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Superlinear Photogalvanic Effects in (Bi0.3Sb0.7)2(Te0.1Se0.9)3: Probing
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We report on the observation of a complex nonlinear intensity dependence of the circular and linear
photogalvanic currents induced by infrared radiation in compensated (Bi0.3Sb0.7)2(Te0.1Se0.9)3 three-
dimensional topological insulators. The photocurrents are induced by direct optical transitions between
topological surface and bulk states. We show that an increase in the radiation intensity results first in a
highly superlinear rise in the amplitude of both types of photocurrents, whereas at higher intensities the
photocurrent saturates. Our analysis of the observed nonlinearities shows that the superlinear behavior of
the photocurrents is caused by heating of the electron gas, while the saturation is induced by slow relax-
ation of the photoexcited carriers, resulting in absorbance bleaching. The observed nonlinearities give
access to the Fermi-level position with respect to the Dirac point and the energy relaxation times of Dirac
fermions, providing an experimental room-temperature probe of topological surface states.
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I. INTRODUCTION

Topological insulators (TIs) with low-dimensional sur-
face states described by the massless Dirac equation
have recently moved into the focus of modern research.
TIs challenge fundamental physical concepts, as well as
holding great potential for applications [1–5]. Recently,
photocurrents excited by laser radiation in TI systems
have attracted growing attention for probing the topolog-
ical behavior of Dirac fermions (DFs); for a review, see
Ref. [6]. In particular, photogalvanic effects (PGEs) [7–9]
in TIs, including the linear [10–17] and circular [11,14,16–
30] PGEs, provide important information on the electronic
and spin properties of DFs and are thus highly suitable for
the study of topological phenomena in various classes of TI
materials [31,32]; for a review, see Ref. [16]. An impor-
tant advantage of PGE phenomena is that in most cases
they can be used to selectively probe the surface states
of TIs even at room temperature [6,31,32]. The system
properties that have been probed experimentally by PGEs
are manifold: the Fermi velocity, the cyclotron masses as
a function of carrier density and temperature, the orien-
tation of surface domains in three-dimensional (3D) TIs,
and the surface-state mobility. This method provides the
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possibility to selectively probe topological surface states
(TSSs), where electronic transport experiments are often
hindered by a large residual bulk charge-carrier density. In
general, PGEs are caused by the redistribution of charge
carriers in momentum space induced by the incident radia-
tion. The PGE current scales with the second power of the
electric field of the radiation, i.e., linearly with the radia-
tion intensity I [7–9]. Deviations from this linearity have
been observed in quantum wells [33,34] and in graphene
[35], and analysis of these deviations has revealed a differ-
ent way of characterizing such materials. In TIs, however,
the presence of such effects has not been addressed, neither
experimentally nor theoretically.

Here we demonstrate experimentally and analyze theo-
retically a highly nonlinear intensity dependence of both
the linear and the circular photogalvanic effects. We
demonstrate that the excitation of (Bi1−x,Sbx)2(Te1−y ,Sey)3
(BSTS) with high-power midinfrared radiation results in
PGE currents, which at moderate intensities exhibit a
superlinear intensity dependence, followed by saturation
at high I . We show that the superlinear dependence results
from radiation-induced heating of the electron gas, which
induces a change in the population of the initial and final
states of direct optical transitions involving the topolog-
ical surface states. The signal amplitude and its nonlin-
earity are found to be very sensitive to the position of
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the Fermi level. Hence, the PGE represents a sensitive
room-temperature probe of this important parameter. Fur-
thermore, the photocurrent saturation, observed at very
high intensities of hundreds of kW/cm2, is shown to be
caused by energy relaxation of photoexcited carriers and,
consequently, yields information on the energy relaxation
times of DFs.

II. SAMPLES AND METHODS

A. Samples

The TI is grown as a bilayer heterostructure [36] on
SrTiO3 (111) by means of molecular beam epitaxy (MBE).
The heterostructures investigated here consist of one (sam-
ple A) or two (sample B and C) quintuple layers (QLs)
of Bi2Se3 (BS) as a seed layer and 10 (sample A) or 20
QLs (sample B and C) of (Bi1−xSbx)2(Te1−ySey)3, with
y ≈ 0.85–0.90 to maximize the band-gap size [37], and
x ≈ 0.7–0.75 to compensate the n-type behavior of the
BS seed layer. The n-type seed layer and p-type BSTS
layer induce band bending in the growth direction, as
shown in Fig. 1. The heterostructure is capped in situ
by 7 nm of aluminium oxide deposited by MBE. For
photogalvanic measurements, six Ti/Au contact pads are
placed with rectangular symmetry around the circumfer-
ence of the 4 × 5 mm2 sample by optical lithography.
Figure 1(b) shows a representative (here 5.6 QLs of BSTS)
angle-resolved photoemission spectrum (ARPES), clearly
displaying the Dirac point and the linear dispersion within
the bulk band gap [36]. Other ARPES images, supported
by magnetotransport on gated samples, show that the posi-
tion of the Fermi energy at the top surface lies between
the Dirac point (DP) and the conduction-band minimum
(CBM) for BSTS thicknesses larger than approximately
five QLs for the heterostructure concept presented here and
this particular BSTS composition [36].

