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Abstract: Standing on the potential for high-speed modulation and switching in the terahertz (THz)
regime, all-optical approaches whose response speeds mainly depend on the lifetime of
nonequilibrium free carriers have attracted a tremendous attention. Here, we establish a novel
bi-direction THz modulation experiment controlled by femtosecond laser for new functional devices.
Specifically, time-resolved transmission measurements are conducted on a series of thin layers
Bi2Se3 films fabricated straightforwardly on Al2O3 substrates, with the pump fluence range from
25 μJ/cm2 to 200 μJ/cm2 per pulse. After photoexcitation, an ultrafast switching of THz wave with a
full recovery time of ~10 ps is observed. For a longer timescale, a photoinduced increase in the
transmitted THz amplitude is found in the 8 and 10 quintuple layers (QL) Bi2Se3, which shows a
thickness-dependent topological phase transition. Additionally, the broadband modulation effect of
the 8 QL Bi2Se3 film is presented at the time delays of 2.2 ps and 12.5 ps which have a maximum
modulation depth of 6.4% and 1.3% under the pump fluence of 200 μJ/cm2, respectively.
Furthermore, the absorption of α optical phonon at 1.9 THz shows a time-dependent evolution which
is consistent with the cooling of lattice temperature.
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1. Introduction
Benefiting from the breakthrough of ultrafast
lasers and semiconductors in recent decades, the
understanding of THz frequency has been
dramatically deepened especially in its source and

detection. Bright prospects in myriad aspects such as
imaging [1], communication [2], and sensing [3]
have been revealed, thus attracting increasing
research efforts. Considering many basic functional
devices in other wave bands cannot be well
transplanted to the THz regime, tunable devices
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operating in the THz regime and preferably working
at room temperature are still urgently desired.
Conventionally, the subwavelength periodical
structure
with
noble
metals,
so-called
metamaterial/metasurface, which can overcome the
limitations of weak electromagnetic response of
natural materials with THz wave, is once regarded
as the promising alternative to the THz
optoelectronic and plasmonic devices [4]. However,
their dielectric properties can only be slightly
engineered in metal [5]. In comparison, hybridized
metamaterials with tunable semiconductors (e.g., Si,
GaAs, and perovskite) have shown remarkable
modulation effects as well as the flexibility in
selecting the modulation process, including the
optical, electrical, thermal, or mechanical method
[6, 7]. In view of this, one interesting and intriguing
research routine is to construct suitable material
systems with significant optoelectronic and
plasmonic characteristics, in order to realize
effective controllability of electromagnetism.
Topological insulator (TI) is a new quantum
phase of matter [8, 9]. Owing to the presence of
Dirac cone in the surface band structure, the
topological surface state (TSS) exhibits a typical
metal property, while the bulk state remains an
ordinary semiconductor behavior [10]. The natural
coexistence of metallic and semiconducting
behaviors of TIs without the artificial progress as
well their stable surface with strong antioxidant
property are remarkable advantages for novel
tunable THz devices [11–14]. Though there is an
intrinsic distinction in the photoconductivity
response mechanism between the bulk state and the
metallic TSS, Bi2Se3 has shown significant
potentials for the applications of bi-direction THz
modulators.

2. Methods
In this work, we demonstrate an ultrafast
photoactive switching of Bi2Se3 films layered from

269

2 quintuple layers (QL), 4 QL, and 8 QL to 10 QL
by
using
optical-pump-THz-probe
(OPTP)
spectroscopy. A Spectra Physics Ti: Sapphire
regenerative amplifier system which can produces
800 nm pulses (1 kHz, ~100 fs) acts as a light
resource. The pump pulse of 400 nm is generated by
the second harmonic generation. A broad band THz
probe in the range of 0.1 THz to 2.1 THz is
employed in this study. Two <1 1 0> ZnTe crystals
are used to generate and detect THz fields via
optical rectification and electro-optic sampling.
Under photoexcitation [see Fig. 1(d)], the
photoinduced suppression and enhancement of
transmitted
THz
radiation
are
observed
simultaneously, showing different responses when
compared with their semiconductor counterparts. In
the case of 8 QL sample, which has different carriers
in bulk state and TSS, the distinguished THz
switching behavior (i.e., over 8% modulation depth)
is presented within 5 ps under a considerably low
pump fluence of 200 μJ/cm2. Additionally, the
broadband photoinduced switching is realized but
not limited from 0.1 THz to 2.0 THz. Especially for
α optical phonon with the resonant frequency of
1.9 THz, a time-evolved suppression effects is found
on THz modulation, which provides an additional
degree of freedom for spectral modulation.
Furthermore, it is possible to achieve the ultrafast
THz switching within 5 ps via the superimposed
response from the spatial thermal diffusion effect
[15]. Importantly, the various species of quantum
states
including
Dirac
electrons
and
semiconductor-liked bulk states make possible for
Tis’ applications in ultrafast photoactive switches
and dynamic manipulation of THz waves.

