PHYSICAL REVIEW B 100, 165311 (2019)

Bidirectional surface photovoltage on a topological insulator
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Controlled extraction of spin-polarized currents from the surface of topological insulators (TIs) would be an
important step to use TIs as spin-electronic device materials. One way is to utilize the surface photovoltage
(SPV) effect, by which the surface current may flow upon irradiation of light. To date, unipolar SPV has been
observed on TIs, while the realization of ambipolar SPV is crucial for taking control over the direction of the
flow. By using time-resolved photoemission, we demonstrate the ambipolar SPV realized on the TI Bi,Tes.
The topological surface states showed downward and upward photovoltaic shifts for the n- and p-type samples,
respectively. We also discerned the photogenerated carriers accumulated in the surface states for >4 us. We
provide the keys besides the in-gap Fermi level to engineer the SPV on TIs.
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I. INTRODUCTION

Topological insulators (TIs) possess spin-polarized metal-
lic states on the surface as a result of the nontrivial topology
of the bulk band structure [1]. The surface of TIs is thus
considered as a promising platform for spin-electronic func-
tions. Generating spin-polarized surface currents out of the
spin-polarized metallic states would be a milestone function,
and optical means provides several pathways to this end.
One way is to utilize the photogalvanic effect, by which the
currents may be generated by illuminating circularly polarized
light [2,3], and the mechanism behind is under scrutiny [3-5].
An acceleration of topological surface electrons has been
demonstrated with sub-cycle THz light wave, which could
be utilized to generate spin polarized current [6]. Another
way is to utilize the surface photovoltage (SPV) effect, as
proposed recently [7,8]. The idea is to shine light in the
surface band bending region developed on the edge of so-
called bulk-insulating TIs; see Fig. 1. Similar to the generation
of photovoltage in solar-cell batteries, voltaic change can be
induced on the illuminated area of surface through the SPV
effect. Because the surface is intrinsically metallic, surface
current will either flow out of or into the illuminated area
from the dark surroundings depending on the polarity of the
SPV, and because the surface states are spin polarized, the
photogated surface current will also be spin polarized.
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For the SPV to emerge on TI surface, the locus of Fermi
level (Er) has to be in the bulk energy gap. Then, the
surface band bending can be developed on the interface of
metallic surface and semiconducting bulk. To date, SPVs as
large as 0.1 eV have been observed on a bulk-insulating TI
Bi,Te,Se [8,9]. Enhancement of SPV was also demonstrated
via optical aging due to a progressed subsurface band bending
[10]. For practical application, realization of a bidirectional
SPV is crucial for taking full control of the surface current
by light. However, the substantial subsurface band bending
caused through the impurity band that pins Er as well as the
temperature-dependent carrier type that causes an unstable
SPV have certainly prevented Bi, Te,Se from an ideal ambipo-
lar control of SPV [9].

Bi,Tes is an exemplary TI [11,12], and is also well known
as a thermoelectric material [13] and a stable carrier type
in a wide temperature range is confirmed (see the Supple-
mental Material) [14]. We show that the ambipolar SPV can
be realized in the carrier-type-controlled Bi,Te; [15,16]. By
using time- and angle-resolved photoemission spectroscopy
(TARPES) implemented by the pump-probe method, we ob-
serve downward and upward photovoltaic shifts on the n-
and p-type sample surfaces, respectively, and the amount of
the shift is controlled by the pump power. We also observe
polarity-dependent changes in the filling of the topological
surface states for >4 us. The results can be nicely explained
by the Schottky barrier junction model. We provide keys
for TIs to meet the semiconductor-junction functions, and
show a way [17] to manipulate the light-induced current
on TIs.

©2019 American Physical Society
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FIG. 1. The surface photovoltage effect on TIs. Conduction and
valence bands bend upwards (a) and downwards (b) depending on
the locus of Er in the band gap, as shown in the left panels. When
illuminated, the bending relaxes and photovoltage is generated on
surface (right panels). Upper right schematics in the right panels
show the flow of spin-polarized current on metallic surface of TIs
out of (a) and into (b) the illuminated area.