B. Methods

The photocurrents are studied by applying polarized
laser radiation in the midinfrared and terahertz ranges.
The sources of midinfrared radiation are two different CO2
laser systems: a medium-power Q-switched laser with a
pulse duration of 250 ns (with a repetition frequency of
160 Hz) [38,39], and a high-power pulsed transversely
excited atmospheric-pressure (TEA) CO2 laser providing
100-ns pulses with a repetition rate of 1 Hz [40,41]. These
line-tunable lasers provide wavelengths in the range from
9.2 to 10.8 μm (32.6 THz ≤ f ≤ 27.8 THz), correspond-
ing to photon energies �ω from 135 to 115 meV. The
radiation is focused to a spot of about 1.5 mm diame-
ter (for the Q-switched laser) and about 2 mm diameter
(for the pulsed laser), which is much smaller than the
sample size even at oblique incidence. This allows us to
avoid illumination of the contacts or sample edges. The
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FIG. 1. Band-edge scheme of the heterostructure stack inves-
tigated. (a) The stack is built from n-type Bi2Se3 and a slightly
p-type (Bi1−xSbx)2(Te1−ySey)3 (x ∼ 0.7, y ∼ 0.9) layer with dif-
ferent thicknesses: sample A, 1 QL BS + 10 QLs BSTS; samples
B and C, 2 QLs BS + 20 QLs BSTS. This p-n heterostructure
leads to a band-bending effect in the growth direction. In our sam-
ples [36], the Fermi energy εF evolves from the conduction-band
minimum (CBM) at the substrate interface (SrTiO3) to a midgap
position at the top surface (εc refers to the CBM, and εv to the
VBM). (b) ARPES at 77 K, illustrating the linear dispersion at
the top surface of a heterostructure, here for a sample with the
same stoichiometry (x ∼ 0.7, y ∼ 0.9), with 1 QL BS and 5.6
QLs BSTS, after Ref. [36].

beam positions and profiles are checked with pyroelectric
cameras [42,43] or thermosensitive paper. Using differ-
ent types of lasers allows us to measure photocurrents in
the radiation-intensity range from I = 0.2 to 2 kW/cm2

(Q-switched laser) and from 20 to 100 kW/cm2 (TEA
laser). For measurements in the terahertz spectral range,
we use a line-tunable pulsed molecular laser with NH3
as the active medium, operating at λ = 90.5, 148, and
280 μm (with �ω ranging from 13.7 to 4.4 meV) [44–46].
The laser generates single pulses with a duration of about
100 ns and a repetition rate of 1 Hz, yielding a radia-
tion intensity on the sample surface of up to 800 kW/cm2.
The peak power of the radiation is monitored, depending
on the system, with photon-drag detectors [47], mercury-
cadmium-telluride detectors [48], and pyroelectric power
meters.

The geometry of the experiment is sketched in the inset
of Fig. 2. The photocurrent is measured in unbiased struc-
tures via the voltage drop across a 600-� load resistor
(RL) in the experiments with the pulsed laser, and across
the sample resistance in the experiments applying the
Q-switched laser. The corresponding photosignal is
recorded with a storage oscilloscope. Experiments are car-
ried out at room temperature and down to 80 K, applying
radiation at oblique and at normal incidence. In the mea-
surements with oblique incident radiation, used to excite
the circular photogalvanic effect, the angle of incidence �0
is varied between −40◦ and 40◦ (�0 = 0 corresponds to
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FIG. 2. Transverse photocurrent J⊥ as a function of the angle
ϕ defining the helicity of the radiation. Note that a small
polarization-independent offset J0 is subtracted, and the cur-
rent J⊥ − J0 is normalized to its maximum value. The data are
obtained by applying oblique-incidence radiation with an angle
of incidence � = 33◦. (a),(b) Polarization dependence of the
photocurrent excited in samples A and B by midinfrared radi-
ation with different photon energies �ω. The solid lines are fits
to Eq. (1), which corresponds to the polarization dependence
of the sum of the circular PGE (CPGE) and trigonal linear
PGE (LPGE) derived in the theory presented in the main text,
described by Eq. (6) and the first equation in Eq. (9), respec-
tively. The fit parameters used for the curves are (a) JC/JL = 0.75
and � = 7◦, and (b) JC/JL = 3.2 and � = 6◦. The drawings
at the top illustrate the polarization states at different angles ϕ.
The inset in (a) shows the experimental geometry. The inset in
(b) presents the normalized magnitude of the circular photocur-
rent JCPGE = [J (σ+) − J (σ−)]/2 measured for samples A and
B. Note that in this inset the photoresponse to the midinfrared
radiation (�ω = 100–130 meV) is obtained for intensities I of
about 5 kW/cm2, whereas in the terahertz range (�ω = 4.4–13.7
meV) substantially higher intensities of the order of 100 kW/cm2

are applied.

normal incidence) in the x-z or y-z plane of incidence; see
the inset in Fig. 2. In our experiments, the photoresponse is
probed in directions perpendicular and parallel to the inci-
dence plane of the light, i.e., in transverse and longitudinal
arrangements, respectively; see the insets in Figs. 2 and 3.

The initial polarization vector of the laser radiation is
oriented along the y axis. To analyze the polarization
dependence of the photocurrent, we rotate λ/2 or λ/4
plates. In the former case, the electric field vector E of the
radiation is rotated by an azimuthal angle α with respect
to the y axis, while in the latter case, apart from changes
in the degree of linear polarization, we change the radia-
tion helicity Pcirc according to Pcirc = sin 2ϕ, where ϕ is
the azimuth of the quarter-wave plate. Consequently, for
ϕ = 45◦ and 135◦, we obtain right-handed (σ+) and left-
handed (σ−) circularly polarized radiation with Pcirc = +1
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FIG. 3. (a) Transverse photocurrent J⊥ and (b) longitudinal
photocurrent J|| as a function of the angle ϕ. The data are
obtained for �ω = 129 meV, angles of incidence �0 = ±33◦,
and radiation intensities I = 6.5 kW/cm2 (data for sample B)
and 1.17 kW/cm2 (data for sample A). In both arrangements,
the signal is picked up from the contacts A and B, i.e., in the
same crystallographic arrangement. The corresponding experi-
mental setups are shown in the insets in (a),(b). The solid lines
in (a) are fits after Eq. (1), which corresponds to the sum of
the CPGE and the trigonal LPGE described by Eq. (6) and the
first equation in Eq. (9), respectively. The fit parameters used
for the curves are: for �0 = 33◦, JC/JL = 0.34/0.54; and for
�0 = −33◦, JC/JL = −0.5/0.31. The solid lines in (b) are fits
after Eq. (2), which corresponds to the first equation in Eq. (9).
The fit parameter used for these curves is JL = 0.55 nA. Note that
in the longitudinal geometry, the CPGE vanishes. The angle �

for all curves is 7◦. (c) Dependence of the CPGE and LPGE pho-
tocurrent contributions on the angle of incidence �0 for different
samples. The photocurrent is normalized to its maximum values
J max

CPGE (�0 = −40◦) and J max
LPGE (�0 = 0). The data are obtained

for �ω = 129 meV, angles of incidence �0 = ±33◦, and radiation
intensities I = 6.5 kW/cm2 (data for sample B) and 1.17 kW/cm2

(data for sample A). The solid lines are fits after Eqs. (6) (CPGE)
and (10) (LPGE). The fits are obtained assuming that the angle
� for the radiation in the sample is equal to the angle of
incidence �0.

and −1, respectively. The polarization states for some
angles ϕ are illustrated at the top of Fig. 2.

III. RESULTS

A. Experimental study of photogalvanic effects

Figures 2 and 3(a) show the polarization dependence of
the transverse photocurrent J⊥, excited by oblique inci-
dent midinfrared radiation (�0 = ±33◦) and measured in
the direction normal to the plane of incidence. The depen-
dence, obtained for several photon energies ranging from
117 to 133 meV, in analogy to Refs. [6,10,15], is well
described by

J⊥ = JC sin 2ϕ + JL sin(4ϕ − 3�)/2 + J0, (1)

where JC, JL, and J0 are the magnitudes of the circu-
lar photocurrent, linear contributions, and a polarization-
insensitive offset, respectively. Note that the offset J0 is
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neglected in the remainder of this paper, since it occurs
only in a few of our measurements and is then found to be
close to zero. The phase angle �, discussed below in Sec.
IV, is 6◦ and 7◦ for samples A and B, respectively.

Rotating the sample by 90◦ and measuring now the pho-
tocurrent generated in the direction parallel to the plane of
incidence (the longitudinal photocurrent, J‖), we observe
that the circular component (JC) vanishes, and, in analogy
to Ref. [10], the current follows

J‖ = JL sin(4ϕ − 3�)/2 + J ′
0, (2)

where J ′
0 is a polarization-insensitive contribution. Figure

3(b) shows the data obtained for sample B for �ω = 129
meV and �0 = ±33◦. In contrast to the transverse pho-
tocurrent J⊥, in the longitudinal photocurrent (J‖) the
polarization-insensitive contribution is comparable with JL
and is odd in the angle of incidence.

Figure 3(c) presents the dependence of the amplitudes of
the circular and linear contributions on the angle of inci-
dence �0. It demonstrates that the circular photocurrent
is odd in the angle �0 and vanishes for normal incidence,
whereas the linear photocurrent is even in the angle �0 and
approaches its maximum at normal incidence. The data can
be well fitted by JC ∝ sin �0 and JL ∝ cos �0.

Our analysis presented below demonstrates that the con-
tribution to the photocurrent given by the coefficient JL
is proportional to the degree of linear polarization. Con-
sequently, it can be excited with linearly polarized radi-
ation. This is indeed observed. Figure 4 shows the results
obtained for sample B with normally incident radiation and
two in-plane directions (contact pairs AB and CD). The
signals are well fitted by

JAB = JL sin(2α − 21◦),

JDC = JL sin(2α − 21◦−45◦). (3)

As we show below, the overall behavior of the photocur-
rent corresponds to that expected for the trigonal photo-
galvanic effect (terms proportional to the coefficients JL)
and to the circular photogalvanic effect (CPGE, the term
proportional to the coefficient JC).

B. Superlinear intensity dependence of PGE

Figures 5 and 6 show that both the circular and the lin-
ear PGE exhibit a strongly nonlinear intensity dependence:
for small and moderate radiation intensities I , a super-
linear increase in the photocurrent magnitude is seen for
increasing I , e.g., for the room-temperature data a change
of I by 1 order of magnitude results in an increase in
the photocurrent by 3 orders of magnitude; see Fig. 5.
At high intensities, the dependence becomes weaker and
the photocurrent tends to saturate. These are surprising
and central observations, since according to phenomeno-
logical and microscopic theories, photogalvanic currents
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FIG. 4. Dependence of the photocurrent normalized to its
maximum value. The data are obtained applying normally inci-
dent linearly polarized radiation. The photocurrent is presented
for the contact pairs AB and CD. The curves are fits after Eq. (3),
which corresponds to the theoretical Eq. (9) describing the trigo-
nal PGE. The right inset shows the experimental setup. The left
inset shows a sketch of the sample, the contact pairs used for the
measurement, and the ac electric field vector E (double arrow). It
also defines the azimuthal angle α and presents schematically the
orientation of the axes along (x0) and perpendicular to (y0) to one
of the mirror-reflection planes of the C3v point group, illustrated
by an equilateral triangle. Fits after Eq. (9) yield that these axes
are tilted with respect to the sample edges by � = 7◦. The data
are obtained for an intensity I = 1.17 kW/cm2.

are expected to scale linearly with the radiation intensity.
As we demonstrate in Sec. V, the observed nonlinearities
can be well described by the intensity dependence of the
radiation absorption.