3. Results and discussion
3.1 Growth and characterization of Bi2Se3 films
Bi2Se3 films are grown on the sapphire substrate
by a customized molecular beam epitaxy (MBE)
under a base vacuum of ~1.0 × 10‒10 Torr. The growth
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Fig. 1 Characterization of Bi2Se3 films by: (a) RHEED
pattern, (b) AFM, (c) Raman spectroscopy, and (d) schematic
diagram of photoactive switching of THz wave with the Bi2Se3
sample.

To further characterize the Bi2Se3 films, the
Raman spectroscopies of various layers of Bi2Se3
samples are measured, as illustrated in Fig. 1(c).
From this figure, three characteristic peaks are
identified at 70.9 cm‒1, 131.2 cm‒1, and 174.3 cm‒1,
with the corresponding central frequencies of
phonon modes to be 2.11 THz, 3.91 THz, and
5.19 THz. This result is in good agreement with the
out-of-plane vibrational modes A11g, A21g, and the
in-plane vibrational mode E2g of Bi2Se3 films [16].
Moreover, to explore the possibility of photoactive
switching to THz wave, the OPTP measurement

used in a ZnTe nonlinear crystal is performed on the
Bi2Se3 samples, and the relevant transient THz
transmission results are shown in Fig. 2.
(b)

(a)
ΔE/E0 (10−2)

is monitored in situ by the reflection
high-energy-electron diffraction (RHEED, RH
30 OM) pattern, with a growth speed stable at about
0.25 QL/min. Thus, we can accurately change the
layer numbers of Bi2Se3 films by tuning its growth
time. The RHEED pattern is presented in Fig. 1(a),
indicating that the lattice constant of our epitaxy
Bi2Se3 is 4.194 Å, which is consistent with the
reported lattice constant of rhombohedral Bi2Se3
(4.140 Å). Additionally, the film quality is further
confirmed by atomic force microscope (AFM,
Innova) [Fig. 1(b)]. Overall, our films exhibit a good
flatness over a relatively large detection field range.
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Fig. 2 Thickness-dependent topological phase transition:
(a) measured transient THz transmission spectra for the Bi2Se3
samples with different layers (i.e., 2 QL, 4 QL, 8 QL, and 10
QL) showing a double phases recombination process for
various time delays and (b) evolution of the band structure of
the Bi2Se3 films with an increase in the layer number from 2
QL to 10 QL.

It should be noted that in Fig. 2(a), E0 and EPump
represent the peak values of transmission waveform
without and with pump light, respectively, and the
pump-induced change in transmission amplitude is
denoted as ΔE = EPump – E0. Compared with the
traditional semiconductors, the TSS of TI makes the
time-resolved THz transmission spectra a more
complex scenarios instead of an exponential decay
process that is proportional to the nonequilibrium
carrier density after excitation. Note also that at the
time delay of τ = 22 ps, a peak is observed in ΔE
curves, which is caused by the back reflection of
pump laser on the substrate.
3.2 Ultrafast photoinduced response to THz of
Bi2Se3 films
During the first several picoseconds (~7 ps), ΔE
of three Bi2Se3 films (i.e., 4 QL, 8 QL, and 10 QL)
is obviously negative, which is presented as a rapid
drop in Fig. 2(a). What follows is an increase in THz
transmission in 8 QL and 10 QL Bi2Se3 films. Such
unusual transparency in 8 QL and 10 QL Bi2Se3
films is attributed to the metallic property of TSS
[17]. When an optical pulse approaches, the
temperature of the electronic system will rise, with
concomitant results of an increased nonequilibrium
carrier density and an enhanced scattering rate.
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Owing to the metallic TSS property, the impact of
the increased scattering rate greatly exceeds the
nonequilibrium carrier density in the surface. Thus,
after the bulk nonequilibrium carriers survived for
the first few picoseconds, the TSS of Bi2Se3 films
would possess a stronger and dominant negative
photoconductivity, along with the increasing
transparency [18].
The vivid topological phase transition is
presented in Fig. 2(b), considering several QLs.
According to theoretical calculations, 2.5 nm (1 QL
≈ 1 nm) is a critical thickness where a phase
transition will take place [19]. For 2 QL Bi2Se3 film,
which belongs to the two-dimentional (2D) trivial
insulator phase, the band structure is similar to an
ordinary semiconductor. Thus, only a negligible dip
(< 0.2%) is observed in the OPTP test of 2 QL film,
which can be barely used for THz modulation.
Further to that, as illustrated in Fig. 2(b), a stronger
bulk state naturally exists in a thicker film resulting
in the higher modulation depth in 8 QL and 10 QL
films at τ = 2.2 ps. On the other hand, the band gap
appears in the surface because of the coupling of
boundary modes induced by quantum tunneling [19,
20]. One salient example is the 4 QL film, whose
wave functions of two surfaces with opposite spins
overlap, leading to the quantum hybridized TSS and
the flat ΔE curve after τ = 10 ps. It is evident that the
band gap would shrink with an increase in the film
thickness and completely disappear after 6 QL [21].
In terms of the 8 QL and 10 QL films, their upper
and lower band cross each other and form a Dirac
cone exhibiting a TSS feature. Therefore, only 8 QL,
10 QL, and thicker Bi2Se3 films can accomplish
bi-direction THz switching. Notably, the surface
modulation of 8 QL film is better than that of 10 QL
film, which is originated from the suppression effect
of the surface charged-impurity scattering rate,
caused by injected bulk electrons when the
temperature is higher than 180 K (Debye
temperature) [22].
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In order to further support out claims on the
photoactive switching of 8 QL Bi2Se3 sample, we
carry out temporal THz transmission measurements
under various pump conditions, considering two
time delays of 2.2 ps (dominated by bulk carriers)
and 12.5 ps (dominated by TSS scattering rate), and
the corresponding results are presented in Fig. 3.
According to the previous discussion, the 8 QL
sample responses more effectively to THz wave
within 10 ps than the thinner counterparts.

