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Using angular resolved photoemission spectroscopy we studied the evolution of the surface electronic
structure of the topological insulator Bi,Se; as a function of water vapor exposure. We find that a surface
reaction with water induces a band bending, which shifts the Dirac point deep into the occupied states and
creates quantum well states with a strong Rashba-type splitting. The surface is thus not chemically inert,
but the topological state remains protected. The band bending is traced back to Se abstraction, leaving
positively charged vacancies at the surface. Because of the presence of water vapor, a similar effect takes
place when Bi,Se; crystals are left in vacuum or cleaved in air, which likely explains the aging effect

observed in the Bi,Se; band structure.
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Topological insulators (TIs) are a recently discovered
new class of materials with a strong spin-orbit coupling,
which distinguish themselves from other materials through
fundamental symmetry considerations [1-3]. The narrow
band gap semiconductor Bi,Se; serves as a simple model
system for TIs hosting a single topologically nontrivial
surface state [4-6]. The TIs bear great potential for the
observation of exotic phenomena, such as, e.g., Majorana
fermions, unconventional superconductivity, and magnetic
monopoles [7-11]. A hallmark of the TIs is the robustness
of the surface state to external perturbations. This is a
consequence of the time-reversal symmetry, which re-
quires the surface state bands to be spin degenerate at
time-reversal invariant points in the surface Brillouin
zone. Together with the nontrivial band topology, this
dictates—on a fundamental level—that the surface state
be metallic even in the presence of small perturbations in
the Hamiltonian. As the TI is a semiconductor, a surface
perturbation is expected to induce a band bending [12,13].
Such band bending can host two-dimensional electron gas
systems [12], which could exhibit Rashba spin splitting
[14]. It has been shown already that the topologically
nontrivial surface state (TSS) of Bi,Ses is robust against
different kinds of adsorbates which results in a doping of
the TSS [15-17]. An important test for the suitability in
device applications is the robustness of the TSS under
ambient conditions. While oxygen has been shown to
induce a p-type doping [18], the effect of moisture in the
air, i.e., water vapor, on the TSS in Bi,Se; is still unknown.
Water is known to react with selenides to form hydrogen
selenide gas [19]. This point is particularly important as the
surface is not just decorated with adsorbates, but in the case
of water it is modified through a chemical reaction. Here,
we show using angular resolved photoemission spectros-
copy (ARPES) that water vapor reacts with the Bi,Ses
surface inducing an n-type doping of the surface. As a
result, a two-dimensional electron gas is created and up to
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three quantum well states (QWSs) with a strong Rashba-
type splitting are formed that coexist with the robust topo-
logical state. By tuning the exposure to water vapor we can
directly control the electronic structure of the Bi,Se; sur-
face. We also show that a similar effect related to a reaction
of the surface with water molecules can be observed when
the Bi,Se; crystal is exposed to residual gas in vacuum or
cleaved in air. Thus, our findings can explain previously
observed time-dependent effects in the surface electronic
structure of Bi,Se; [5,16,20,21].

The Bi,Se; crystal used in the experiments was grown
following a vertical Bridgman method (see Supplemental
Material in [22]). The angular resolved photoemission
spectroscopy measurements were done with a hemispheri-
cal SPECS HSA3500 electron analyzer characterized by an
energy resolution of about 10 meV. Monochromatized Hel
(21.2 eV) radiation was used as a photon source. During
the measurements the vacuum pressure was less than
3 X 10710 mbar. The crystal was cleaved in vacuum at
2 X 1077 mbar or in air. When cleaving in air, the crystal
was immediately put into a load-lock. The crystal was left
as is with no further surface cleaning procedure.

