
PHYSICAL REVIEW B 106, 195430 (2022)

Ultrafast probes of photovoltage and two-dimensional electron gas in the topological insulator
Bi2Te3 by angle-resolved photoemission and terahertz spectroscopy
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Photoexcited carriers in three-dimensional topological insulators (3D TIs) decay rapidly through the electron-
electron and electron-phonon scattering. While most studies focus on such fast dynamics, recent experiments find
the slow photovoltage (PV) dynamics arising from the band-bending potentials, in which the optical transitions
in two-dimensional electron gas (2DEG) are effective. Although early investigations speculated the existence
of multiple band-bending structures from the TI surface to the TI bulk, how PV and 2DEG are correlated
in the presence of such multiple band bendings has been less explored. Here, we employ the combination of
time- and angle-resolved photoemission spectroscopy (tr-ARPES) and ultrafast time-resolved terahertz (tr-THz)
spectroscopy to investigate the PV and 2DEG dynamics in the prototypical topological insulator Bi2Te3. Our
tr-ARPES analysis identifies two spatially separated PV dynamics associated with two types of band bending:
one is the well-known surface PV, and another PV is formed deep within the bulk, which we call “internal
bulk PV.” For the surface PV, our tr-THz spectra substantiate that the μs-long transient signal arises from the
surface-PV-induced increase of the TSS and 2DEG carrier density, which appears as a transient blueshift of
a Fermi cutoff and an increased ARPES intensity in the tr-ARPES measurements. In contrast, the effect of the
internal bulk PV shows only marginal changes in the 2DEG and TSS carrier densities but shifts the entire binding
energy of the near-surface bands.
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The Dirac fermions in three-dimensional topological in-
sulators (3D TIs) exhibit unusual electronic and optical
properties, stemming from topologically protected metallic
surface states. Carriers in the topological surface state (TSS)
exhibit interesting transport properties due to linear energy-
momentum dispersion [1,2], including helical spin texture [3]
and ultrahigh carrier mobilities [3] in the absence of magnetic
impurities. The proximity effect of TIs and other materials
can give rise to complex electronic states. Remarkable dis-
coveries include the possibility of observing Majorana bound
states [4], unconventional topological magnetoelectric effect
[5], and nonlinear effects [6]. On an optical side, the helical
spin texture and time-reversal symmetry give rise to interest-
ing photoinduced phenomena: experiments using circularly
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polarized optical excitation show the spin-polarized current
[7,8], band-gap opening at the Dirac point [9], and helicity-
dependent photocurrent [10].

Such phenomena arise from the helical Dirac fermions
on the TSS, a fundamental low-energy excitation of bulk-
insulating TIs. However, the TSS is not the only origin of the
surface phenomena in TIs [1,11]. The inhomogeneous charge
density between the TSS and the bulk state [12] results in
a spatially modulated electrostatic potential, whose variation
extends from the surface to the deep down in the bulk [11,13–
18]. The photoexcited electron and hole pairs are spatially
separated due to such potentials, where the recombination
rate becomes significantly different depending on the spatial
photocarrier distribution [14,15,17]. As a result, the residual
photoconductivity can be present in a few-μs time scale,
dominating the transient electronic and optical characteristics
[19–21].

Understanding such effects is important because it is
known that a large density of photoexcited carriers is relaxed
in ultrafast time scales of around a few ps, yet “slow” elec-
trostatic kinetics, which typically occurs in a few 100’s of
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ps or longer, further activates the charge accumulation due
to the band bending [11,14–17]. It is well established that
the former “fast” dynamics inject the bulk carriers into the
TSS, whereby a rapid relaxation of Dirac fermions takes place
near the TI surfaces [19,22,23]. On the other hand, the latter
slow kinetics are less explored, where the relaxed carriers are
known to be redistributed spatially until the equilibrium state
reaches [11,13–17]. Following the conventional electrostatics
of the metal-semiconductor junction [11], it has been recog-
nized from early reports that the band-bending direction is
determined from the majority carrier type of the bulk, where
the “upward” band bending is known to be favorable for
the n-type TIs [11,14–17]. But two-dimensional electron gas
(2DEG), which requires “downward” band bending, is often
found even for the heavily n-doped TIs [24–27]. Numerous
surface-sensitive angle-resolved photoemission spectroscopy
(ARPES) measurements were conducted in a series of differ-
ent conditions of samples, such as controlled band bending
via chemical methods [15], electrostatic control [26], or tem-
perature [16]. However, it has remained elusive to explain
the effects of the time-resolved photocarrier dynamics and
the existence of quantum confinement [18,24–27] on the
band bending that satisfies such conventional electrostatics
[11,15,17].