Comparing the data for different samples, we observe
that for samples B and C the magnitudes of the CPGE
and LPGE photocurrents at low intensities are substantially
larger than those detected in sample A; see Fig. 6(a). At
the same time, the photoresponse nonlinearity detected in
these samples, in particular in sample B, is significantly
weaker. As long-term diffusion processes may occur in het-
erostructures built up from different TIs, samples B and
C have nominally the same structure but are measured at
different times subsequent to growth. Sample B is mea-
sured after a delay of a few months, and sample C within
two weeks after growth. Stoichiometric changes become
visible from the most indicative property of those compen-
sated samples, i.e., the Fermi-level position in the BSTS
layer.

When we reduce the temperature from 300 to 185 K,
we observe that for sample A the signal at low intensities
drastically reduces and the superlinearity is even more pro-
nounced. Further reduction of the temperature reduces the
signal at low intensity to values close to the noise level,
so that the signal at low intensity falls below the sensitiv-
ity of the method, and only one point at I ≈ 8 kW/cm2
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FIG. 5. Intensity dependence of the CPGE (a) and LPGE (b)
contributions to the photocurrent in sample A at different tem-
peratures. The upper and lower insets in (a) show the CPGE
data on a double linear scale for the low-intensity range and the
whole intensity range, respectively. The dashed lines are fits after
Eqs. (17) and (18), which disregard the saturation of the pho-
tocurrent. The solid lines are fits after Eqs. (19), (20), and (21),
which take saturation processes into account. The fit parame-
ters used are εi = 218 meV, εF = 8 meV, Is = 50 kW/cm2, and
kB�T = 2I (kW/cm2). The inset in (b) shows a sketch of the
model of photocurrent generation due to “photoionization” of the
surface states (vertical solid arrow, �ω = 130 meV) in samples
with the Fermi energy εF close to the Dirac point. The spectra
are extracted from the ARPES results; see Fig. 1(b). The hori-
zontal arrow indicates the photocurrent contributions excited in
the initial (Ji) state of the optical transitions. The dashed ver-
tical arrow shows the direct optical interband transition. In the
samples studied, � = 270 meV.

is obtained with sufficient accuracy. At the same time, at
very high intensities obtained by applying the TEA CO2
laser, the amplitudes of the circular and linear photocur-
rents and their intensity dependence become comparable
to those measured at room temperature; see Fig. 5.

All results described above are obtained using midin-
frared radiation. Measurements with terahertz radiation
reveal that at low frequencies the photocurrent vanishes
[see the inset in Fig. 2(b)], even though an intensity 1 order
of magnitude larger than that used in the experiments with
midinfrared radiation with the TEA CO2 laser is used. This
observation clearly demonstrates that both the linear and
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FIG. 6. Intensity dependence of the CPGE (a) and LPGE (b)
contributions to the photocurrent in different samples at room
temperature. The dashed lines are fits after Eqs. (17) and (18),
which disregard the saturation of the photocurrent. The solid
lines are fits after Eqs. (19), (20), and (21), which take satura-
tion processes into account. The fit parameters used are εi = 218
meV, εF = 8, 122, and 80 meV, Is = 50, 300, and 120 kW/cm2

for samples A, B, and C, respectively; kB �T = 2I . Note the
substantial differences in εF used for fitting data for different sam-
ples. The inset in (b) shows the model of photocurrent generation
for εF well inside the CB, and its corresponding density of states
for three different electron temperatures Te.

the circular PGE can not be caused by Drude absorption,
for which the signal increases substantially with a decrease
in frequency [j ∝ 1/(1 + ω2τ 2) [15,16], where τ is the
momentum relaxation time]. Note that the terahertz pho-
ton energies of our molecular laser used in this work are
smaller by about an order of magnitude than those of the
CO2 laser. Combining this argument together with the fact
that the observed angle-of-incidence dependence can be
attributed only to the excitation of the surface layer, we
conclude that the photocurrents are caused by direct opti-
cal transitions in the 3D TI topologically protected surface
states, which are characterized by a linear energy disper-
sion, as shown in the ARPES data in Fig. 1. Note that
the Rashba spin splitting, frequently discussed with respect
to surface states [49,50], can not be solely responsible for
the photocurrent formation, because the PGE is caused by
direct transitions and the photon energies used (120–140
meV) are too large for transitions between Rashba-split
subbands.
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Summarizing the experimental part of this study, we
demonstrate that the illumination of BSTS samples with
midinfrared radiation results in linear and circular photo-
galvanic currents, which are caused by direct optical tran-
sitions involving topological surface states. Importantly,
the observed photocurrents are characterized by a highly
superlinear intensity dependence, which at high intensities
tends to saturate.

