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1. Introduction

Topological materials exhibit band crossings protected by global
symmetries and topological invariants.[1–5] For insulators, these
band crossing are spatially localized at the crystal surface, and
they form chiral edge states as in the quantum (anomalous)
Hall phase or helical surface states as in the topological insulator
(TI) phase.[1–6] The transition from a trivial insulator to a gapless
TI, or equivalently a quantum spin Hall phase, is driven by a
spin–orbit interaction, thereby replacing the external magnetic
field of the quantum Hall state.[7] The intact time-reversal
symmetry of the quantum spin Hall phase dictates that edge
(or surface) states which propagate in opposite directions exhibit
opposite spin directions.[5] As a consequence, the surface states
of TIs have a helical spin texture, where the spin is always locked

perpendicularly to their momentum.[8]

Such helical states represent extraordinary
stable quantum states that are robust
against smooth changes in material param-
eters, such as temperature, magnetic field,
disorder, or charge density.[5]

The quantum spin Hall phase was
experimentally discovered in 2D HgTe/
CdTe quantum wells for the first time.[9]

There, the bulk bandgap is on the order of
millielectronvolt, and electronic transport
via the 1D topological edge states becomes
only relevant at very low temperatures.[9]

In 3D TIs, the 2D surface states have a heli-
cal spin texture.[10,11] Importantly, these 3D
TIs can exhibit much larger bulk gaps. For
example, for the prototypical materials
Bi2Se3, Bi2Te3, and Sb2Te3, the bulk energy

gaps are on the order of several hundred millielectronvolts. Then,
if the Fermi level is adjusted inside the bulk gap, the electronic
transport takes place predominantly in the topological surface
state, in principle up to room temperature.[12] Nowadays, the topo-
logical classification of condensed matter systems has been vastly
extended and thousands of materials have been predicted by theory
to host topologically protected surface states.[13] The potential appli-
cations of TIs span THz detection, plasmonics, (opto)spintronics,
and topological quantum information processing.[14–25]

This Review introduces basic concepts of far-field photo-
current spectroscopy on topological materials under a visible
to near-infrared optical excitation. For reviews of terahertz
optoelectronics and plasmonic effects of TI surface states, we
refer to the studies by Politano et al. and Plank and
Ganichev.[22,26] To begin with, we discuss the so-called
Shockley–Ramo theorem, which establishes the relation
between the local photoexcitation and the global photocurrent
in gapless surface states. We demonstrate that the scheme
allows resolving a quantized photoconductance, when a laser
is focused onto the edges of electrostatically gated Hall bars.
Then, we elaborate the charge carrier dynamics after an ultra-
fast optical excitation in Bi2Se3.

[15] For n-type Bi2Se3, the charge
carrier dynamics appear on sub-picosecond to picosecond time-
scales, and they are governed by a heated Fermi–Dirac distribu-
tion of conduction electrons. By an on-chip time domain
photocurrent spectroscopy, the microscopic mechanisms giv-
ing rise to local photocurrents could be experimentally traced,
even up to room temperature. The resolved microscopic mech-
anisms include the photothermoelectric effect and the circular
photogalvanic effect. Furthermore, we discuss the impact of
reduced bulk doping, exemplarily for Bi2Te2Se (BTS) nanowires
and nanoplatelets. In BTS, the nonequilibrium charge and spin
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populations persist on a timescale of hundreds of picoseconds
also at room temperature. Finally, we give a short outlook into
the emerging field of topological metals. Herein, we discuss
time- and spatially-resolved optoelectronic methods to probe
Berry curvature and related transverse transport phenomena
in topological metals, such as WTe2.

2. Shockley–Ramo Photocurrents in TIs

In gapless materials, such as TI surface states or Weyl semime-
tals, the recombination of photoexcited charge carriers happens
on a picosecond timescale. Correspondingly, the distance on
which excited carriers lose their energy is typically on the order
of several hundred nanometers, as inferred for example by time-
and angle-resolved photoemission spectroscopy (ARPES),[27–30]

optical transient absorption spectroscopy,[31] or ultrafast electro-
optical techniques.[32] This stands in stark contrast to, for
example, the photoresponse of high-efficiency solar cells. There,
photogenerated electrons and holes drift and diffuse over micro-
meters with lifetimes on the order of microseconds into the
charge collecting electrodes. Therefore, the optoelectronic prop-
erties of nanoscale conductors are usually governed by the mate-
rial/contact interface where built-in fields or discontinuities of
the electronic properties give rise to charge carrier separation
and collection.[33–37] In macroscopic circuits made from gapless
materials, photoexcited carriers cannot reach the electrical con-
tacts. Nevertheless, a long-range photocurrent response can be
observed in corresponding thin films, including graphene and
TIs, where the circuits sizes exceed the effective diffusion length
of hot carriers by orders of magnitude.[38–41] In that case, as
pointed out first by Shockley and Ramo, long-range effects deter-
mine the photoresponse.[42,43] The changing electric field flux of
a moving charge induces a current on each electrode. Shockley
and Ramo independently proved that, in the electrostatic limit,
the global current measured at the electrode is simply given by
the local current of the moving charge, projected onto the field
distribution between the electrodes with the charge excluded from
the system. The latter field is called the weighting field. Later,
Pellegrini and others fully generalized the work of Shockley
and Ramo to any conducting medium and boundary condition
for a generic linear response including retardation effects.[44,45]

Recently, Song et al. applied the electrostatic limit of this
methodology explicitly to the photocurrent generation in planar,
quasi-2D, gapless materials to explain the unconventional
photoresponse observed in macroscopic graphene circuits.[38,46]

They derived the following expression for the current on the
electrode Iglobal induced by a local current density jlocal(r)

[46]

Iglobal ¼ A
Z

jlocalðrÞ ⋅ ∇ψðrÞd2r (1)

with∇ψðrÞ being the weighting field between the electrodes, ψðrÞ
being the corresponding scalar potential, and A accounting for
external resistances. The local current density jlocal(r) can be gen-
erated, for example, by a local laser excitation at an arbitrary posi-
tion within the sample. Importantly, the weighting field, which is
a priori almost arbitrary, can be chosen such that it behaves anal-
ogously to the physical electric field.[46] Moreover, the global cur-
rent does not depend on the distance to the electrodes, but rather

on the local geometry and the local photocurrent. In a simple pic-
ture, by invoking continuity of current and charge, the local cur-
rent jlocalðrÞ gives rise to an electric field which in turn drives
currents into the electrodes far from the excitation region, thereby
explaining the long-range character.

