coexist with an over-
whelmingly large number of bulk states. By adding p-type
dopant atoms to compensate for the natural n-type doping
[2,9—-11], the bulk can become insulating so that surface
transport dominates, although the surface can still signifi-
cantly differ from the bulk due to band bending [12]. A
critical issue in applications of TI materials is a time-
dependent change in surface electronic states revealed by
angle-resolved photoelectron spectroscopy (ARPES). This
“aging effect” makes the surface transport rather uncon-
trollable [2,13,14].

The physical origin of the time-dependent effects is not
yet understood. Since selenium (Se) has a relatively high
vapor pressure, it has often been assumed that the natural
n-type doping and band bending result from the develop-
ment of near-surface Se vacancies. Surface contamination
by water or carbon monoxide [14-16] and slow interlayer
relaxations [13] have also been suggested as causes. To
make use of the Dirac surface state, it is crucial to establish
a clear understanding of the surface morphology and
stability of TIs.

In this Letter, low energy ion scattering (LEIS) mea-
surements and density functional theory (DFT) calcula-
tions indicate that a surface reconstruction mechanism
might be the underlying cause of the slow deterioration.
LEIS is especially sensitive to the elemental identity and
atomic structure of the outermost atomic layers of a solid
[17]. After in situ cleaving of Bi,Ses;(111) in ultrahigh
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vacuum (UHV) at room temperature, it is shown that the
outermost atomic layer contains only bismuth (Bi) with no
detectable Se. DFT shows that it is energetically favorable
for an additional Bi bilayer to sit atop the nominal bulk-
terminated quintuple layer (QL) structure, and that the TI
surface states are protected in this configuration.

Techniques used in previous surface studies do not
directly identify the outermost surface atoms. For example,
scanning tunneling microscopy (STM) [18-21] shows
atomic scale features, but cannot identify the specific
species. ARPES provides a surface sensitive measure of
the band structure of the material [2,5,9,12], but this is not
an identification of the atomic structure. Ion scattering is
one of the few techniques that gives an unambiguous
measure of the elemental composition at a surface.

The expectation of a Se-termination is derived from the
bulk crystal structure. Bi,Se; has a rhombohedral unit cell
that forms a layered material with a basic QL unit composed
of five atomic layers ordered as Se-Bi-Se-Bi-Se. While the
atoms within each QL are held together by strong covalent-
type bonds, the QLs are attached to each other by relatively
weak van der Waals-type bonds. It is therefore natural to
assume a cleavage plane between two QLs that would result
in a Se termination [1,2,5,9,12,18-22]. The present LEIS
measurements appear to contradict this simple picture,
however, and show that the structural properties of TI
surfaces need to be revisited.

Single crystals of Bi,Se; |, were grown using a multi-
step heating method [10]. High-purity Bi (99.999%) and
Se (99.999%) were mixed stoichiometrically and sealed in
an evacuated quartz tube. The tube was heated to 1020 K
for 4 h, cooled to and kept at 870 K for 5 d, and then cooled
to room temperature. It was next heated to 970 K for ~15 h
and finally cooled to room temperature naturally. The
high quality single crystallinity was confirmed with
x-ray diffraction. The measured band gap, reduced effec-
tive mass of charge carriers, and carrier density and
mobility are all consistent with expectations for a TI
material [23].
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LEIS and low energy electron diffraction (LEED) were
performed in two separate UHV chambers with load-locks
that enable rapid introduction of samples without the need
for bakeout. One of the LEIS chambers allows for variation
of the azimuthal orientation and scattering angle. The other
contains a cryogenic sample manipulator, but the scattering
angle is fixed at # = 150° and the azimuthal orientation
cannot be adjusted. In this chamber, LEED is used to
determine the orientation along which the sample is
mounted.