IV. PHENOMENOLOGICAL THEORY

The surface of the samples studied is described by the
C3v point symmetry group. A phenomenological analysis
yields that the PGE current density j is given by a sum
of circular (jcirc) and trigonal linear (jtr) PGE contribu-
tions [51]:

j = jcirc + jtr. (4)

The circular photocurrent is given by the following expres-
sion [52]:

jcirc = γ |E|2ẑ × κ = γ i(EE∗
z − E∗Ez). (5)

Here γ is the CPGE constant, E is the complex ampli-
tude of the electric field acting on the charge carriers, ẑ
is the unit vector along the normal to the surface, and κ

is the photon angular momentum, which is maximal for
circularly polarized radiation. It follows from Eq. (5) that
the CPGE current is perpendicular to the incidence plane
and exists for oblique incidence only. For oblique inci-
dence of elliptically polarized radiation obtained using a
quarter-wave plate, the CPGE current density is given by

j circ = γ E2
0 tp ts sin � sin 2ϕ. (6)

Here E0 is the incident light-wave amplitude, sin � =
sin(�0)/nω, with nω being the refractive index, tp and ts
are the Fresnel amplitude transmission coefficients, and ϕ

is the rotation angle of the λ/4 plate. We use the rela-
tion Pcirc = sin 2ϕ for the degree of circular polarization.
The CPGE, resulting in opposite directions of the trans-
verse photocurrent for right (σ+) and left (σ−) circularly
polarized radiation, is clearly detected in the experiment;
see Figs. 2 and 3(a). The experiments also confirm the
expected absence of the CPGE for the longitudinal pho-
tocurrent; see Eq. (5) and Fig. 3(b).

Equation (6) shows that the angle-of-incidence depen-
dence of the circular photocurrent is described by j circ ∝
sin �0. This dependence describes well the experimental
results; see Fig. 3(c).

In contrast to the invariant form of the CPGE current in
Eq. (5), the trigonal LPGE current jtr is determined by the
orientation of the electric vector with respect to the crys-
tallographic axes (x0, y0) along and perpendicular to one of

the mirror-reflection planes of the C3v point group; see the
inset in Fig. 4. The current density of the trigonal LPGE is
given by [10]

j tr
x0

+ ij tr
y0

= χ(Ex0 − iEy0)
2, (7)

where χ is the trigonal LPGE constant. The components of
the current and electric field in the coordinate system (x, y)

used in the experiments are related as follows:

j tr
x + ij tr

y = χ(Ex − iEy)
2e3i�, (8)

where � is the angle between the x and x0 axes.
The above phenomenological Eqs. (4)–(8) demonstrate

that the photocurrent perpendicular to the incidence plane
is a sum of two contributions at oblique incidence, j⊥ =
jtr
⊥ + jcirc, while the photocurrent flowing in the incidence

plane is due to the trigonal LPGE only, j‖ = jtr
‖ , and is

maximal at normal incidence.
The trigonal LPGE is given by the in-plane components

of the radiation electric field and, therefore, is proportional
to the degree of linear polarization. For the photocurrent
measured along lines AB and DC in Fig. 4, we have

jAB = χ |E|2 sin (2α − 3�),

jDC = χ |E|2 sin (2α − 3� − 45◦). (9)

Here α is the angle between the linear-polarization axis
and the line AB. These expressions explain the π -periodic
dependence of the currents JAB and JDC shown in Fig. 4
and fitted by Eq. (3). The observed phase shift shows that,
in the sample studied, the x0 and y0 directions are rotated
by an angle � = 7◦ with respect to the sample edges.

For oblique incidence of elliptically polarized light
obtained by using a λ/4 plate [see Figs. 2 and 3], the
trigonal LPGE current is given by

j tr
‖ + ij tr

⊥ = −χE2
0

2
e3i�

(
3t2s − t2p cos2 �

2

+ t2s + t2p cos2 �

2
cos 4ϕ − itstp cos � sin 4ϕ

)
.

(10)

Here we assume that at ϕ = 0 the radiation is s-polarized.
For both components of the trigonal LPGE current, we
obtain

j tr
⊥,‖ = ±χE2

0

2
[A sin (4ϕ − ϕ0) − B], (11)

where ϕ0, A, and B are the phase, the current ampli-
tude, and the background signal, respectively. These are
given by
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tan ϕ0 = t2s + t2p cos2 �

2tp ts cos �
tan 3�,

A =
√

(tp ts cos �)2 cos2 3� + (t2s + t2p cos2 �)2 sin2 3�/4,

B = 3t2s − t2p cos2 �

2
sin 3�. (12)

Note that for �0 ≤ 40◦, we obtain the angle ϕ0 ≈
3� from the first equation. For small angles � at
which sin 3� ≈ 0 and considering nω = 1, we obtain A ∝
cos �0. At normal incidence, tp = ts, and for circularly
polarized radiation (ϕ = 45◦ and 135◦), the first and sec-
ond terms in the square brackets in Eq. (11) become equal
to each other but have opposite signs; i.e., as expected, the
LPGE vanishes.

The π/2-periodic dependence of the longitudinal pho-
tocurrent presented in Fig. 3(b) is perfectly described by
the dependence j tr

‖ (ϕ); see Eq. (11). The dependence of
the photocurrent perpendicular to the incidence plane on
ϕ, shown in Fig. 3(a) and fitted by Eq. (1), is exactly
given by the sum j tr

⊥(ϕ) + j circ(ϕ). The incidence-angle
dependence of the trigonal LPGE also describes the exper-
imental results demonstrated in Fig. 3(c). We emphasize
that in the experiment the angular dependence of the LPGE
jLPGE ∝ cos �0 is defined by the angle of incidence �0 and
not by the angle �; see Fig. 3(b). The trigonal LPGE effects
are defined by the electric field components acting on the
charge carriers in the material: in-plane E fields for the trig-
onal LPGE and a product of in-plane and out-of plane com-
ponents for the CPGE; see Eqs. (5) and (8). Consequently,
in materials with large refractive indices, at oblique inci-
dence with angles as large as �0 = ±40◦, the in-plane
component should remain almost unchanged, whereas the
out-of-plane component should be close to zero. The fact
that both photocurrents vary in the experiment with the
angle of incidence shows that the photocurrent is excited
in a thin surface layer in which the refraction is not yet
formed.