Figure 1 shows the photoresponse for a macroscopic Hall bar
made from an electronic conductor evaluated within the afore-
mentioned Shockley–Ramo framework. First, the weighting field
distribution is calculated for a specific electrode configuration
(Figure 1a). Hereby, the source and drain electrodes are at a fixed
potential, and all other contacts are floating. Then, the global cur-
rent is evaluated for each position of the local excitation accord-
ing to Equation (1). As local excitation, an isotropic Gaussian
profile (1 μm width) is assumed, which can arise, for example,
from a local laser excitation. We further assume a local photocur-
rent generation proportional to the gradient of the local excitation
profile, which for example holds for a local thermoelectric cur-
rent with jlocalðrÞ ∝ ∇TðrÞ or a local diffusion current with
jlocalðrÞ ∝ ∇nðrÞ. For the results shown in Figure 1b, a film with
homogeneous electronic properties is assumed. Hence, the pho-
tocurrent is completely caused by inhomogeneities of the weight-
ing field, i.e., at the corners of the Hall bars connecting source
and drain, as well as at the contacts.[38,46,47] On top, nanoscale
inhomogeneities of the film’s electronic properties, such as point
defects, dielectric disorder, or charge traps[48–50] can introduce
significant potential fluctuations, which we model by a random
normal distribution (Figure 1c). The resulting photoresponse is
dominated by the potential fluctuations in combination with a
local photocurrent generation as earlier.[39,40] In turn, it displays
a long-range character with the magnitude of the photoresponse
being modulated only by the local weighting field and corre-
spondingly by the local geometry (Figure 1d).

2.1. Local Photocurrents and Chemical Potential Fluctuations in
TI Thin Films

Photocurrent imaging of TI thin films grown by molecular beam
epitaxy (Bi2Se3, BiSbTe3, 10–20 nm)[51,52] revealed a disorder
dominated Shockley–Ramo response, as shown in Figure 1d
with an amplitude on the order of picoampere for a microwatt
excitation power.[39,40] In particular, the long-range nature of
the photoresponse was reproduced in millimeter-sized Hall
bar circuits, and the impact the weighting field on the photores-
ponse via the distinct geometrical dependence was confirmed
(Figure 2). In a subsequent study, it was shown that the
photocurrent patterns, and therefore the disorder potential,
are independent of the top surface morphology, even after nano-
mechanical thinning of the TI films.[40] Furthermore, tuning the
Fermi level of the BiSbTe3 films electrostatically across the
charge neutrality point, clear signatures of the Dirac dispersion
were revealed in the photoresponse at cryogenic temperatures.
Hence, the photocurrent mainly stems from surface states
located at the bottom interface between the substrate and the
TI film.[40] As the underlying mechanism of photocurrent gen-
eration, a photothermoelectric effect was identified: local poten-
tial fluctuations result in a spatially varying Seebeck coefficient
SðrÞ, and in turn, the local photocurrent is given as
jlocalðrÞ ¼ �σðrÞSðrÞ∇TðrÞ, where ∇TðrÞ is the heat gradient
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induced by the laser excitation.[40] Based on this model, the mag-
nitude of the potential fluctuations could be estimated to be as
large as 10meV averaged across the lateral extent of the laser spot
(�800 nm).[40] However, the magnitude of the potential

fluctuation at their intrinsic length scale (� few nanometers)
can be substantially larger, as suggested by theory and scanning
tunneling microscopy.[49,53–57] Especially when the Fermi level is
close to the Dirac point, such fluctuations can lead to charge
puddles[50,58,59] due to the reduced screening in 2D, thereby
obscuring the pristine low-energy physics near the Dirac point.
Recent advances in fabricating clean van der Waals heterostruc-
tures were enabled by the successful reduction of interfacial and
dielectric disorder, in particular by the encapsulation of 2D films
in hexagonal boron nitride.[41,48,60] Yet, the role of disorder has
been studied to a much lesser extent in TIs. The aforementioned
experiments provide a simple means to elucidate the impact of
potential fluctuations on the transport properties of TIs. Thereby,
these findings may have implications for optimizing the growth
of thin topological films by molecular beam epitaxy[51,52,61,62]

as well as for interpreting magnetotransport in electronically
disordered systems.[51,63]

2.2. Quantized Photoconductance

While the aforementioned Shockley–Ramo response is apparent
for material anisotropies, such as potential fluctuations or in
proximity of metallic contacts,[46] it also allows detecting currents
which are more intrinsic in nature. A particularly interesting
situation arises for a local excitation at the edge of a 2D system,
where rotational and translational symmetries are explicitly
broken. Such an optical excitation will drive a net flow of hot
charge carriers perpendicular to the edge (Figure 3a). Yet, if

Figure 2. Shockley–Ramo photoresponse in TI thin films with potential
fluctuations. a) Reflectance image of a Bi2Se3 (blue) film patterned into
a Hall bar circuit. The source and drain contacts are labeled A and B.
All other contacts are floating. b) Scanning photocurrent map of the circuit
revealing a photocurrent pattern, as shown in Figure 1d. c) Photocurrent
map of the area marked by dashed rectangle in (a) and (b). The
photocurrent patterns are highly reproducible, and their apparent spatial
extent is determined by the laser spot size (800 nm). Reproduced with
permission.[39] Copyright 2012, American Institute of Physics.