II. EXPERIMENT

The Bi, Te; samples were fabricated by using the modified
Bridgman method [15,16]. By slowly cooling the slightly
Te-rich melt, a gradation in the carrier concentration was
formed along the crystal growth, and the resultant ingot was
a natural p-n junction [15,16]. The p- and n-type samples
where cut out from the ingot, and had the atomic ratios of Bi :
Te =2.04 : 2.96 and 2.01 : 2.99, respectively, which were
determined through electron probe microanalysis. The n-type
(p-type) sample had the carrier concentration of ~1.6 x 10'8
(~9.5 x 10"®) cm~3 and the mobility of ~5.0 x 10 (~5.2 x
10%) cm?/V s at 10 K [14].

TARPES measurements were carried out by using a hemi-
spherical analyzer and a Ti:sapphire laser system that deliv-
ered linearly polarized 1.5-eV pump and 5.9-eV probe pulses
at the repetition rate of 250 kHz [18]. The reference of the
Fermi energy Er and the energy resolution of ~15 meV
were determined by recording the Fermi cutoff of gold in
electrical contact to the sample and the analyzer. We reduced
the probe power to <1 uW in order to minimize the space-
charge broadening of the spectrum. Under the reduced power,
the Fermi cutoff of the spectrum of the sample occurred at
the referenced Er within 5 meV, which indicates that both the
probe-induced photovoltaic effect [19,20] and charging effect
were negligibly small [14]. The origin of the pump-probe
delay and the time resolution of 300 fs were determined from
the TARPES signal of graphite attached next to the sample.

The spot diameters of the s-polarized pump and p-polarized
probe beams at the sample were 280 and 85 pum, respectively.
Measurements were carried out at pressures <5 x 107! Torr
and temperatures ~10 K. We did not discern any aging
effects during the measurements over ~12 h after cleavage.
The effect is known to be pronounced when the sample is
rich in defects, appears as an hour-long shift of the surface
bands after cleavage, and continues until the modification is
completed in the subsurface region [9,10,21-23]. The absence
thus indicates that the number of defects was relatively small,
and the balance in the subsurface region was immediately
achieved upon the cleavage.

TARPES has become a powerful tool to investigate the
nonequilibrated states of matter from the electronic structure
point of view. Being a surface sensitive method, TARPES has
also opened pathways to explore the light-induced phenomena
occurring on the edge of matter, and thus on surface of
TIs [24-26]. In TARPES, a femtosecond pump pulse hits
the sample and initiates dynamics; subsequently at a delay
time ¢, a femtosecond probe pulse generates photoelectrons,
whose energy-and-momentum distribution carries informa-
tion of the electronic structures of the nonequilibrated state.
Because the pump-and-probe event occurs repetitively, in the
present case at 250 kHz (interval time of 4 us), the method can
also be used to investigate the periodic steady states, which
is realized when the duration of the effect by the pump lasts
more than the interval time. Since the typical duration of the
photovoltage exceeds us [27], SPVs on TIs realized in the
periodic steady state can be detected by TARPES [7,8].

III. RESULT AND DISCUSSION

We first show the results for the n-type BiyTe; sample.
Figure 2(a) displays the energy-and-momentum distribution
image of the photoelectron intensity recorded without
irradiating the pump pulses. Two branches of the topological
surface bands are observed to cross Er along I'-M at the
momentum k! = 0.090 A~ with the velocity v} = 2.7 eV A.
The crossing point of the two branches, or the Dirac point, is
located at Ef} = —175 meV. The overall band structures and
their visibility with the 5.9-eV probe are consistent with the
literature [11,14,28]. No other bands are observed to cross Ef.

By turning on the pump, the sample is repetitively hit by
the 170-fs pulses, and is driven into the periodic steady state.
Figures 2(b) and 2(c) are the distribution images recorded
when the sample was irradiated with the pump power P =
20 mW (fluence corresponding to ~0.128 mJ /cm?): The latter
was recorded just after the arrival of the pump pulse (r =
1.33 ps); the former was recorded at t = —1.33 ps, which is
equivalent to recording the image at 4 us after the arrival of
the preceding pump pulse. At ¢+ = 1.33 ps, the bands extend
into the unoccupied side, which indicates that the electrons
are redistributed across Ef after the impact by the pump. Such
redistributions in picoseconds are commonly observed in the
TARPES studies of TIs [24-26,29,30].