In Fig. 1(a), a series of experimental band structures of
the Bi,Se; surface with increasing exposure to water vapor
is shown. Measurements as well as exposure to water have
been done at 300 K. The left panel of Fig. 1(a) shows the
pristine Bi,Se; surface with its TSS shortly after cleaving
in high vacuum. At this point, the Dirac point is at a
binding energy of about 130 meV and no conduction
band is visible in the occupied states, which indicates a
low intrinsic bulk n doping. Already after a deposition of
18 L (Langmuir) of water vapor, an n-type doping of the
TSS accompanied by the formation of an additional band
B1 can be observed. Further deposition of up to 396 L of
water vapor results in the formation of a second band B2
and reveals a distinct signature of a Rashba-type spin
splitting in the first band. In all instances, the TSS is well
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FIG. 1 (color online).
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(a) Experimental band structure of the Bi,Se; recorded along the T'M direction showing a series of increasing

exposures to water vapor (L: Langmuir). The x and y axes show the electron momentum k and the initial state energy E, respectively.
The linear grayscale displays the photoemission intensity (high intensity is dark). The quantum well state bands are labeled with B1

and B2. The two branches of the topological surface state intersect at the Dirac point (Ep). In (b), (c), and (d) the position of the band
minima (B1 and B?2), the positions of the Dirac point and the conduction band minimum at the surface, and the charge carrier densities
are shown as a function of water exposure, respectively. From the charge carrier densities the electron transfer per unit cell has been

calculated and is shown in the inset of (d).

defined and no sign of degradation is visible. We attribute
the change in the electronic structure to a band bending
induced by a surface modification from the water mole-
cules. As a result, the TSS is shifted to higher binding
energies and the band bending induces the formation of
two-dimensional QWSs, i.e., B1 and B2, at the surface. As
the exposure increases the band bending increases, which
further occupies the QWS and enhances their Rashba-type
spin splitting.

A more quantitative analysis of the band position for B1
and B2 is displayed in Fig. 1(b) as a function of water
dosage. Even though the rate at which the band shifts slows
down with the exposure, a saturation for the highest expo-
sure has not been reached at 300 K. The same energy shift
that we observe in the QWS can be observed in the shift of
the Dirac point as well. In Fig. 1(c) the position of the
Dirac point is plotted as a function of the exposure to water
vapor together with the position of the conduction band
minimum (CBM) at the surface (z = 0 A). The CBM at the
surface can be derived from a simple triangular potential
that models the band bending [22]. The parallel shift of the
Dirac point and the CBM indicates that the n-type doping

of the TSS directly follows the band bending at the surface.
In Fig. 1(d) the change in charge carrier densities of the
QWSs, the TSS, as well as the sum of both, are plotted as a
function of water exposure. The initial charge carrier den-
sity for the TSS is 2.8 X 10! cm™2. A continuous increase
can be seen as the bands continue to be occupied. From the
charge carrier density we can estimate the number of
electrons per unit cell that occupy the states at the surface
(see inset in Fig. 1(d)].

In addition to the band bending induced by water vapor,
we observe a reversible temperature-dependent change in
the electronic structure, where the Dirac point and the
CBM at the surface do not shift in parallel [22]. In order
to separate these effects from each other, we have per-
formed the measurements and the exposure to water at
300 K. Aside from a sharpening of the bands due to a
reduced electron-phonon interaction, the temperature de-
pendence is most likely due to a combination of effects
including a change of the lattice parameters. Nevertheless,
cooling the sample during exposure to water further en-
hances the band bending effect. The experimental band
structure after an additional exposure to water vapor at
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100 K for a total of 1140 L is shown in Fig. 2(a). Even after
this high exposure, a clear band structure of both the TSS
and the QWS bands is visible. An additional band shift
accompanied by an extremely strong Rashba-type spin
splitting can be observed. For this exposure a Rashba
constant of 1.1 eV A has been obtained for B1 and a third
band B3 clearly appears in the QWSs. A schematic of the
observed band structure is shown in Fig. 2(b). The three
QWS bands clearly show the Rashba-type spin splitting
with an even number of Fermi level crossings between
time-reversal invariant points.

Although the QWS bands and the TSS coexist at the
same surface, they are of different origins. While the
surface state emerges as a consequence of additional solu-
tions to the Hamiltonian due to the presence of a surface,
the QWSs are confined in a potential well due to the band
bending at the surface. Such QWSs are not bound to the
topological classification that the bulk imposes on the
surface state band structure. In this regard, the QWS and
the TSS should be regarded as independent. A comparable
surface band structure of Bi,Se; has been observed when
adsorbing Fe atoms on the surface [17].