In this study, we perform time-resolved angle-resolved
photoemission spectroscopy (tr-ARPES) and time-resolved
THz (tr-THz) spectroscopy in n-type Bi2Te3 3D TI single
crystals. Our investigation has found that two types of bend
bending coexist, where the associated photocarrier distribu-
tions and photovoltages (PVs) are strongly time dependent.
The left panel in Fig. 1(a) is the schematic diagram of our
experiment. Our aim in this study is to investigate the effect
of such PV dynamics on the composite band bending as well
as on the photocarrier dynamics near TSS and 2DEG [the
right panel in Fig. 1(a)]. There are the following motivations
for employing two ultrafast spectroscopies. First, the time-
and angle-resolved ARPES is the primary tool to investigate
the PV dynamics [9,14–16,28]. However, these measurements
are not sensitive to the low-energy transition occurring in a
meV scale [29], such as carrier dynamics within the quantized
2DEG subbands [30]. Second, ultrafast THz spectroscopy
can overcome this limitation in investigating the low-energy
optical conductivity. THz spectroscopy provides additional
perspectives for probing the low-energy electromagnetic tran-
sitions of the TI Dirac fermions [30,31].

The Bi2Te3 single crystal is synthesized by the Bridgeman
method [32]. To compensate for the loss of Te during the
synthesis, we have mixed the Bi and Te powders with the
composition of 2:3.06. The mixture was melted at a soak-
ing temperature of 800 ◦C for 16 h, slowly cooled to 550C,
kept for three days at 550 ◦C, and then finally cooled to
room temperature [32]. The Bi2Te3 crystal tends to have an
n-type majority carrier arising from the antisite defects of
type TeBi [33]. In our sample growth condition, the n-type
carrier was identified by the Hall measurement [33]. For the
optical pump excitation, the 800-nm, 40-fs pump pulses were
delivered from a Ti:sapphire 250-kHz regenerative ampli-
fier (Coherent® RegA 9040, see Supplemental Material S1
for the measurement details [34]). The equilibrium and the
time-dependent band structure were obtained by ARPES and

FIG. 1. (a) Schematic illustration of our experiment and the band
structure. The time-dependent changes of the upward band bending
in n-type TI are associated with the PV dynamics. On the contrary,
prior reports on the two-dimensional electron gas (2DEG) require a
downward band bending, which is related to the surface PV. (b)–(e)
Time-dependent band structure dynamics measured by tr-ARPES.
Each panel represents the tr-ARPES image recorded at different
pump-probe delay τ . (b) On top of the linear dispersion of the topo-
logical surface state (TSS), a small contribution from the quadratic
band was observed at delay τ = −1.73 ps (black circle). After the
arrival of the pump pulse (c)–(e), the quadratic band whose energy
bottom is at E − EF ∼ 0.1 eV (black circle) becomes visible.

tr-ARPES, respectively. The employed ARPES spectrometer
consists of a hemispherical analyzer [35], in which we used
the 1.5 eV as the pump pulses and the frequency-quadrupled
5.9 eV as the probe pulses. We reduced the probe fluence to
avoid the space-charge broadening effect until the photoemis-
sion spectra shift became less than 3 meV. The photoelectron
energy E was calibrated using the Fermi cutoff level EF of a
gold contact, which was placed right next to the sample and
grounded to the analyzer. The energy resolution was estimated
to be ∼15 meV, which was obtained from the Fermi cutoff fit
after convoluting the Fermi-Dirac function with a Gaussian
function. All measurements were performed at 300 K, and all
pump-probe measurements utilized the pump pulse with an
absorbed fluence F of 10 μJ/cm2.