The main focus in the present study is the downward shift
of the spectral features in energy compared to the case without
pump. For example, the features around the Dirac point is
shifted for A, = —31 meV in both images of Figs. 2(b) and
2(c). In the image Fig. 2(b) recorded at t ~ 4 us, when
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FIG. 2. Surface photovoltaic effect on n-type Bi,Te;. TARPES
images recorded without pump (a), and with pump att = —1.33 ps =
~4 us (b) and at r = 1.33 ps (c). Pump-probe configurations are
also illustrated. (d) Momentum-integrated spectra recorded at various
pump powers. (e) Shift of the Dirac point as a function of the pump
power.

the electronic excitations across Ep are mostly settled, the
Fermi cutoff is shifted for —34 meV. The downward shift
is attributed to the emergence of SPV on the n-type Bi,Tes
irradiated by the pump. The difference in the downward shifts
at the Fermi cutoff and at the Dirac point is attributed to the
pump-induced filling of the holes in the surface states, as we
discuss later. The observations herein differ from the effect
reported in [29] which did not accompany the SPV shift and
that did not persist for >4 us.

Figure 2(d) shows the momentum-integrated spectra
recorded at various P’s. The spectral shift becomes larger at
higher P’s. Plotted in Fig. 2(e) is the shift of the Dirac point
as a function of P. With increasing P, the shift shows the
tendency of saturation, or a logarithmic increase, which we
analyze later.

Next, we show the results for the p-type sample. The
conical dispersion of the topological surface states are ob-
served in the image recorded without pump [Fig. 3(a)]: The
surface bands cross Er at kb = 0.072 A~! along I"-K with
the velocity vf = 2.9 eV A, and the Dirac point occurs at
E} = —194 meV. While the structure and visibility of the
bands are similar to the previous reports [11,14,28], the order
EJ < E}} appears opposite from what is expected from the
carrier type and band alignment of the bulk. This is caused by
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FIG. 3. Surface photovoltaic effect on p-type Bi,Te;. TARPES
images recorded without pump (a), and with pump att = —1.33 ps =
~4 us (b) and at t = 1.33 ps (c). Pump-probe configurations are
also illustrated. (d) Momentum-integrated spectra recorded at various
pump powers. (e) Shift of the Dirac point as a function of the pump
power.

two effects. The first is the effect due to the extended surface
band bending that penetrates into the semiconducting bulk
(Fig. 1). ES and EJ could come closer or be reversed. The
second is the effect that can occur through the modifications
in the subsurface region that leads to quantized states [31].
These edge effects can shift £} and EJ3 from the expectation.
However, the subsurface band bending should play only a
minor role in our samples because no quantized state appears
in both n- and p-type samples due to a small number of defects
by the modified Bridgman method [15,16].

When the p-type sample is pumped at P = 20 mW, we
observe that the images [Figs. 3(b) and 3(c)] are shifted
upwards in energy compared to the image recorded without
pump [Fig. 3(a)]. The direction of the shift is opposite to
the case for the n-type sample. The values of the shift are
28 (= A,) and 31 meV, respectively, at the Dirac point and
at the Fermi cutoff of the surface states. The momentum-
integrated spectra recorded at various P’s and the Dirac-point
shift as a function of P are displayed in Figs. 3(d) and 3(e),
respectively. The amount of the shift as well as the tendency of
the saturation with increasing P is similar to the case observed
on the n-type sample, but the distinction is in the direction of
the shift.
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We apply the Schottky barrier junction model [27,32] to
explain the pump-power dependency of the shift. The model
accounts for a metal-semiconductor interface, on which a
band bending is formed on the semiconductor side. The
photovoltage that emerges due to the relaxation of the band
bending can be described as akgT In(1 + P/Py) [32]. Here, o
is the ideality factor, kg is the Boltzmann constant, 7' ranges
from 10 to 40 K concerning the heating effect (see later), and
Py is a constant.

The theoretical curves can nicely trace the pump-induced
shifts for the n- and p-type samples; see Figs. 2(e) and 3(e),
in which the curves with akgT = —5.4 and 5.1 meV are
overlaid, respectively. The overall agreement indicates that
the observed shift can be explained by the Schottky model.
The sign of « indicates that an upward and downward surface
band bendings were formed on the edge of the n- and p-type
samples, respectively, which is consistent with the natural
expectation (Fig. 1). The absolute values of « ranges from 1.5
to 6.3 concerning the laser-induced heating effect for both n-
and p-type samples: « exceeding the ideal value 1 can occur in
metal-semiconductor Schottky junctions at low temperatures;
see [33] and references therein.