Figure 1. Shockley–Ramo photoresponse of a macroscopic gapless 2D material. a) Electrostatic weighting field of a typical Hall bar circuit calculated by
finite element simulation. Source and drain contacts are at a fixed potential, and all other contacts are floating. The color denotes the magnitude of the
field and the white lines indicate the direction of the field. Metal electrodes are indicated in yellow. b) Calculated global Shockley–Ramo response for a
local isotropic excitation due to a Gaussian laser spot with 1 μm spot size. For an isotropic material, only local inhomogeneities of the weighting field
caused by the contacts and the corners result in a photoresponse. c) Assumed random potential fluctuations leading to an inhomogeneous background
potential. The color denotes the relative amplitude of the fluctuations. d) Global Shockley–Ramo response for the same local isotropic excitation as in (b)
but considering the inhomogeneous background potential from (c). The potential fluctuations dominate the photoresponse.
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the weighting field is parallel to the sample edge, still all current
components to the contacts average out (Figure 3b), and no
Shockley–Ramo response can be detected. Only if the weighting
field has a non-negligible component perpendicular to the edge,
the local current perpendicular to the edge can be detected
globally (Figure 3a). Such a photoresponse was demonstrated
in planar graphene devices.[47] There, distortions of the in-plane
electric field at the corners of microfabricated constrictions create
a strong local photoresponse, similar to the situation shown in
Figure 1b. A further distortion of the weighting field arises in
gated devices, as shown in Figure 3a exemplarily for a Bi2Se3 film
on a SrTiO3 substrate.

[64] There, the large dielectric constant of
the SrTiO3 substrate (εr� 104 at 4.2 K) results in a strong in-
plane component near the edges of the TI film (Figure 3c).[64]

The simulated in-plane field can be as high as 107 Vm�1 for
typical experimental parameters (Vgate¼ 100 V). Consequently,
the boundary conditions for the in-plane weighting field must
be adjusted, and a local photocurrent Iphoto perpendicular to
the sample edge can be detected at the contacts for Vgate> 0
(Figure 3a). In TI circuits (Figure 3d), such a gate-activated
Shockley–Ramo response was demonstrated for Bi2Se3 and
BiSbTe3 (Figure 3e) up to 10 K for an interband excitation with
a photon energy of 1.5 eV. The photoresponse arises at the edges
of the circuits (Figure 3f,g).[64] Its amplitude is increased by about
two orders of magnitude compared with the fluctuation-induced
photoresponse, which were concurrentlymeasured in the samples

but with lower amplitude (Figure 2). Furthermore, it was shown
that the photovoltage Vphoto induced by the local current can
be concurrently mapped by a three-terminal measurement.
The three-terminal configuration defines a local conductance
G¼ Iphoto/Vphoto per laser spot (Figure 3d). Intriguingly, this local
conductance is quantized at e2/h for both Bi2Se3 and BiSbTe3
(Figure 3h), and the detection can be switched on and off by
the gate field (Figure 3i). The local conductance quantization
occurs irrespective of the circuit’s global conductance.[64]

To explain the quantized photoconductance, one needs to con-
sider that the millimeter-sized circuits exceed the relevant
transport lengths, such as the mean free path (�10–100 nm)
and the diffusion length of hot charge carriers (several hundred
nanometers).[41] Therefore, the quantized conductance has to be
understood as a local effect. However, the detection mechanism
can be explained by the aforementioned long-range Shockley–
Ramo response.[64] The long-range detection stands in stark
contrast to the Landauer–Büttiker description of quantized con-
ductance and previous mesoscopic optoelectronic detection
schemes, which require a coherent transport between the current
and voltage probes.[65–67] The observed conductance of e2/h
suggests spin-polarized transport, which is consistent with the
helical dispersion of the topological surface states. For excitation
near the sample edge, a net photocurrent is locally generated if
the propagation of charge carriers toward the sample edge is
effectively cut off, possibly by localized scattering sources.

Figure 3. Shockley–Ramo response and quantized conductance in gated circuits. a) Sketch of a thin BiSbTe3 film on a SrTiO3 substrate with field lines.
The weighting field ∇Φ exhibits a component perpendicular to the edge. A local excitation of the surface state (red Dirac cone) at the edges generates a
net charge and spin current perpendicular to the edge (gray arrow). This local current couples to the source–drain electrodes (left and right) through the
weighting field. b) The weighting field aligns parallel to the circuit edges, and the measured charge and spin (gray arrows) currents parallel to the edge
average to zero. c) Electrostatic field distribution between the TI film and the macroscopic bottom gate electrode (at Vgate¼ 100 V) calculated by finite
element simulation. The fields are in units of 107 Vm�1. The large dielectric constant of the SrTiO3 substrate enhances the in-plane component Ex of the
gate field Esub near the edges of the thin film, as indicated by the arrows. d) Bi2Se3 circuit with concurrent photocurrent Iphoto and photovoltage Vphoto
mapping. e) Schematic band structure of bulk insulating BiSbTe3. f ) Macroscopic Hall bar circuit of BiSbTe3 film. Scale bar, 50 μm. g) Photocurrent map
of the area indicated by dashed rectangle in (f ). The current is localized at the edge (dashed line). Scale bar, 1 μm. h) Histogram of the local conductance
defined as G¼ Iphoto/Vphoto. At Vgate¼�14 V, the quantized conductance detection is switched off (gray bars). i) |G| as a function of Vgate. Reproduced
with permission.[64] Copyright 2019, American Physical Society.
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The Shockley–Ramo readout scheme may be utilized for detect-
ing local quantum transport[45] in further nontrivial gapless systems,
such as graphene, Weyl semimetals, or quantum spin Hall insula-
tors. Near-field techniques can further be used to improve the
spatial resolution of the photoconductance imaging beyond the
diffraction limit of the optical excitation to resolve the interplay
of different length scales governing the local photoresponse. The
relevant length scales are the Thomas–Fermi screening length
(a few nanometers), the inelastic mean free path, the diffusion
length of hot carriers, and the optical excitation volume.[40,41]

3. Ultrafast Optoelectronics of TI Surface States

3.1. Charge Carrier Dynamics in TIs

The band structure of TIs and charge carrier dynamics after
optical excitation have been well studied both theoretically by
density functional theory and experimentally by (time-resolved)
ARPES.[15,68–73] Figure 4a shows the schematic band structure of
the prototypical TI Bi2Se3.