Figures 1(b)–1(e) show the energy-momentum spectra
measured at several pump-probe delays τ . At τ = −1.73 ps,
the probe pulse measures the occupied states before the pump
arrival. The contribution of the quadratic band can be seen,
although the ARPES intensity is weak (black circle). We
have observed that the Dirac point is located at ED − EF =
−167 meV with the TSS Fermi velocity vF of 3.4 × 105 m/s.
Immediately after the pump, the ARPES intensity of the oc-
cupied TSS bands (E − EF < 0 eV) is reduced, and that of
the quadratic band is enhanced (black circle), as shown in
Fig. 1(c). Within a few picoseconds [Figs. 1(c) and 1(d)],
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multiple contributions are involved, such as transient photo-
carrier relaxation [36,37], bleaching [31], or diffusion [28],
wherein prior studies have been extensively performed to
identify each corresponding kinetics for the spectral signa-
tures. After these rapid relaxation processes, the photoexcited
changes become simpler than that of Fig. 1(d). We observe
that the occupation of TSS and the quadratic band increases,
as shown in Fig. 1(e).

To analyze the results further, we examine the energy dis-
tribution curve (EDC) of the tr-ARPES results. Figure 2(a) is
EDC measured at τ = −1.73 ps, showing a pronounced peak
near the Dirac point (black arrow in the left panel) as well
as the bottom of the quadratic band (red arrow in the right
panel). Here, we note that the black arrow, i.e., the estimated
binding energy of the Dirac point, is located slightly below
the peak of ARPES intensity. This is because we have ex-
trapolated the band dispersion near EF to specify the location
of the Dirac point by assuming a linear energy-momentum
dispersion. This approach is useful when we calculate the
carrier density from the ARPES spectrum because the carrier
density can be estimated from the Fermi surface area at EF.
After the pump (τ = 1.07 ps), Fig. 2(b) shows the reduced
ARPES intensity in the occupied bands (bulk valance band
and TSS, left panel) and the increased signal in the quadratic
band above E − EF ∼ 0.1 eV (right panel). Compared to the
data of Fig. 2(a) at τ of −1.73 ps, the ARPES intensity
above E − EF ∼ 0.1 eV (right panel, red arrow) exhibits a
strong time dependence. Because the density of the photoex-
cited electron and hole is directly associated with the PV
effect [17,38], we have further performed the pump fluence
F -dependent ARPES measurements. In Fig. 2(c), we compare
the ARPES data with an equilibrium state. Here, the blue solid
line is the case of no-pump excitation (F = 0 μJ/cm2). We
see that the TSS binding energy (left panel) and the ARPES
intensity of the quadratic band (right panel) are enhanced with
increasing F . Considering that τ is negative (τ = −0.13 ps),
we attribute the origin of TSS binding energy shift to the
long-lived PV in the upward band bending, whose effects are
to enhance the TSS binding energy. We note that the EDC
intensity shift near the � point directly represents the Dirac
point shift. The EDC preserves its form at τ > 340 ps, which
indicates the rigid band shift of the TSS bands including
the Dirac point and the bulk valence bands (BVBs) near the
surface (see Supplemental Material S2 [34]). The quantitative
amounts of the binding energy shifts �VU were obtained by
the following method. We first calculate the EDC intensity
I (E ) near the � point with the pump excitation I1(E ) and with
no-pump excitation I2(E ). Then, we find the value �VU that
minimizes