Finally, we show that the difference in the pump-induced
shift of the Dirac point and the Fermi cutoff can also be
explicated by the Schottky junction model. The shift of the
Dirac point A; (i = n or p) is a measure of the light-induced
relaxation of the surface band bending. In addition to the
relaxation, a change in the surface state filling can occur,
because the holes (electrons) that are photogenerated in the
band bending region diffuse towards the edge for the n-type
(p-type) sample and accumulate on surface, as shown in
Fig. 4(a) [Fig. 4(b)]. The additional shift of §, = —3 meV
(8, = 3meV) of the Fermi cutoff to the shift at the Dirac point
for the n-type (p-type) sample can thus be attributed to the
accumulated holes (electrons) that are maintained for >4 us.

The width of the surface band bending region L; can be es-
timated by observing that the charge separated by the distance
L; produces the voltage V; = — A, /e (e is the unit charge). That
is, Q;/e = V;/L; can hold, where Q; is the induced surface
charge density and ¢ is the dielectric constant. Our estimation
of L; falls around ~400 nm for both n- and p-type samples, in
which ¢ at 15 K is set to 290 times the value for vacuum [34]
and Q; is derived from the increase in the Fermi-surface area
si = 2mki:8;/vi. = —Q'/e/(2m)* (we assumed that the Fermi
surface is circular, which holds nicely in the bulk-insulating
regime [11]).

Before closing, we discard the pump-induced thermoelec-
tric effect as the possible origin of the observed shift. Pump
irradiation may heat up the illuminated area on the sample.
Then, the thermopower can develop between the hot spot and
the cold surroundings. The pump-induced heating was at most
AT =30 K at P = 30 mW, as estimated from the broadening
of the Fermi cutoff observed in the image recorded at ¢t =
4 us. Because the typical value of the Seebeck coefficient is
|S| ~ 20 uV/K at 20 K for the samples studied herein [35],
the pump-induced heating can generate the thermoelectric
voltage of |S|AT ~ 0.5 mV at most. Therefore, the pump-
induced shift as large as 30 meV cannot be explained by the
thermoelectric effect alone, and reinforces our point of view
that the shift is due to the SPV effect.

Conduction band
:._Qn

Valence band

Surface

Surface

Depth Depth

FIG. 4. Schematics of SPV and light-induced fillings in the
Schottky barrier model for - (a) and p-type (b) TIs. Left panels show
the photogeneration of the carriers in the band bending region. Right
panels show the photogenerated carriers separated across the band
bending region.

Having demonstrated the ambipolar SPV, we became
aware of another key, besides the locus of the Ef in the band
gap, when taking control of the polarity: Departure becomes
necessary from TIs, such as the family of Bi,Te,Se [36-38],
whose bulk insulation is achieved through the formation of an
impurity band (IB). The low-mobility IB pins Er within the
bulk band gap and works nicely for the purpose to achieve
a surface-dominated transport. However, for engineering the
SPV, the IB becomes an obstacle in twofold. (1) There is
little controllability of the locus of the IB in the gap, and
the direction of the band bending cannot be changed easily.
(2) If the band pinning is too strong, surface band bendings
cannot develop fully. In fact, a negligibly small SPV was
experienced [39] in the TARPES study of Bi; 5SbgsTe; 7Se; 3
[37] even though it had higher resistivity to Bi;Te,Se [36,38]
that showed the SPV shift of ~0.1 eV [8]. Thus, the degree of
bulk insulation alone is not a sufficient measure: TIs showing
ambipolar transport provide the platform where full exploita-
tions can be made of the semiconductor junction functions
such as the SPV effect. Note that ambipolar transport was
also achieved in Bi,Ses recently [40]; spin polarization of the
light-induced surface current may be detected by an electronic
device introduced recently [17,41].

IV. CONCLUSION

In conclusion, a bidirectional photovoltaic shift has been
demonstrated on the n- and p-type Bi,Te; sample surface,
where the amount of the shift is well controlled by the power
of pump. We also observed polarity-dependent changes in the
filling of the topological surface states that last for >4 us.
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The results can be nicely explained by the Schottky barrier
junction model. The key is the locus of Ef in the band gap,
for TIs to meet the semiconductor-junction functions. Our
findings open a way to manipulate the light-induced spin
polarized current on TIs.
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