Summarizing, we demonstrate that the detected depen-
dence of the PGE currents is in full agreement with the
phenomenological theory.

V. THEORY OF ABSORPTION OF MIDINFRARED
RADIATION

The above considerations show that the photocurrent,
given by Eqs. (6) and (9), is proportional to the factor
χ , and to terms quadratic in the electric field ampli-
tude yielding its polarization dependence. Consequently,
the observed nonlinear intensity dependence of the pho-
tocurrent is determined solely by the nonlinearity of the
polarization-independent factor χ ; see, e.g., Ref. [33]. The
latter is defined by the absorbance, η, which determines

the variation of the photocurrent with the radiation inten-
sity. Therefore, we analyze in this section the absorbance
spectrum at low intensity, determine the type of domi-
nant optical transitions relevant to the experiments, and,
in the next section, consider possible mechanisms for the
nonlinearity of the absorption, i.e., of the photocurrent.

A. Spectral dependence of the absorbance

To estimate the value of the optical absorbance for
the two relevant channels [see the inset of Fig. 5(b)],
we perform band-structure calculations with the local-
density approximation for Bi2Se3 using the linear-muffin-
tin-orbital (LMTO) method [53]. We use the fully rela-
tivistic PY LMTO computer code [54], where relativistic
effects are treated on the level of spin density-functional
theory by solving the corresponding Dirac Hamiltonian.
Self-consistent calculations of the surface are done for a
slab geometry, considering 13 QLs of Bi2Se3 using the
experimental lattice parameters. This thickness is sufficient
to minimize hybridization between two TSSs and leads
to a negligible gap (10−3 meV) at the DP. The xx com-
ponent of the absorptive part of the optical conductivity
tensor for finite frequencies is determined by means of
the Kubo-Greenwood linear-response formalism [55,56].
In order to resolve interband transitions between the TSSs
and the conduction band, we use the tetrahedron method on
a very dense 64 × 64 × 16 k-mesh. The calculated optical
conductivity is normalized to a slab thickness of 14.318
nm to obtain the absorbance.

In Fig. 7(a), we show the calculated band structure
along the path M -�-K in the Brillouin zone with the TSSs
highlighted (green line). The calculated Fermi energy εF1
(dashed line) is always at the DP. The energy denoted
as εF2 (blue line) is used to calculate the absorbance
from transitions between the TSSs and the conduction
band (CB). In Fig. 7(b), the photon-energy dependence
of the absorbance, including all dipole-allowed transi-
tions between the TSSs and CB, is shown. The maximum
absorbance is about 3 in units of π times the fine-structure
constant α at �ω = 170 meV, and is about 3 times larger
than that for direct transitions between TSSs, as shown
in Fig. 7(c). It is worth noting that the value of the
photon energy offset [100 meV in Fig. 7(b)] depends
very sensitively on the details of the band dispersion. In
particular, the finite-size slab calculations limit the k-width
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FIG. 7. (a) Electronic structure obtained from slab calculations
for 13 QLs of Bi2Se3, with topological surface states in green
and bulk states in black. (b) Low-energy optical absorbance
σ1xx(�ω) between TSSs and the conduction band with respect
to the shifted Fermi energy εF2 (blue line) at 282 meV. (c) Total
absorbance (black line) and the contribution including only direct
optical transitions (dashed line) from TSSs to TSSs with the
as-calculated Fermi energy εF1 located at the Dirac point.

of the CB. Therefore the calculated absorbance maximum
at 170 meV is in good agreement with the value of �ω

of 129 meV used here. Finally, in Fig. 7(c) the absorbance,
including transitions between TSSs and TSSs (dashed line)
as well from the valence band to the TSSs (full line), is
shown. For two-dimensional materials such as graphene,
with its characteristic linear pz-orbital-based linear dis-
persion, the constant infrared absorbance πα has been
measured [57]. However, as can be observed from Fig.
7(c) in the case of TSSs in Bi2Se3, we predict a linearly
decreasing absorbance at low photon energies. This behav-
ior is due to the nonlinear dispersion of the TSS close to the
valence band and is connected to the strong layer depen-
dence of the pz and px,y orbital character of the TSSs. This
is reflected by the warping of the constant-energy surface
[58,59].

Summarizing, in this section we show that the infrared
absorbance related to the optical transition between the
TSSs and CB is dominant compared with direct transitions
between TSSs.

B. Optical transitions between surface and bulk states
in a 3D TI

We consider the process of “photoionization” of surface
states in a 3D TI where a carrier makes a transition from a
surface DF state to a bulk state. The bulk-state dispersion
in the conduction and valence bands can be described by
[60,61]

Ec,v(k) = ±
√

�2 + (A1kz)2 + (A2k‖)2, (13)

where k‖ is the projection of the wave vector onto the sur-
face, kz is the component normal to the surface, A1,2/� are
the anisotropic Dirac velocities, and � is half of the bulk
band gap; see the inset in Fig. 5(b).

The surface states are localized near the surface z = 0
and are plane waves in the surface plane characterized

by an in-plane wave vector k‖. They have the conical
dispersion Es,± = ±A2k‖.

For the photoionization process, the energy conservation
law yields

�ω + A2k‖=Ec(k‖, kz), (14)

which yields for the initial energy εi = A2k‖

εi = �2 − (�ω)2 + (A1kz)
2

2�ω
. (15)

Here kz is the projection of the wave vector of the final bulk
state onto the normal to the surface. The characteristic val-
ues of kz are in the range 0 ≤ |kz| � 1/l, where l = �/A1
is the surface-state localization length. Therefore we have
an estimate for the energy of the initial state,

�2 − (�ω)2

2�ω
≤ εi � 2�2 − (�ω)2

2�ω
. (16)

For � = 270 meV and �ω = 129 meV, we obtain a range
218 meV ≤ εi � 500 meV.