[11] Nominally, the bulk band structure
is gapped by an energy gap of �0.3 eV between the valence and
conduction bands. However, as-grown crystals tend to be
n-doped with the Fermi level located in the bulk conduction
bands.[51] The bulk bands are interconnected by the topological
surface states, which form a Dirac cone with helical spin texture.
For a typical optical excitation energy of �1.5 eV, various transi-
tions from the fully occupied valence band up to the (partially)
empty conduction and even into unoccupied topological surface
states can be excited (Figure 4a).[15,69,71] Directly after the optical

transition, the excited electrons and holes form a high energetic
nonthermal population in the bulk conduction and valence band
as well as in the topological surface states. Polarized illumination
can additionally induce a net spin polarization after the excitation
via angular momentum selection rules.[74–76] The nonequilib-
rium population depolarizes and thermalizes via fast carrier–
carrier interaction. The resulting ensemble can be described
by a heated Fermi–Dirac distribution with electron temperature
Te and shifted chemical potential μþΔμ (Figure 4b).[15,70,77] For
Te> 600 K, the hot electron distribution relaxes on a sub-
picosecond timescale τoptical< 1 ps mediated by optical phonon
scattering in the bulk as well as at the surface. For Te< 600 K,
bulk relaxation via 3D acoustic phonons dominates on a time-
scale τacoustic� 4 ps.[70,77] Interestingly, the cooling of surface
states is significantly slowed down for Te< 600 K, which is attrib-
uted to the weak electron–phonon coupling of the surface state in
Bi2Se3.

[78] In addition, in the topological surface states, the cool-
ing of 2D Dirac fermions via acoustic phonon scattering strongly
depends on the charge carrier density.[77] At high doping levels in
bulk conducting TIs, charge carrier scattering and diffusion
between bulk and surface states are allowed (Figure 4c).[79]

Then, bulk and surface state relaxation are comparable, and the
carrier relaxation is well described by a common decay time.[79]

In bulk insulating TIs, however, the surface state carriers
populate in-gap states after the initial thermalization. As a
consequence, the carrier scattering from bulk to surface states is
generally allowed, but the surface to bulk scattering is forbidden
(Figure 4d).[79] Due to the differing mobilities of electrons and
holes, bulk to surface scattering leads to the formation of a surface
photovoltage and a corresponding metastable surface state popu-
lation after optical excitation. This surface population cannot
decay effectively via phonon scattering or surface to bulk diffusion
which results in relaxation times up to several microseconds.[79–81]

3.2. On-Chip Picosecond Time-Domain Photocurrent
Spectroscopy

To temporally resolve the ultrafast charge carrier dynamics of TIs
in the transport signal, a pump-probe time-domain photocurrent
scheme based on stripline circuits can be utilized.[82–85] Figure 5a
shows a typical sample geometry. A thin Bi2Se3 film is contacted
by two metal striplines, which act as high-frequency transmis-
sion lines.[85,86] The Bi2Se3 film is optically excited by a femtosec-
ond optical pump-pulse (with photon energy Ephoton� 1.5 eV).
The resulting in-plane transient response couples to the field
modes of the stripline circuit (Figure 5b), giving rise to a propa-
gating terahertz pulse within the striplines. Finally, a field probe
samples the transient electric field via an Auston-photoswitch
based on ion-implanted silicon with a photocarrier lifetime
τ< 1 ps (Figure 5a).[37] The dispersion and attenuation of the
stripline circuit typically limit the bandwidth to �1–2 THz
(Figure 5c).[84,85,87] In turn, the optoelectronic response of the
Bi2Se3 can be detected via the sampling current Isampling(Δt) with
a (sub-)picosecond time resolution.

Compared with direct time or frequency domain sampling,
using e.g., simply an oscilloscope or a network analyzer, the
presented on-chip terahertz spectroscopy provides orders of
magnitude improved bandwidth and sensitivity. Furthermore, the

Figure 4. Optical excitation and charge carrier dynamics. a) Schematic of
n-type Bi2Se3 with partially filled conduction band states, valence band
states, topological surface state, and unoccupied higher order bands.
Optical excitations at typical experimental photon energies can excite various
transitions between surface and bulk bands. b) After initial thermalization on
a femtosecond timescale, the dynamics are governed by picosecond cooling
of hot carriers near the Fermi edge described by a heated Fermi-Dirac
distribution with electron temperature Te and shifted chemical potential
μþΔμ. c) For bulk conducting TIs, bulk to surface scattering and
vice versa are allowed, and the carrier relaxation is described by a common
decay time. d) For bulk insulating TIs, the suppressed surface to bulk
scattering leads to the formation of a persistent surface state population
and a surface photovoltage on a timescale up to the microsecond regime.
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on-chip pump-probe sampling also obliterates the necessity of
matching the impedance of the topological and nanoscale materi-
als under test to the external measurement circuitry.[34,82,83,85]