The Bi,Se; surface band structure shows little degrada-
tion even after exposure to several hundred Langmuir of
water. This indicates a low sticking coefficient for water
vapor, but it also suggests that a reaction takes place at the
surface. A likely reaction to occur is the dissociation of
water followed by the formation of H,Se in analogy to the
reaction of Al,Se; with H,O [19]:
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FIG. 2 (color online). (a) The experimental band structure of
the Bi,Se; recorded at 100 K along the I'K direction after
additional exposure to water vapor at low temperature (100 K)
for a total of 1140 L is displayed. A third quantum well state near
the Fermi level is visible. Even at this high exposure the band
bending process has not saturated yet. (b) A schematic of the
band structure in (a) showing the topological surface state along
with the Rashba-split quantum well states. (c) Schematic of the
triangular potential (solid line) extracted from the data in (a)
along with the band positions (B1-B3). The band bending of the
conduction band is sketched as a dashed line. The z direction is
perpendicular to the surface.

The H,Se gas escapes, leaving a positively charged va-
cancy at the surface. Selenium vacancies have been ob-
served at the surface of Bi,Se; in scanning tunneling
microscopy measurements in an ultra high vacuum
(UHV) [15,23,24]. The bismuth hydroxide is left at the
surface [25]. The positively charged Se vacancies [15] as
well as the bismuth hydroxide contribute to an overall
n-type doping and induce a band bending at the surface
to compensate for the charge imbalance. When the band
bending is strong enough, QWSs are formed.

A similar n-type doping accompanied by the formation
of QWS has been observed when exposing the Bi,Se;
sample to residual gas in an UHV chamber [16,20].
Figure 3(a) shows the experimental band structure
of a Bi,Se; surface exposed to the residual gas in an
UHV chamber for eight days at a pressure of around
3 X 10710 mbar. In Fig. 3(b) the band structure after being
cleaved in air is shown. For comparison, the Bi,Se; surface
exposed to water vapor is also presented in Fig. 3(c). All
three band structures clearly show the n-type doping of the
TSS as well as two QWSs with a strong Rashba-type spin
splitting. As an additional test (not shown here), we have
left the cleaved Bi,Se; surface in UHV for a total of three
days at a pressure of less than 1 X 10~ !! mbar. After this
time no significant n-type doping nor an indication for a
band bending have been observed. Although we cannot
exclude that other adsorbates might have a similar band
bending effect as water vapor, its common presence in air
and in the residual gas of a UHV chamber is a strong
indication that the observed effect is induced by water
vapor at the Bi,Se; surface. We therefore attribute the
underlying mechanism for the band bending in all three
instances of Fig. 3 to the reaction of water vapor with the
Bi,Se; surface.

In order to analyze the Rashba-type spin splitting of
the QWSs in more detail, we model the band bending at
the crystal surface by a simple triangular potential and use
the experimental QWS energy positions to extract the
corresponding constant effective potential gradient VV
[22]. A schematic of the potential is shown in Fig. 2(c)
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FIG. 3. Experimental band structure of the Bi,Se; after
(a) exposing a vacuum cleaved crystal to residual gas in an
UHV chamber or (b) cleaving the crystal in air in comparison
with (c) a controlled exposure to water vapor. The presence of
alike Rashba-split QWSs is clearly visible in all the three cases.
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FIG. 4 (color online). The Rashba constants ay for different
exposures to air, vacuum, as well as water vapor are plotted as a
function of the effective potential gradient determined from the
measured QWS energies using the simple triangular well model.
The dashed lines are a guide to the eye. The Rashba constant ap
correlates with the effective potential gradient regardless of how
the sample was exposed.