LEIS was performed as described previously [24,25].
The Na* beam was pulsed at 80 kHz and incident along the
surface normal. The backscattered projectiles were
detected by a triple microchannelplate array after traveling
through a drift tube. The flight times are histogrammed to
obtain time-of-flight (TOF) spectra. The total yield of
scattered ions and neutrals are collected so that neutraliza-
tion need not be considered. To minimize beam damage
and insure that the data reflect the unperturbed material, the
fluence was kept to less than 1 X 10'2 ions cm ™2, which is
an order of magnitude below where damage is observed.

The samples were cleaved in situ, using a procedure [24]
that results in a flat and shiny appearance. The observed
1 X 1 LEED pattern indicates a clean and well-ordered
surface. X-ray photoelectron spectroscopy (XPS) and STM
were performed in separate instruments following in situ
cleaving of samples from the same batch. XPS showed no
evidence for oxidation of either Bi or Se [26], while STM
showed a smooth surface with atomically resolved features
[18-21].

LEIS spectra contain a single scattering peak (SSP) for
each elemental species at the surface, as the kinetic energy
of a singly scattered ion depends on the mass of the target
atom [17]. Figure 1 shows a TOF spectrum for 3.0 keV
ZNa* scattered at § = 125° from cleaved Bi,Se;(111).
The polar emission angle a = 35° is with respect to the
sample plane, and the azimuthal orientation ¢ = 0° is with
respect to the projection along the [110] direction. The
only feature in the spectrum is the Bi SSP at ~2.1 keV,
which corresponds to a Na projectile scattered directly
from a surface Bi atom. The Bi SSP rides on a broad
background of multiply scattered projectiles. The Se SSP
would be expected at ~1.1 keV, but is completely absent.

The SSP intensity reflects the number of surface atoms
directly visible to both the incoming ion beam and the
detector, but is further dependent on shadowing, blocking
and focusing as the projectile interacts with other atoms
along the trajectory [17,27]. A shadow cone is the region
behind a surface atom from which incident projectiles are
excluded. A blocking cone is a similar notion, but is the
region above a surface atom from which an exiting projec-
tile is excluded following scattering from a deeper atom.
Focusing occurs when the edge of a shadow cone intersects
an atomic position or the edge of a blocking cone is
pointing towards the detector, as the flux is increased at
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FIG. 1 (color). TOF spectrum, after conversion to an energy
scale, for normally incident 3.0 keV Na™ scattered from Bi,Se;
cleaved at room temperature. The scattered projectiles were
emitted at a polar angle of @ = 35° with respect to the surface
plane (scattering angle @ = 125°) and the projection of the
azimuthal angle was along ¢ = 0°. The inset shows a schematic
side view of Bi,Se;(111) indicating the shadow (purple and
green) and blocking (blue) cones for the orientation employed.

This diagram assumes that there is an extra Bi bilayer above the
nominal QL of bulk Bi,Ses.

the edge of a cone. As the sample orientation is adjusted
with respect to the incoming beam or detector, changes in
the alignment of cones with atoms in the crystal structure
lead to changes in the SSP intensities. These variations are
commonly exploited to determine the near-surface atomic
structure of a single crystal material [27,28].

Shadowing and blocking can be used to provide a ge-
ometry that is sensitive to only the outermost atomic layer.
The inset to Fig. 1 shows a schematic side view of the
shadow and blocking cones in relation to the Bi,Se;(111)
crystal structure for the geometry employed here. With
normal incidence, atoms below the top three layers are
completely shadowed from the incident beam. By position-
ing the detector at ¢ = 0°, projectiles that would back-
scatter from second and third layer atoms are blocked from
directly reaching the detector. This is a ‘““double align-
ment” orientation in which only projectiles scattered
from the outermost atomic layer can exit at the SSP energy.
Although the diagram shows the surface in which the
nominal QL is capped by a Bi bilayer, the concept would
be the same with only a single Bi layer. Conversely, if Se
were terminating the surface, then only the Se SSP would
be visible.