VI. DISCUSSION

A. Introductory notes

The analysis of our data in the framework of the
developed phenomenological theory demonstrates that the
observed photocurrents are caused by circular and trigonal
linear photogalvanic effects excited in the two-dimensional
surface states; see Sec. IV. Furthermore, from the spec-
tral behavior, showing that the photocurrent is observed at
high frequencies and vanishes as the frequency decreases
(see Fig. 2), we can conclude that both the CPGE and
the LPGE are caused by direct optical transitions, whereas
mechanisms related to indirect Drude-like transitions in the
experiments discussed play a negligible role. In the midin-
frared range, the direct optical transitions can be caused by
two mechanisms: interband transitions between DF states,
and “photoionization” when one of the final or initial states
lies in the three-dimensional conduction or valence band,
respectively; see Sec. V A.

Both possible channels of radiation absorption may
cause circular and linear PGE currents. The trigonal pho-
togalvanic effect has been considered in the low-frequency
range, where it was shown to be caused by the asymmet-
ric scattering of carriers driven by the radiation electric
field [10]. In the experiments described above, by contrast,
we use high-frequency radiation, and the photocurrent is
formed by direct optical transitions. Such photocurrents
are always a sum of two contributions, shift and ballis-
tic ones [7,9,52,62–64]. While the former contribution is
due to shifts of the electron wave packets in real space,
occurring in the process of optical absorption, the lat-
ter is caused by momentum scattering following direct
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optical transitions. The theory of circular PGE in Dirac
fermion systems has been developed for transitions from
surface states to the continuum, considering HgTe two-
dimensional and 3D TIs [21,25,26,29], and for interband
transitions, considering TIs [18,20,22], graphene-based
systems [65–69], and Weyl semimetals [70–77]. These
results can be straightforwardly extended to the material
under study and will not be discussed here.

While the trigonal LPGE photocurrent has been studied
in a regime where it depends linearly on the light intensity
[10,15], the nonlinear regime has not been addressed so far.
Our experiments reveal that the PGE currents excited in
the surface states may exhibit a highly nonlinear behavior
even at moderate intensities. The photocurrent saturation
observed at very high intensities is not surprising. Such
behavior of the photogalvanic current has previously been
detected in several different semiconductor systems and
has even been applied, e.g., to determine spin relaxation
times in III-V quantum wells [33,34]. The superlinear-
ity detected at rather low intensities, however, has not
been reported yet. Below, we show that both the super-
linearity and the photocurrent saturation are caused by the
intensity dependence of the radiation absorption. Our anal-
ysis reveals that, in all samples, the CPGE and LPGE are
caused by the photoionization of surface states.

B. Analysis of the observed deviations from linearity in
intensity

We begin with an analysis of the superlinearity observed
in all samples excited by moderate intensities below
10 kW/cm2; see, e.g., the top left inset in Fig. 5, present-
ing on a double-linear-scale plot the intensity dependence
of the CPGE excited in sample A at room temperature,
as well as Figs. 5 and 6, where the data for all samples
are presented in a double-logarithmic presentation. While
such a dependence may in principle be described in terms
of two-photon absorption, our estimation shows that in the
midinfrared range such transitions yield considerable con-
tributions only for intensities many orders of magnitude
larger then those used in our work [35]. At the same time,
the observed superlinearity can be explained for any level
of radiation intensity by considering the redistribution of
carriers in energy space that results from radiation-induced
electron-gas heating. The insets in Figs. 5(b) and 6(b)
schematically show the generation of a PGE photocurrent
caused by the “photoionization” of the surface states. As
addressed above, the photocurrent is defined by the radi-
ation absorbance η, and, as we show, its superlinearity is
caused by electron-gas heating, resulting in the redistri-
bution of carriers in energy space and an increase in η

with rising intensity. For a direct optical transition, η is
proportional to the difference in the occupancies of the
initial and final states of the direct transition [f0(εi) −
f0(εf )], where εi and εf are the energies of these states. In

the experiments discussed, the photon energies �ω ∼ 100
meV are much higher than the thermal energy kBT0 (26
meV for experiments at room temperature and lower for
low-temperature measurements). Thus, we can consider
that the final states are unoccupied, which simplifies the
considerations.

We begin with the results obtained on sample A, for
which the position of the Fermi level εF ∼ 0 is inferred
from gated magnetotransport measurements [36]. In this
case the initial state of the “photoionization” transition [see
the inset in Fig. 5(b)] has an energy higher than the Fermi
level. Thus, an increase in the electron temperature would
result in an increase in the initial-state population and,
consequently, in an increase in the photocurrent amplitude
given by

jPGE = CIη0

1 + exp
[

εi − εF

kB(T0 + �T)

] , (17)

where �T = Te − T0 is the intensity-dependent increase
in the electron temperature Te with respect to the lattice
temperature [78], and C is a prefactor. The magnitude of
the electron temperature Te is determined by the competi-
tion between power absorption and energy loss, and can be
obtained from the energy-balance equation [79]

η0I = ns
kB �T

τε

. (18)

Here η0 is the total absorbance involving all possible
absorbance channels, considered in Sec. V A, ns is the elec-
tron surface density, and τε is the energy relaxation time of
the electron gas.