∑
E [I1(E ) − I2(E−�VU)]2. The iteration method

for the calculation is equivalent to a least-square fitting, where
the value and the corresponding confidence interval were ob-
tained from the fitting and Jacobian matrix, respectively. For
example, the TSS binding energy shift is positive with the
magnitude �VU of 5.5 ± 0.3 meV when F is 10 μJ/cm2. The
shift is calculated from the integrated intensities of the bands
with broadening, where the energy resolution of the measure-
ment setup does not limit the identification of the band shift.
If the surface PV is the origin, then holes should be accu-
mulated toward the surface due to the upward band-bending
structure, which would push the Fermi cutoff near the Dirac

FIG. 2. The Dirac point and Fermi cutoff shift observed via
tr-ARPES (a) Energy distribution curves (EDCs) near � point (inte-
grated from −0.02 to 0.02 Å−1) recorded at τ = −1.73 ps. The black
and red arrows indicate the peak of the Dirac point and the quadratic
band, respectively. (b) EDC near � point measured at 1.07 ps (red
solid line). For easy comparison, we show the data at τ = −1.73 ps
(black solid line) on top of it. After the pump arrival, the ARPES
intensity in the unoccupied side (E − EF < 0) is reduced while the
intensity around E − EF ∼ 0.1 eV (red arrow) is enhanced. (c) The
fluence (F) dependent EDC shift at the negative delay τ = −0.13 ps.
Compared to the equilibrium (no pump excitation, 0 μJ/cm2), the
TSS binding energy is increased (�VU > 0) with increasing F (left
panel). We attribute �VU > 0 to the internal bulk PV in the upward
band bending. The blue arrow indicates the increased quadratic band
in the ARPES intensity (right panel). (d) The Fermi cutoff shift
relative to the Dirac point at a negative delay τ = −0.13 ps. No
Fermi cutoff shift was seen. (e) EDC near � point is shown at τ

of −1.73 ps (black solid line) and 340 ps (red solid line). In contrast
to (c), the reduced TSS binding energy |�VD| of 2.3 meV is observed
under the same F of 10 μJ/cm2 (left panel). We attribute (�VD < 0)
to the surface PV in the downward band bending. The blue arrow has
the same meaning as the right panel of (c). (f) The Fermi cutoff shifts
relative to the Dirac point at τ = −1.73 ps (black solid line) and at
340 ps (red solid line). A positive Fermi cutoff shift δD of 2.4 meV is
observed at τ = 340 ps. Note that the relative shift was compared to
the Dirac point energy.

point [15,17]. Here, we define the Fermi cutoff as the energy
of the 50% occupancy probability that is visible on the sur-
face. We have obtained that the photocarrier density changes
δU were obtained by the same method to obtain �VU. We
calculate the EDC intensities on the whole measured degree
range of with the pump excitation I1(E ) and with no-pump ex-
citation I2(E ). Our result show �VU + δU = 5.9 ± 0.4 meV,
which indicates negligible δU , as shown in Fig. 2(d). From
the finite �VU and neglibigle δU , we see that the observed
rigid band shift is not explained by the surface PV [17]. We
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FIG. 3. Schematics of the band structure and the energy band diagram. (a) The energy band diagram (blue solid line) in an “equilibrium”
state, i.e., no pump excitation. The energy level of Fermi cutoff EF is indicated by black dotted lines. The bulk state is assumed to be an
n-doped semiconductor. The spatial distance of the downward band bending (lD) and the upward band bending (lU) is indicated by the black
bidirectional arrows. (b) Photocarrier distribution on top of the energy band diagram in a “quasiequilibrium” state at negative τ . The effect
of the prepump pulses (4 μs ahead) is to build up the DC component of VDC. The solid red dots indicate the photoexcited electrons and the
blue solid dots are the photoexcited holes. The TSS binding energy is enhanced by the internal bulk PV (red arrow) compared to the no pump
case. The energy band diagram of the quasiequilibrium (blue solid line) is compared to the equilibrium (blue dotted line). (c) The photocarrier
dynamics at about a few hundreds of picoseconds. We call this energy band diagram a “nonequilibrium” one to distinguish this state from the
other two states. The photoexcited carriers result in two spatially distinct PVs; one is the surface PV near TSS and another is the internal bulk
PV occurring deep into the TI bulk. Both PVs reduce the band bending compared to the quasiequilibrium. The surface PV (red arrow) reduces
the TSS band binding energy compared to the quasiequilibrium case. The purple arrows intend to describe the electron-hole recombination.
Blue dotted lines are for the energy band diagram in the quasiequilibrium state, and blue solid ones are for the nonequilibrium state.

suggest that the band shift on the surface originates from the
upward band bending buried below the measurable depth of
ARPES [17].