with the position of the QWS and a sketch of the conduc-
tion band bending. The strength of the Rashba-type spin
splitting can be quantified by the Rashba constant ap =
h?ky/m*. The momentum offset k, as well as the effective
mass m* have been directly extracted from the experimen-
tal data [22]. The Rashba constants ay for different ex-
posures of water are plotted for Bl and B2 in Fig. 4 as a
function of the effective potential gradient for different
sample preparations (exposure to water vapor and air).
We can see a clear correspondence between the two pa-
rameters: The larger the potential gradient, the larger the
Rashba constant. Also, the Rashba constants for the differ-
ent QWS bands decrease for increasing quantum number
n, i.e., agr(B2) < agx(B1). This can be understood in the
way that the wave function for increasing n penetrates
more and more into the bulk. Furthermore, the actual
potential gradient is not triangular but decreases into the
bulk, although a;x(B2) < ag(B1) has also been shown for a
triangular potential [26]. The potential gradient from the
band bending at the surface cannot alone be responsible for
the strong Rashba-type spin splitting as has been discussed
extensively in the literature [27-29]. However, it does
serve as a mediator which, in combination with the strong
atomic spin-orbit interaction of Bi, can produce a sizeable
Rashba-type spin splitting [27]. Also, the fact that the
Rashba constant ay behaves in a very similar way as a
function of the triangular potential for the different expo-
sures to water vapor in vacuum as well as air gives addi-
tional indirect evidence for the similar origin of the
underlying mechanism.

In summary, water molecules react with the surface of
Bi,Se; crystals probably producing H,Se gas, which leaves
positively charged vacancies at the surface as well as
bismuth hydroxide. This in turn induces a band bending,
which eventually leads to the population of up to three
QWS bands. Because of the presence of water vapor in air

and in the residual gas of a UHV chamber as well as the
similarity of the resulting effects, we conclude that the
underlying mechanism for the band bending is a reaction
of the surface with water vapor. This surface reaction with
residual water is likely to be at the origin of the time-
dependent band bending previously observed for Bi,Se;
crystals cleaved in UHV [5,16,20]. The TSS undergoes an
n-type doping and coexists with the QWS bands. It remains
intact even after a chemical reaction of the surface with
water or exposure to air. In principle, the surface electronic
structure still qualifies as topological nontrivial as the
QWS bands always add an even number of Fermi level
crossings to the system and the bulk of the crystal remains
insulating. However, the true quality of a TI only shows if
exactly one singly degenerate state crosses the Fermi level.
In this regard, the presence of QWSs should be taken into
account, for example, in transport measurements, espe-
cially for samples that have been exposed to air. Gating
the sample could then allow the tuning of the Fermi level
and allow a direct comparison of transport between single
and multiple band crossings in the topologically nontrivial
regime.

We acknowledge stimulating discussions with M.
Burghard, P. Gehring, B. Gao, 1. Gierz, M. Assig, M.
Etzkorn, and A. Schnyder. C.R. A. acknowledges funding
from the Emmy-Noether-Program of the Deutsche For-
schungsgemeinschaft (DFG).

*Corresponding author
h.benia@fkf.mpg.de
[1] L. Fu, C.L. Kane, and E.J. Mele, Phys. Rev. Lett. 98,
106803 (2007).
[2] M.Z. Hasan and C.L. Kane, Rev. Mod. Phys. 82, 3045
(2010).
[3] D. Hsieh et al., Nature (London) 452, 970 (2008).
[4] H. Zhang et al., Nature Phys. 5, 438 (2009).
[5] D. Hsieh et al., Nature (London) 460, 1101 (2009).
[6] Y. Xia et al., Nature Phys. 5, 398 (2009).
[7] A.R. Akhmerov, J. Nilsson, and C. W. J. Beenakker, Phys.
Rev. Lett. 102, 216404 (2009).
[8] L.Fuand C.L. Kane, Phys. Rev. Lett. 100, 096407 (2008).
[9] J. Linder et al., Phys. Rev. Lett. 104, 067001 (2010).
[10] X. Qi et al., Science 323, 1184 (2009).
[11] Y. Tanaka, T. Yokoyama, and N. Nagaosa, Phys. Rev. Lett.
103, 107002 (2009).
[12] T. Ando, A.B. Fowler, and F. Stern, Rev. Mod. Phys. 54,
437 (1982).
[13] W. Monch, Semiconductor Surfaces and Interfaces
(Springer, New York, 1993).
[14] Y.A. Bychkov and E.I. Rashba, JETP Lett. 39, 78
(1984).
[15] Y.S. Hor et al., Phys. Rev. B 79, 195208 (2009).
[16] P.D.C. King et al., Phys. Rev. Lett. 107, 096802 (2011).
[17] L.A. Wray et al., Nature Phys. 7, 32 (2010).
[18] Y.L. Chen et al., Science 329, 659 (2010).