Combining Eqs. (17) and (18), we obtain the intensity
dependence of the PGE current. Note that in this model,
the variation of the photocurrent magnitude with the radi-
ation intensity is expected to be the same for both the
CPGE and the LPGE. However, the prefactors and their
variation upon change of temperature are different for these
two mechanisms and reflect their microscopic details. The
dashed lines in Figs. 5(a) and 5(b) show that for low inten-
sities (I < 10 kW/cm2) the experimental dependence of
both the CPGE and the LPGE currents can be well fitted by
the above equations. The curves obtained for different lat-
tice temperatures show that, in agreement with the above
equations, a decrease in the lattice temperature results in
a higher nonlinearity. Importantly, all fits are obtained for
fixed values of the Fermi level εF = 8 meV and an energy
of the initial states εi = 218 meV. The latter is calculated
in Sec. V B. The best fits are obtained for kB �T (meV) =
2I , where the radiation intensities are given in kW/cm2.
Consequently, for the room-temperature data set and the
largest intensity of the Q-switched laser I ≈ 8 kW/cm2

(data points for I < 10 kW/cm2), we obtain an electron
temperature Te ∼ 1.6T0.
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The observed superlinear intensity dependence of both
photocurrents indicates that the main mechanism for their
formation is based on direct transitions from the surface
sates to the continuum, whereas the direct interband opti-
cal transitions do not yield a measurable contribution.
Indeed, in this case the initial state of the optical transition
(εi = −�ω/2) is placed below the Fermi energy and the
final state (εf = �ω/2) above it. Thus electron-gas heating
would reduce the difference between the state occupa-
tions [f0(εi) − f0(εf )], which should result in a sublinear
intensity dependence, which contradicts the experiment.

Equations (17) and (18) also describe well the results
obtained for samples B and C at room temperature. These
samples are designed and grown in such a way that the
Fermi levels lie closer to the CBM, above the Dirac point
[36]; see the inset in Fig. 6(b). The increase in the Fermi
energy results in an increase in the population of the initial
state and, consequently, should lead to larger magnitudes
of both photocurrents. This is indeed observed in the exper-
iment; see Fig. 6. The best fits of the data in a low-intensity
range (I < 10 kW/cm2) are obtained with Fermi energies
εF = 122 meV for sample B and 80 meV for sample C.
Also, in these samples, a rise in the electron temperature
leads to an increase in the initial-state population [see the
right part of the inset in Fig. 6(b)] and, consequently, to
a superlinear behavior with rising radiation intensity. A
difference in the Fermi-level positions of these nominally
equal samples is in line with the above-mentioned aging
effect, leading in the first place to small stoichiometric
changes and thereby to small changes in the Fermi level.

While Eqs. (17) and (18) describe well the observed
superlinear behavior at low intensities (I < 10 kW/cm2),
in this form, they do not explain the observed saturation
at high intensities. Saturation of the absorbance caused by
direct optical transitions is in fact not surprising. Such a
process, caused by slow relaxation of photoexcited car-
riers, has been previously detected in a great variety of
semiconductor systems, including BiTe-based 3D TIs; for
discussions in textbooks, see, e.g., Refs. [79,80]; for a
review, see, e.g., Ref. [81]. Assuming that the absorbance
saturates at high intensities as

η(I) = η0

1 + I/Is
, (19)

where η0 is the low-power absorbance and Is is the satura-
tion intensity, we rewrite Eq. (17) in the form

jPGE = Cη(I)I

1 + exp
[

εi − εF

kB(T0 + �T)

] , (20)

with �T defined by applying the balance equation to η(I):

η(I)I = ns
kB �T

τε

. (21)

The corresponding fits, which are shown by solid lines
in Figs. 5 and 6, describe well the data in the whole
range of intensities studied, with saturation intensities
Is = 50–300 kW/cm2. In general, the saturation intensity
is defined by the reciprocal energy relaxation time and
the absorption cross section; see, e.g., Refs. [79,80]. A
detailed study of the energy relaxation time needs further
experiments and is a subject of independent research.

VII. CONCLUSIONS

We demonstrate that the observed PGE results from
direct transitions from the top topologically protected sur-
face state to the bulk conduction band. Investigating the
intensity dependence of the PGE, we detect a strong super-
linear behavior at low and moderate radiation intensities
and a sublinear behavior (saturation) at high intensities.
The superlinear behavior is demonstrated to be a conse-
quence of radiation-induced electron-gas heating, whereas
the saturation results from slow energy relaxation of the
photoexcited carriers. While nonlinearity of this type gen-
erally can be observed in any system, in our work we study
circular and linear photogalvanic effects, which are excited
selectively in the topological surface states. Our analysis of
these photogalvanic effects nicely illustrates the versatility
and degree of control provided by the bilayer BS/BSTS
heterostructures studied, where both the versatility and the
degree of control were inferred earlier from magnetotrans-
port experiments on gated samples [36]. Indeed, here we
conclude that these heterostructures provide topologically
protected top surface states for which the Fermi energy
lies between the Dirac point and the bulk conduction-band
minimum. The position of the Fermi energy is quite pre-
cisely controlled via the thickness of the BS and BSTS
layers. As conjectured for this bilayer heterostructure con-
cept [36], in sample A the Fermi energy lies very close
to the Dirac point of the surface state in the as-grown
heterostructure, while in samples B and C it is found to
be moved up further towards the conduction-band mini-
mum. These conclusions, at the same time, illustrate how
an analysis of the deviations from a linear dependence on
intensity of the linear and circular photogalvanic effects
in 3D topological insulators provides a quantitative room-
temperature tool to access important materials parameters
such as the position of the Fermi energy in the surface
states or the energy relaxation time.
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