A comparable temporal resolution can be achieved by opto-
electronic autocorrelation schemes, which, however, rely on
saturating the electronic response by the pump pulse and neces-
sitate large pump fluences.[36,88] Finally, electro-optic sampling of
the THz radiation emitted into the far-field after optical pumping
can be used to infer information on transient currents and
terahertz conductivity inside the material. The latter technique
enables extremely high temporal resolution down to a few femto-
seconds, only limited by the duration of the probe pulse.[32,89]

However, it is limited to fast processes that radiate strongly into
the far-field, such as for example shift currents.[32,90] By contrast,
the stripline circuits act effectively as near-field antennas probing
a multitude of charge transport phenomena, such as thermo-
electric currents, drift-diffusion currents, displacement currents,
or photo-Dember effects, on various timescales from nano-
seconds to sub-picoseconds.[33,36,37,85,91]

3.3. Femtosecond Switching of Surface Currents via Photon
Helicity Control

The bulk inversion symmetry of tetradymite chalcogenides
precludes the occurrence of a bulk photogalvanic effect by
symmetry.[26] At the surface, however, the crystal symmetry is
reduced, and a circular photogalvanic effect becomes symmetry-
allowed under an oblique angle of incidence (angle θ in
Figure 5a).[92] By these symmetry arguments, photogalvanic
effects form an effective toolbox to study surface related phenom-
ena in typical TI compounds.[12,93,94] Furthermore, photogalvanic
effects can provide a direct measure of Berry curvature in
materials with nontrivial band topology.[95,96] General care must
be taken to differentiate photogalvanic currents from photon drag
currents. The latter show a qualitatively similar polarization

dependence as the photogalvanic currents, but a distinctly differ-
ent dependence on photon momentum.[97] The selective optical
coupling to helical surface states offers the potential for the optical
control of spin and charge currents in TIs. In particular, the cir-
cular photogalvanic effect can generate terahertz transients at the
surface of TIs, which result from a helicity-dependent asymmetric
optical excitation of surface states in momentum space.[85,98,99]

Experimentally, the excitation polarization is usually adjusted
by a quarter waveplate. The time-integrated photocurrent can be
described phenomenologically as (line fit in Figure 6a)

Iphoto ¼ C sinð2αÞ þ L1 sinð4αÞ þ L2 cosð4αÞ þ D (2)

where α is the angle of the quarter wave plate, C is the amplitude
of the circular photogalvanic effect, L1 and L2 are the amplitudes
of the linear photogalvanic effect, and D is the polarization-
independent bulk current.[86,92] At the used excitation energy
of 1.5 eV, optical transition between surface as well as bulk states
are possible (Figure 4). To elucidate the microscopic origin of the
photogalvanic effect, several studies investigated the wavelength
dependence and Fermi-level dependence either by electrostatic
gating or systematic doping of the TI films.[100–103] As the under-
lying mechanism, asymmetric optical transitions between the
topological surface states and bulk bands were identified.[100]

Figure 6b shows the time-resolved photocurrent of a Bi2Se3
thin film for varying excitation polarization, which was measured
by the aforementioned on-chip spectroscopy (Figure 5a).[86] The
photogalvanic current of the topological surface state appears as a
quasi-instantaneous response with a lifetime of �1 ps (red and
blue shaded areas in Figure 6b). Importantly, its amplitude and
sign are uniquely controlled by the photon polarization
(Figure 6c,d) in perfect agreement with the conventional time-
integrated measurement (Figure 6a) at the same oblique angle
of incidence.[86] At later times (>1 ps), the onset of hot electron
currents is resolved with a lifetime of several picosecond consis-
tent with results from time-resolved ARPES.[29,68,70] A more

Figure 5. Ultrafast on-chip circuits with TIs. a) A Bi2Se3 film on a sapphire substrate is optically excited by a pulsed pump laser (200 fs, 1.5 eV) at an angle
of incidence θ. The transient photocurrent couples into the terahertz striplines. At a time-delayΔt, the time-resolved photocurrent Isampling (Δt) is read-out
utilizing a silicon-based Auston switch triggered by a probe pulse. The time-integrated photocurrent Iphoto is measured directly between the contact
electrodes. Reproduced under the terms of the Creative Commons CC BY 4.0 license.[86] Copyright 2015, Nature Publishing Group. b) Simulated finite
element simulation of an even electric field mode between the striplines. c) Frequency-dependent effective refractive index neff and attenuation for a
coplanar gold stripline on sapphire at room temperature. At frequencies f> 1 THz, attenuation and dispersion limit the bandwidth of the detection circuit.
Reproduced with permission.[85] Copyright 2017, IEEE.
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detailed analysis of the temporal evolution of the ultrafast photo-
galvanic currents, which considered the dispersion and attenua-
tion of the stripline circuits, yielded an upper bound of 670 fs for
the temporal duration of the photogalvanic current.[85] Thereby,
the experimental results suggest that the spin and momentum
relaxation govern the dynamics of the photogalvanic surface cur-
rents. Time-resolved ARPES experiments indicate that interband
transitions at mid-infrared energies below the bulk gap generate
substantial photogalvanic surface currents with prolonged
lifetimes.[27,104] Ultrafast spin phenomena may be utilized to fur-
ther extend the fundamental bandwidth limit of TI-based photode-
tectors, photoswitches, or terahertz sources above the terahertz
regime compared with charge-based photoswitches.[105,106] Further
ARPES studies demonstrated that the k-space distribution of TI
states, and therefore the ultrafast surface currents, can be manipu-
lated not only via optical interband transitions and their correspond-
ing selection rules,[27,107] but also via the coherent interaction
between the surface bands and a strong infrared field.[108,109]