In contrast to the above measurements, an intriguing ob-
servation is the relative reduction of TSS band binding energy
at τ = 340 ps. Figures 2(e) and 2(f) show the binding energy
shifts of the TSS band and the Fermi cutoff at τ = 340 ps
relative to the measurement at τ = −1.73 ps. In Fig. 2(e), we
observe the negative binding energy shift of the TSS band by
�VD = 2.3 ± 0.4 meV. The sum of the Fermi cutoff shift δD

and �VD is 3.2 ± 0.6 meV, which indicates a positive δD as
shown in Fig. 2(f). These observations indicate that electrons
are accumulated near TSS, and the corresponding origin can
be explained by the surface PV activated in the downward
band bending [17].

The above tr-APRES data suggest that the band bending
is not monotonic, but exhibits an interesting feature of two
spatially and temporally separated PVs, each of which is
in an opposite direction. To illustrate our results, we show
in Fig. 3(a) a composite band-bending diagram where the
downward (near the surface with a length of lD) and upward
(deep into the bulk with a length of lU) band bending coexist.
We propose how the composite band bending can explain
our experimental results in the following. For the downward

band bending, the PV dynamics occur just beneath the TI
surface, which can be understood by the surface PV effect. On
the other hand, the PV dynamics associated with the upward
band bending exhibit an opposite PV direction deep in the
bulk, which we call “internal bulk PV” [39,40] to distinguish
it from the surface PV. Supposing lD � lU, the measured
time-dependent PV dynamics are explained as follows. At
the negative τ , the pump pulse excites the sample before the
4 μs (the laser repetition period is 4 μs) of the probe pulse,
where the quasiequilibrium state can be observed, as shown
in Fig. 3(b). When τ is positive, the photoexcitation creates
photocarriers on both band bending below and above lD as
displayed in Fig. 3(c). We separately denote the effect of the
previous pump pulses as VDC, which is shown in Fig. 3(b).
Under the condition of lD � lU, because the photoexcited
electrons below lD (near the surface) are spatially closer to the
photoexcited holes, the electrons and holes near the surface
recombine faster than those in the bulk [14]. Consequently,
although the quasi-EF can change along the depth direction
from the surface, the internal bulk PV effect dominates the
photoinduced changes in the quasiequilibrium state for τ over
4 μs. In this case, the photoexcited electrons are accumulated
deep in the bulk, and the photoexcited holes are accumulated
near lD.
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We substantiate the above discussions by estimating the
length scale of lU and lD. This comparison is important be-
cause the surface PV and internal bulk PV are time dependent,
which would affect the transient carrier dynamics near the
surface and deep into the bulk. The band-bending length l is
related to the photoexcited charge carrier density �n and the
PV shift �V via �ne0 = ε�V/l following a parallel capacitor
model [17]. We suppose that the photoexcited carrier density
is proportional to the absorbed pump photon density. Then,
the relationship between lU and lD is given by

lU = �VU/�VD(1 − elD/δp )lD, (1)

where δp is the penetration depth of the pump, which was
determined to be δp = 15 nm from the ellipsometry measure-
ment [41] (see Supplemental Material S3 [34]). We estimate
lU to be at least 52 nm by solving a Poisson equation
[11,42,43] (see Supplemental Material S4 [34]). Then, the
calculated lD is about 14 nm, where lU is at least three times
larger than lD (see Supplementarl Material S4 [34]). Inter-
estingly, the estimated lD is consistent with the confinement
potential length scale reported in previous 2DEG and surface
PV studies [18,24,25,27]. Although the weak interlayer inter-
action might be another possibility to the origin of downward
band bending, the van der Waals gap expansion of 1 or 2
quintuple layer (QL) [44] is too short to account for the band-
bending length.