177602-4


http://dx.doi.org/10.1103/PhysRevLett.98.106803
http://dx.doi.org/10.1103/PhysRevLett.98.106803
http://dx.doi.org/10.1103/RevModPhys.82.3045
http://dx.doi.org/10.1103/RevModPhys.82.3045
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nphys1270
http://dx.doi.org/10.1038/nature08234
http://dx.doi.org/10.1038/nphys1274
http://dx.doi.org/10.1103/PhysRevLett.102.216404
http://dx.doi.org/10.1103/PhysRevLett.102.216404
http://dx.doi.org/10.1103/PhysRevLett.100.096407
http://dx.doi.org/10.1103/PhysRevLett.104.067001
http://dx.doi.org/10.1126/science.1167747
http://dx.doi.org/10.1103/PhysRevLett.103.107002
http://dx.doi.org/10.1103/PhysRevLett.103.107002
http://dx.doi.org/10.1103/RevModPhys.54.437
http://dx.doi.org/10.1103/RevModPhys.54.437
http://dx.doi.org/10.1103/PhysRevB.79.195208
http://dx.doi.org/10.1103/PhysRevLett.107.096802
http://dx.doi.org/10.1038/nphys1838
http://dx.doi.org/10.1126/science.1189924

PRL 107, 177602 (2011)

PHYSICAL REVIEW LETTERS

week ending
21 OCTOBER 2011

[19]

(20]
(21]
(22]

G.R. Waitkins, R. Shutt, I.W. Kinney, and J.P.
McReynolds, in [Inorganic syntheses (John Wiley &
Sons, Inc., Hoboken, 1946), Vol. 2.

M. Bianchi et al., Nature Commun. 1, 128 (2010).

G. A. Fiete, Science 332, 546 (2011).

See Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.107.177602 for de-
tails about sample preparation, temperature -effects,
Rashba-type spin splitting in quantum well states, and
the triangular well model.

(23]
[24]
(25]
[26]

(27]

(28]
[29]

177602-5

P. Cheng et al., Phys. Rev. Lett. 105, 076801 (2010).

T. Hanaguri et al., Phys. Rev. B 82, 081305 (2010).

D. Kong et al., ACS Nano 5, 4698 (2011).

E. A. de Andrada e Silva, G.C. La Rocca, and F. Bassani,
Phys. Rev. B 55, 16293 (1997).

L. Petersen and P. Hedegard, Surf. Sci. 459, 49
(2000).

G. Bihlmayer et al., Surf. Sci. 600, 3888 (2006).

I. Gierz et al., Phys. Rev. B 81, 245430 (2010).


http://dx.doi.org/10.1038/ncomms1131
http://dx.doi.org/10.1126/science.1205251
http://link.aps.org/supplemental/10.1103/PhysRevLett.107.177602
http://link.aps.org/supplemental/10.1103/PhysRevLett.107.177602
http://dx.doi.org/10.1103/PhysRevLett.105.076801
http://dx.doi.org/10.1103/PhysRevB.82.081305
http://dx.doi.org/10.1021/nn200556h
http://dx.doi.org/10.1103/PhysRevB.55.16293
http://dx.doi.org/10.1016/S0039-6028(00)00441-6
http://dx.doi.org/10.1016/S0039-6028(00)00441-6
http://dx.doi.org/10.1016/j.susc.2006.01.098
http://dx.doi.org/10.1103/PhysRevB.81.245430