3.4. Surface State Photoconductance

For many TIs, the surface lifetime is only a few picoseconds as
described in the previous sections. BTS, however, was reported to
exhibit surface states with long lifetimes even up to microsec-
onds and relatively short-lived bulk states with a lifetime in
the range of several tens of picoseconds.[80,110] A charge drift

caused by a surface photovoltage was attributed to explain the
difference. As a compensated TI, BTS has a relatively low
residual carrier concentration in the bulk, such that the charge
and spin transport is dominated by its topological surface
states.[111,112] Finally, BTS can be grown in the form of nano-
wires, which is advantageous for future information technology
circuits with a nanoscale footprint.[113,114]

Figure 7a shows a BTS nanowire integrated into an on-chip
terahertz circuit. The circuit is equivalent to the one shown in
Figure 5. A pulsed pump laser excites the BTS nanowire, and
a time-delayed probe laser reads out the sampling current
Isampling(Δt) at a distanced metallic field probe (Figure 7b).
The surface and bulk states contribute at different timescales
to the overall pump laser-induced transient current across the
BTS nanowire. Figure 7c shows Isampling for the nanowire. A fast
current contribution (red) with a timescale of τfast¼ 46� 6 ps
was related to the hot carrier dynamics in the bulk states of the
nanowire driven by an applied bias voltage Vsd.

[110] Because of
the peculiar setting of the Fermi energy in BTS within the surface
states, the second current contribution with τsecond¼ 439� 32 ps
(blue) was interpreted to stem from the surface states of the
nanowire. Very similar timescales were found for platelets
formed from BTS by both terahertz time domain spectroscopy
and by time-resolved ARPES measurements,[80,115] such that
the surface current dynamics appear to be independent from
the nanowire configuration. Figure 7c shows another aspect of

Figure 6. Ultrafast circular photogalvanic effect in TIs. a) Time-integrated photocurrent as function of excitation polarization for a Bi2Se3 thin film showing
a linear and circular photogalvanic effects with a fit according to Equation (2). b) Time-resolved photocurrent Isampling as a function of the time delay and
the excitation polarization measured in an ultrafast on-chip circuit, as shown in Figure 5. Red and blue peaks are the polarization-controlled ultrafast
currents. c) Polarization-dependent component of Isampling with a fit according to Equation (2) demonstrating an ultrafast circular photogalvanic effect in
the Bi2Se3. d) Schematic of the photogalvanic current in the direction of ky to the right contact (red) or -ky to the left contact (blue) with an in-plane spin
polarization. Reproduced under the terms of the Creative Commons CC BY 4.0 license.[86] Copyright 2015, Nature Publishing Group.
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BTS. As it is metallic at room temperature, a bolometric photo-
current can give rise to a negative offset current on top of the
rather short-lived bulk and surface states’ currents. Seifert
et al. simulated the quasistationary heat profile of the BTS nano-
wire excited with a pulsed laser with a repetition frequency of
80MHz.[110] The corresponding heat diffusion has a timescale
of several nanoseconds and can increase the crystal temperature
up to 100 K at the laser spot. The bolometric contribution
depends linearly on the laser power and has a negative sign
as expected for metals (Figure 7d). By contrast, the current con-
tributions from the surface and bulk states have a positive sign,
and they saturate for an intensity exceeding 4mW
(Figure 7e).[110] In turn, the pulsed photoconductance of BTS
nanowires peculiarly can change sign as a function of laser
power. On top, the ultrafast photocurrent spectroscopy revealed
that THz radiation is generated occurring in the Schottky deple-
tion field of the metal contacts (Figure 7f,g). The observed band-
width is significantly lower than the record bandwidth of 40 THz
as was achieved by an ultrafast charge transfer along individual
bonds in Bi2Se3.

[32] However, the results of Figure 7 show that
BTS nanowires can effectively act as terahertz generators in
on-chip circuits at room temperature.

3.5. Spin Hall Photoconductance

After optical excitation, the topological surface states and the bulk
states are widely described as a coupled system (Figure 4 and
Section 3.4). At the same time, the bulk of 3D TIs supports
the generation of a pure transverse spin current js in the presence

of an electric field E, which is mediated by the spin Hall effect in
the bulk states.[116] In an ideal TI with insulating bulk, the topo-
logical connection of the surface bands demands a respective
pure spin current through the bulk in the presence of spin relax-
ation.[116] Such a bulk spin Hall effect was detected in a laser hel-
icity-resolved optoelectronic experiment (Figure 8). An exfoliated
BTS crystal was contacted via two Ti/Au contacts, and a bias volt-
age Vsd drove a charge current j through the BTS.[115] The bulk
spin current js is always transverse to the charge current in the
metallic surface states and it transports spins between the topo-
logical surface states with opposite spin helical structure. Under
a circularly polarized excitation near the edges of the platelet, the
bulk spin Hall effect drives a spin polarization at the vertical side
facts. In turn, the spin polarization can be detected as a helical
photoconductance of the surface states (Figure 8a). Figure 8b
shows an image of an electrically contacted 90 nm-thick BTS
flake. The corresponding laser-helicity-resolved photoconduc-
tance maps for opposite current directions (Figure 8c,d) display
a helicity-dependent photoconductance with opposite sign at the
edges of the BTS flake. These signals reflect the difference
ΔGhelical¼Ghelical(σ�) –Ghelical(σþ) of the photoconductance
Gphoto (Figure 8e–g). The absence of a helicity-dependent photo-
conductance signal at normal incidence away from the edges is
consistent with the in-plane spin polarization associated with the
top/bottom surface of the flake.[86,117] Furthermore, magneto-
optic Kerr rotation measurements at the left edge and right edge
of the flake demonstrated bias-dependent Kerr angles θk. In these
measurements, the sign of θk was opposite at opposite edges of
the BTS and at opposite applied bias (Figure 8h,j). By contrast, θk