A natural consequence of such a short downward band
bending is to confine the carriers near the surface that
induces the Rashba-type spin split and the formation of
2DEG (see Supplemental Material S5 [34]) [24–27]. For a
self-consistency check, we calculated the Rashba coupling
parameter α using the ARPES intensity distribution curves.
The Rashba coupling parameter α is proportional to the effec-
tive electric field [26] for the downward band bending, which
is inversely proportional to lD. To measure the Rashba-type
band splitting, we focus on the tr-ARPES data τ = 1.07 ps,
where the 2DEG bands are clearly visible [45–48]. Figure 4(a)
shows the momentum-distribution curve (MDC) at E − EF =
239.6 meV displaying the split bands [49]. The band struc-
tures can be fitted using two Lorentz functions; the center
wave vectors are 0.090 and 0.136 Å−1 with the same spectral
width of 0.044 Å−1. To estimate α, we use the following
dispersion [26,50,51]:

E±(k) = E0 + h̄2k2

2m∗ ± αk, (2)

where m∗ is the effective carrier mass and α is the Rashba
coupling parameter. The fit of EDC at k = 0 shows that the
binding-energy centers of the quadratic bands at E0 − EF are
121 and 167 meV [Fig. 4(b)]. We obtain α = 0.45 Å eV
from the fitting results to the MDC and EDC data, which is
similar to the value of 0.36 Å eV obtained by King et al.
[26] (see Supplemental Material S5 for simulations on the
Rashba coupling parameters [34]). The origin may be due
to the adsorption of the adatom, for example, CO or H2O
that is common even in the ultrahigh vacuum [26,52]; the
adsorption of the adatoms on TIs then results in the downward
band bending of a short length scale (up to ∼20 nm) and a
large energy scale (∼200 meV) [24–27], where the quantized
2DEG can be resolved [49].
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FIG. 4. The ARPES intensity distribution curves of 2DEG bands
and band configuration. (a) Momentum distribution curve (MDC,
black circles) measured at E − EF = 239.6 meV when τ is 1.07 ps
and the corresponding fit using two Lorentz oscillators (red solid line
for the total fit, and blue dotted lines for each oscillator). (b) The
black dotted line is the binding energy to obtain the MDC curve. (c)
EDC (black circles) at � point and the corresponding fit using two
Lorentz oscillators multiplied by the Fermi-Dirac distribution (red
solid line for the total fit and blue dotted lines for each Lorentz oscil-
lator). (d) The calculated 2DEG subbands with the Rashba-type band
split (white lines) are overlapped with the experimental tr-ARPES
results.

Having understood the formation of the Rashba split band
in 2DEG, an interesting question is the role of the surface
and internal bulk PV on the carrier dynamics of TSS and
2DEG near the surface. To address such a question, we have
measured the low-energy conductivity using ultrafast THz
spectroscopy [53,54]. Figure 5(a) shows the equilibrium THz
conductivity of our sample. We fit our data by a multi-Drude-
Fano model [55–57] (see Supplemental Material S6 [34]),
where one Drude oscillator is responsible for the surface re-
sponse (orange solid line), i.e., TSS or 2DEG, and another
is for the bulk carrier response (black solid line). Because
the TSS and 2DEG carriers are known to show a similar
Drude weight and scattering rate [30,58], we consider that
a single Drude oscillator is sufficient to describe both re-
sponses. On the other hand, the bulk response can be clearly
separated from the surface response [59], in which there is a
sixfold difference in the scattering rate and the corresponding
line-shape difference (see Supplemental Material S6 [34] and
Refs. [60,61] therein). Figures 5(b) and 5(c) show the optical
pump-induced THz conductivity changes in the quasiequilib-
rium (τ = − 20 ps) and in the nonequilibrium (τ = 800 ps)
state, respectively. From the fits, we see that the the overall
fit is less sensitive to the time-dependent changes of the bulk
Drude part than the surface contribution. Although some part
of the subtle details in the low frequency (∼0.5 THz) range
is not well explained by the fit, the bulk Drude response
can be excluded for the origin of the measured photoinduced
changes. At both delays, in addition, the spectra exhibit an
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FIG. 5. The equilibrium THz conductivity and the pump-induced
tr-THz conductivity changes. (a) Left: the real part σ1(ω). Right:
the imaginary part σ2(ω). Red solid lines are fits (see Supplemen-
tal Material S6 [34]) using the surface Drude (orange solid line),
bulk Drude (black solid line), and Fano-like oscillator (blue solid
line). The surface Drude exhibits a scattering rate of 26 cm−1 and
the bulk Drude exhibits a scattering rate of 150 cm−1. (b), (c) The
measured optical conductivity changes (black circle) in the real part
�σ1(ω) (left panel) and imaginary part �σ2(ω) (right panel) at a
delay τ = − 20 ps (b) and τ = 800 ps (c) after excitation. Red
solid lines are fits (see Supplemental Material S6 [34]) using the
differential changes of the surface Drude (orange solid line) and
the bulk Drude (black solid line). The reference spectrum is the
equilibrium conductivity in (a).