The absence of a Se SSP is compelling evidence that
Bi is the only element in the outermost atomic layer
of Bi,Ses;(111) after cleaving at room temperature.
Preliminary molecular dynamics simulations, using the
KALYPSO package [29], confirm that a Bi-terminated struc-
ture would lead to the complete absence of a Se SSP in this
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orientation. A more thorough analysis of the angular dis-
tributions of the scattered yields, in conjunction with addi-
tional simulations, is underway to confirm the surface
structure. Nonetheless, the absence of the Se SSP can
only be reconciled with a model in which the outermost
surface is completely Bi.

To produce a Bi-terminated structure, it is possible that
the material initially cleaves between QL’s, forming the
expected Se termination, but the termination then changes
via atomic diffusion or desorption. If this were the case, a
low temperature may slow down the process so that it could
be monitored in real time.

To investigate this possibility, a sample was cooled
to 80 K with liquid nitrogen prior to cleaving, and
LEIS spectra were collected while maintaining the low
temperature. Multiple cleaves were performed from the
same crystal at a fixed azimuth so that measurements at
the two temperatures could be directly compared. The
insets to Fig. 2 show spectra collected at the indicated
times since cleaving. Note that a double alignment con-
figuration could not be used because the low temperature
chamber does not allow for azimuthal adjustment. In the
orientation employed, the normally incident ions impact
the first three atomic layers. Since each spectrum shows a
small Se SSP, it can be concluded that Se is present in the
second or third atomic layer. Note that the relative inten-
sities of the SSP’s do not quantitatively reflect their abun-
dance, however, due to secondary effects that include
differences in scattering cross section, changes in detector
sensitivity with scattered energy, and focusing.
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FIG. 2 (color). The raw Se:Bi SSP ratios derived from TOF
spectra for 3.0 keV Na* ions scattered at § = 150° from cleaved
Bi,Se; at an azimuthal orientation of ¢ = —12.5° after cleaving
at the indicated temperature, shown as a function of time since
cleaving. The solid blue line is an exponential fit to the 80 K data
while the solid red line is a linear fit to the 300 K data. Insets:
Raw total yield TOF spectra collected the indicated time after
cleaving and maintaining at the indicated temperature.

A comparison of the time evolution of the Se and Bi
SSPs at the two temperatures provides evidence that the
termination does change. Figure 2 plots the raw Se:Bi SSP
ratios as a function of time since cleaving, determined
via background subtraction and integration. At 300 K, the
Se:Bi ratio is ~0.10 and fairly constant. At 80 K, however,
the Se:Bi ratio starts at about 0.35 and drops gradually to
0.14, which is close to the room temperature value. An
exponential fit to the data gives a time constant of 2775 sec.
This suggests that Se is present at the surface immediately
after cleaving at low temperature but the termination
changes over time, while at room temperature the change
is too fast to be observed.

Although this temperature dependence suggests that the
termination change is thermally activated, the specific
process cannot be determined from these data. Se is a
volatile element with a relatively high vapor pressure, so
that the termination change could involve Se evaporation in
the form of gas-phase dimers or tetramers. Another possi-
bility, however, is the accumulation of additional Bi at the
surface via diffusion from the bulk. Such diffusion could
involve Bi intercalating between the van der Waals layers,
with the driving force being the surfactant properties of Bi.
Surfactants are elements with low solid solubilities that
collect at a surface to reduce the overall surface energy, and
are stable even with a large lattice mismatch and strain
[30,31]. The behavior of Bi as a surfactant is well docu-
mented in the thin film growth literature [24,32-35].

DFT calculations were performed to evaluate the stabil-
ity of various Bi,Se;(111) structures using the Vienna
ab initio simulation package (VASP) [36] along with the
projector augmented wave method [37]. The generalized-
gradient approximation [38] described the exchange-
correlation interaction among electrons. The surface was
modeled as a periodic slab with a (1 X 1) unit cell in the
lateral plane for most cases and a (2 X 1) unit cell for
intermixed surfaces, and 5 QLs per slab separated by an
~18 A vacuum along the surface normal. The lateral
lattice constant was fixed to that of the bulk, @ = 4.14 A
[22,39]. While atoms in the 11 interior layers were frozen
at their bulk positions, others were relaxed until forces on
them became smaller than 0.01 eV A~!. An energy cutoff
of 350 eV was used for the plane-wave basis expansion,
andan 11 X 11 X 1 k-point mesh in the Brillouin zone was
used for k-space integrations. Spin-orbit coupling (SOC)
was self-consistently invoked.