Figure 7. Ultrafast photocurrents and terahertz generation in topological Bi2Te3Se-nanowires. a) Optical microscope image of a BTS nanowire.
b) The nanowire is integrated into an ultrafast terahertz-time domain photocurrent spectroscopy circuit with bias voltage Vsd. Scale bar is 30 μm.
c) Time-resolved photoresponse for Vsd¼ 2 V with a pump pulse focused onto the center of the nanowire (Ephoton¼ 1.54 eV, pulse duration
�150 fs, room temperature). The fast dynamics (red curve) are associated with bulk carriers, the slower dynamics (blue curve) are associated with
surface state carriers, and the offset is due to a bolometric photoconductance. d,e) Power dependence of the bolometric and surface (bulk) photo-
conductance, respectively. f ) Time-resolved photoresponse at very short timescales reveals terahertz generation in the nanowire (Vsd¼ 0 V). g) Fast
Fourier transformed power spectrum of the terahertz response. Reproduced with permission.[110] Copyright 2017, American Chemical Society (further
permissions related to the material excerpted should be directed to the ACS).
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vanishes at the center of the platelet (Figure 8i). The bias-depen-
dent Kerr signal was interpreted as a signature of the bulk spin
Hall effect-induced spin accumulation. Then, the equal bias
dependences of θk and Ghelical indicate that an optical excitation
near the side facets can modulate the transverse spin current js.
The resulting accumulation of spin polarization at the edges
enters the measured conductance in the side surface states. In
the limit of low disorder, the surface spin relaxation time is
identical to the momentum scattering time because of spin
momentum locking.[118] In the regime of strong disorder, how-
ever, the spin relaxation time can increase for sufficiently small
momentum scattering times similar to the regime of motional
narrowing in the presence of dominating D’yakonov–Perel spin
relaxation.[119–121] Such an enhanced momentum scattering can
in fact lead to an increased conductivity at the topological side
surfaces in BTS which is modulated under circularly polarized
excitation. In the bulk states, the spin Hall effect-mediated spin
transport has been shown to be governed by an Elliott–Yafet-type
spin relaxation with a spin relaxation time of τs� 5 ps.[122] The
decay time of Ghelical was found to be τdecay¼ (463� 13) ps.
While exceeding the spin relaxation time by far, the decay time
agrees very well with the surface lifetime of the BTS platelets
(Figure 7c for the equivalent material).[110] Hence, Ghelical pre-
vails as long as τdecay within the surface states of the side facets.
Importantly, in an independent study, it was shown that the bulk
spin Hall effect-mediated side surface spin conduction exhibits

an exceptionally high charge-to-spin conversion efficiency of up
to 35%, which renders such TI nanostructures promising devices
for optoelectronic control of spin currents.[122]

4. Beyond TIs: Weyl Semimetals

Recently, the notion of topology in band structure has been
greatly expanded beyond TIs.[13] In a simple picture, a material
is topological if it exhibits band crossings protected by global
symmetries and topological invariants. Initially regarded rare
exceptions, recent theoretical studies show that 25% of all mate-
rials have such nontrivial bands.[13] For insulators, the bulk is
gapped throughout the Brillouin zone. Then, the topological
band crossings can only appear at the crystal surface, edges,
or corners,[123] where they exhibit a helical dispersion with a
single Dirac point. Their stability is ensured by the fact that sur-
face states with opposite helicity are separated in real space on
different crystal facets. By contrast, for 3D semimetals, topologi-
cal band crossings occur in the bulk Brillouin zone.[124] In so-
called Weyl semimetals, these band crossings come as pairwise
points of opposite chirality and their projection onto the crystal
boundaries is accompanied by arc-shaped topological surface
states.[125] The stability of the Weyl points is ensured by the
separation of these chiral states in momentum space due to
an underlying broken inversion symmetry.[125] The resulting
Berry curvature ΩnðkÞ of the bands diverges near the topological

Figure 8. Helicity-dependent edge conductance at room temperature. a) Sketch of a BTS platelet in a metal/TI/metal geometry. Red (blue) spheres
represent the electron spin polarization on the right (left) facet of the platelet, when a bias voltage Vsd is applied between source and drain. The electron
current j gives rise to a transverse spin current js. Under circularly polarized excitation at normal incidence near the side facets, optically excited spins are
similarly driven into this transverse direction giving rise to a helical photoconductance of the side surface state. b) Optical microscope image of a BTS
platelet (highlighted by dashed lines) contacted by two Ti/Au contacts. c,d) Spatial map of the photoconductance generated by the circularly polarized
light at Vsd¼þ1.2 V (c) and Vsd¼ –1.2 V (d). A photoelastic modulator allows detecting the difference ΔGhelical¼Ghelical(σ�)�Ghelical(σþ) of photo-
conductance between σ� and σþ polarized light. e–g) Total photoconductanceGtotal as a function of the laser polarization at the left edge, right edge, and
the center (blue, red, and gray dots in (b)). The symbol ↔ denotes linearly polarized, ↻ circularly right-polarized light, ↺ circularly left-polarized light.
h–j) Kerr angle θk versus Vsd at the left edge (h), center (i), and right edge (j) of the BTS platelet. Reproduced under the terms of the Creative Commons CC
BY 4.0 license.[115] Copyright 2018, Nature Publishing Group.
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Weyl points, which gives rise to a plethora of predicted optoelec-
tronic phenomena, including quantized photogalvanic effect,
anomalous Hall effect[20,126] as well as selective coupling between
photon and Weyl Fermion chirality.[96,127]

Therefore, the last section of this Review serves as an outlook
into the rapidly expanding field of topological materials by
exemplarily discussing optoelectronics of the topological semi-
metal WTe2 and selected Berry curvature-related optoelectronic
phenomena.[20,96,126,128–130] The Berry curvature fundamentally
impacts the electronic properties of a material via a quantum
correction to the band velocity.[131] For an electron with wave-
vector k and band index n, the band velocity reads

vnðkÞ ¼
∂EnðkÞ
ℏ ∂k

� e
ℏ
E � ΩnðkÞ (3)