enhanced THz conductivity in both real and imaginary part,
suggesting the increased surface charge density (orange solid
line; see Supplemental Material S6 for the fitting details [34]).
Interestingly, the increased surface charge density persists for
a long time, i.e., τ from 800 ps (nonequilibrium state) to
−20 ps (quasiequilibrium state). At first glance, the above
THz observation seems to be contradictory to the tr-ARPES
data [Figs. 2(c) and 2(e)]; tr-ARPES shows that the surface PV
and the internal bulk PV are time dependent with an opposite
direction. However, we note that the enhanced surface charge
carrier density in the THz measurements stems from the sur-
face charge accumulation in the downward band bending. In
other words, we can understand that the TSS carrier dynamics
due to the surface PV in the downward band bending are
effective at any τ , while the shift of the TSS binding energy in
the quasiequilibrium state originates from the internal bulk PV
of the upward band bending. Although no energy shift of the
TSS Fermi cutoff was observed in the tr-ARPES [Fig. 2(d)],
it might be due to the broadened Fermi-Dirac distribution.

The THz experiments support that the increased surface
charge density arises from the 2DEG, not from the bulk. Dis-
tinguishing the two is nontrivial in our tr-ARPES data alone.
In the tr-ARPES data [Figs. 2(c) and 2(e) (red arrow)], the
TSS binding energy exhibits dynamical shifts in an opposite
direction depending on τ , while the quadratic band only shows
the ARPES intensity enhancement. If the quadratic band is
assigned to the bulk conduction band, the oscillator strength

of the bulk Drude in THz measurements (Fig. 5) should be
increased both in the quasiequilibrium and nonequilibrium
states. However, our experimental result demonstrates that
only the oscillator strength of surface Drude is enhanced, and
the change in the bulk Drude is negligible.

In conclusion, we have performed the time-resolved
ARPES and THz measurements on n-type topological insula-
tor Bi2Te3. The tr-ARPES results show that the internal bulk
PV is dominant in the quasiequilibrium state over 4 μs, where
the band bending is upward from the bulk to the TI surface.
In the nonequilibrium state of a few 100’s of ps, we found
that the surface photovoltage is effective on the downward
band bending. Ultrafast THz measurements reveal that carrier
density of TSS and 2DEG increase in both nonequilibrium
and quasiequilibrium states, which originates from the surface
PV effect on the downward band bending. Compared to the
prior experiments, where a monotonic band bending with a
simple PV effect has been considered, our study indicates that
there exists spatially distinct composite band bending. This
enables the existence of 2DEG on n-type TIs with an upward
band-bending configuration. Correspondingly, the spatially
separated charges invoke the surface and internal bulk PV
dynamics, where the former is effective on the downward
band bending and the latter is dominant on the upward band
bending.
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