Eight different Se, Bi, and mixed terminations were
investigated. The stability of each structure is quantita-
tively described by its surface energy as

Y = (Equs — NpiMpi — NseMse)/24, (1)

where Eg ¢ is the total energy of the slab, A is the surface
area, and np; and ng, represent the numbers of Bi and Se
atoms, respectively. The chemical potential of a Bi atom,
Mpi,» was used as the variable while the chemical potential
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FIG. 3 (color). Calculated band structure of a Bi bilayer atop
bulk-terminated Bi,Se;(111). The color scale indicates the con-
tributions from the surface Bi bilayer (blue) and the underlying
Bi,Se; QL’s (red). The green dashed lines are the bands of a free
Bi bilayer.

of Se, ws., was calculated via the constraint: 2ug; +
3se = MBise3- Here, Upinses 18 the chemical potential
(or total energy at 0 K) of one bulk Bi,Se; unit. To mimic
different environments, a broad range is set for wg;, from
—2.10 eV with bulk Bi as the reservoir (Bi-poor), to 0.0 eV
with isolated Bi atoms as the reservoir (Bi-rich). With the
inclusion of a van der Waals correction, the calculated
surface energy of the generic Bi,Se;(111) surface is only
0.18 J/m?, indicating its rather inert nature.

Significantly, all the explored Bi-terminated surfaces are
more stable than other Bi,Se; surfaces in Bi-rich condi-
tions. In particular, the structure in which a complete Bi
(111) bilayer is atop the nominal Bi,Se; QL is the most
stable over almost the entire range of wg;, suggesting that
this is likely the structure observed in the measurements.
Note that the bilayer is compressed since the lateral
constant of a freestanding Bi bilayer is larger than that of
Bi,Se;(111), 4.54 vs. 4.14 A. The interlayer distance
between the Bi and Bi,Se; is 3.05 A, which is larger than
the distance between adjacent QLs (2.57 A) Therefore,
the interaction between the Bi adlayer and Bi,Se; is rather
weak and the structure would be even more stable if
incommensurate matching were allowed.

As expected, the topological surface states persist in the
presence of the Bi bilayer, as seen in the calculated band
structure of Fig. 3. Their weights in the bilayer and the
Bi,Se; substrate are highlighted in blue and red, respec-
tively. Interestingly, the characteristic Dirac surface states
disappear from bands associated with the QL’s (red lines).

Instead, a new Dirac cone develops in the Bi adlayers just
below the Fermi energy (blue lines). Clearly, the Dirac
states are topologically protected and may ‘““float” to the
topmost layers, as reported for Au/Bi,Se;(111) [40] and in
the presence of surface contamination [41]. As a result,
ARPES would mainly see a Dirac cone. Because of a
small amount of charge transfer from Bi, the first QL has
several conducting bands that intercept the Fermi level.
Nevertheless, these bands might not be observable in
ARPES due to screening by the Bi bilayer. It should be
stressed that the Dirac states are not solely from the Bi
bilayer since the band structure of a free bilayer (green
dashed lines) has an insulating character. Similar features
were also reported for a Bi bilayer grown atop Bi, Tes, but
the enhanced stability of the bilayer was not discussed [42].

In summary, LEIS reveals a Bi-terminated surface after
in situ cleaving of Bi,Se;(111) at room temperature.
Cleaving at low temperature reveals a thermally activated
process whereby the termination switches from Se to Bi.
DFT shows that a Bi bilayer-terminated crystal is particu-
larly stable, and that the TI surface states are protected.
This termination change may explain time-dependent ef-
fects that have been reported for these materials.
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