The second term in Equation (3) is the anomalous velocity from
the Berry curvature, which is transverse to the electric field E and
results in various Hall effects.[131] Symmetry principles
dictate that ΩnðkÞ ¼ �Ωnð�kÞ for a time-reversal invariant
system, and ΩnðkÞ ¼ Ωnð�kÞ at the presence of spatial inversion
invariance.[131] Then, for a broken time-reversal symmetry, a net
Berry curvature can occur when integrating across the Brillouin
zone, leading to a net Hall conductivity and a corresponding Hall
voltage under applied bias.[131] If inversion symmetry is broken,
as for example in the Td-phase of the Weyl semimetal WTe2
(Figure 9a,b), the Berry curvature can exhibit a dipolar structure
in the Brillouin zone.[96,131] As a consequence, a nonlinear,
crystal-axis-dependent, anomalous Hall effect arises in WTe2,
although time-reversal still dictates overall a zero-integrated
Berry curvature.[132,133] Alternatively, time-reversal symmetry

can effectively be broken by a circularly polarized optical excita-
tion due to the Berry curvature-dependent chiral selection rules
of the Weyl points, which was shown to give rise to a linear
photoinduced Hall effect in WTe2.

[88] For optoelectronic meas-
urements, the WTe2 crystal was contacted via four electrodes
in a multiterminal configuration (Figure 9c). Between two elec-
trodes an external (longitudinal) bias Vbias was applied, and along
the perpendicular (transversal) direction a photovoltage Vphoto

was measured for a circularly left- and circularly right-polarized
excitations, respectively. The exact crystal orientation was
determined via polarization-resolved Raman spectroscopy
(Figure 9d).[88,134] In such a configuration, a transverse photovolt-
age can be detected which switches polarity with both the helicity
of the exciting laser (Ephoton¼ 1.5 eV) and with the polarity of the
applied external bias (Figure 9e). The corresponding photo-
induced transverse (Hall) conductivity is either directly based
on the photon chirality[126] or on the corresponding excited spin
density in the WTe2.

[115,135] Importantly, the linearly bias-
dependent transverse photovoltage Vhelical was found only,
if the bias was applied along the a-axis orthogonal to the mirror
planeMa, which is in turn consistent with the anisotropic, dipolar
Berry curvature at the Fermi surface.[136] By a time-resolved auto-
correlation scheme, the decay time of the photoinduced trans-
versal voltage was found to be on the order of τslow� 100 ps,
whereas the decay time of the photoinduced longitudinal current
was found to be τfast� 2 ps.[88] An independent study reported a
nanosecond spin relaxation time determined by the time-resolved
magneto-optical Kerr effect, which was interpreted to be limited
by the phonon-assisted recombination of momentum indirect
electron–hole pairs.[137] The observed decay time τslow� 100 ps

Figure 9. Polarization-resolved transverse photovoltage spectroscopy of Weyl semimetal WTe2. a) Crystal structure of few-layer WTe2 (side view). In the Td
phase, inversion symmetry is broken along the b-axis. b) Crystal structure of Td-WTe2 with mirror plane Ma (top view). c) Schematic of the four-terminal
photo-Hall voltage geometry. The bias V1–3 is applied between the contacts labeled (1) and (3). The transverse voltage V2–4 is measured between the
contacts labeled (2) and (4). d) Polarization-resolved Raman spectra of WTe2 reveal the crystal orientation. e) Bias dependence of the helicity-dependent
contribution to the photovoltage Vhelical

2�4 . f ) Comparison of Vhelical for Vbias applied along the crystal axes orthogonal (yellow, 2–4) and parallel (gray, 1–3) to
the mirror plane Ma. Reproduced with permission.[88] Copyright 2019, American Physical Society.
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at an excitation pulse length of 150 fs further rules out coherent
contributions, such as a light-field-induced anomalous Hall con-
ductivity based on a Floquet state.[126] Therefore, the transverse
helical photovoltage was assigned to originate from the long-lived
nonequilibrium spin density, which at the microscopic level can
drive both a linear spin Hall effect and an anomalous Hall effect.
Overall, such optoelectronic spectroscopy can provide a versatile
tool to probe Berry curvature-related phenomena and Weyl
fermion dynamics in topological metals, which is complementary
to conventional transport spectroscopy, such as measurements of
the nonlinear Hall effect.[132,133]

5. Conclusion

In conclusion, we report on ultrafast and spatially resolved
optoelectronic transport properties of TIs that result from an opti-
cal laser pulse excitation in the visible to near-infrared regime.
We describe the initial charge and spin carrier relaxation and ther-
malization processes and show how photothermoelectric currents
can give rise to a local photocurrent generation in the surface
states. A Shockley–Ramo theorem explains why a photocurrent
signal can be detected even on millimeter distances, whereas the
intrinsic transport length scales, including the diffusion length of
hot carriers and the ballistic transport length, are orders of magni-
tudes smaller. Applying the same Shockley–Ramo theorem to Hall
bars with multiple current and voltage probes further allows resolv-
ing a quantized photoconductance in terms of e2/h in the topologi-
cal surface states. The dynamical response of the hot carriers in the
surface states can be resolved by advanced pump-probe terahertz-
time domain photocurrent techniques. Such ultrafast measure-
ments allow distinguishing photogalvanic effects within the surface
states from thermoelectric currents and bolometric photocon-
ductance phenomena as well as from terahertz-generation mech-
anisms within the TIs. Finally, we describe transversal conductance
phenomena which can be resolved in optoelectronic measure-
ments. Among these are the spin Hall conductance induced by
bias-driven bulk states of TIs and the transversal photovoltage
in Berry-phase-dominated topological materials. Especially, the
ultrafast measurements demonstrate that TIs can be utilized in
optoelectronic high-frequency circuits even at room temperature.
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