(a)

(b)
Fig. 3 Measured temporal THz wave transmitted through 8
QL Bi2Se3 sample at the time delay of: (a) 2.2 ps and (b) 12.5 ps,
respectively. The inset of (a) is the frequency averaged
modulation depth as a function of pump fluence.

From Fig. 3, one can see that the amplitude of
temporal THz wave increases with the pump fluence
at the time delay τ = 2.2 ps. The frequency averaged
modulation depth (defined as the |ΔE / E0|)
approaches its maximum value of 6.4% when
pumped with 200 μJ/cm2 laser. Given its ultrathin
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thickness of 8 QL Bi2Se3 (~8 nm) and no additional
metal structure, this modulation depth is of great
significance even if compared with the
perovskite-based photoswitch with the resonance
structure, which was recently reported in [23].
According to the inset of Fig. 3(a), the modulation
depth is linearly proportional to the pump fluence
and not saturated within the measured range,
suggesting that the modulation depth can be further
enlarged by using a stronger photoexcitation [24].
However, the modulation behavior of Bi2Se3 at τ =
12.5 ps is comparatively weaker, reaching a
modulation depth of 1.3% under 200 μJ/cm2. It is
worth to mention that most of the reported
photoactive THz switches and modulators can only
control the transmitted loss of THz wave. In
comparison, our Bi2Se3 sample exhibits the THz
modulation in double directions, revealing its
potential for furnishing enhanced transmission under
pump condition [23, 25].

dip at 1.9 THz is attributed to α optical phonon
absorption, and the relevant modulation behavior of
Bi2Se3 is found to be completely suppressed at τ =
2.2 ps (< 0.2%) [19], but approximately 1%
modulation depth is achieved at τ = 12.5 ps. Such
phenomenon is responsible by the high lattice and
electron temperature after pump excitation. During
the initial period after light injection, the lattice
temperature of the sample is maintained at a
relatively high state. At this time, the phonon mode
has been all excited by thermal energy, and THz
absorption by optical phonon resonance (at ~1.9 THz)
will be suppressed. This saturation effect will
decline with an increase in the time delay, as shown
in Figs. 4(a) and 4(b) [27, 28], and the modulation
depth at 1.9 THz is related to the lattice temperature.
This unique modulation feature provides extra

3.3 Ultrafast photoactive THz switching of Bi2Se3
films
For completeness, the frequency-resolved THz
transmission spectra are calculated through the fast
Fourier transform (FFT) method. It is found from
Fig. 4 that THz waves from 0.1 THz to 2.0 THz are
effectively modulated, which presents the broadband
switching behavior of Bi2Se3 that may facilitate
practical application in the wavelength division
multiplexing communication [26]. In the case of τ =
2.2 ps [see Fig. 4(a)], its modulation depth at 0.6 THz
region achieves around 7.7%, similar to the
frequency averaged results. Additionally, double
dips, located at 0.9 THz and 1.9 THz, are deviated
from the classical Drude model for transmission
spectra shown in Fig. 4. Owing to the band bending
near the surface in 4 QL, 8 QL, and 10 QL films,
quantum well states (QWSs) are hold as discrete
eigenstates as shown in Fig. 2(b). This special
quantum state is characterized by a broad dip of THz
absorption (at 0.9 THz) in Fig. 4. Furthermore, the

(a)

(b)
Fig. 4 Corresponding frequency-resolved THz transmission
spectra of Fig. 3 at the time delay of: (a) 2.2 ps and (b) 12.5 ps,
calculated by the FFT method. Here, two resonant absorption
features at 0.9 THz and 1.9 THz are observed, which are caused
by the quantum well state (QWS) and optical phonon,
respectively.
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Table 1 Some optically controlled THz modulators based on
2D material system.

2018
2013
2015

nanowires
Monolayer
MoS2
Bilayer
graphene
Monolayer
graphene
Few layer
MoS2

Modulation

Modulation

depth

bandwidth

condition

0.1 THz‒

800 nm

4 THz

280 μJ/cm2

0.5 THz‒2

400 nm

13％ ↓
30％ ↑
1.5％ ↑
4％ ↑
3.2％ ↓

THz

2

280 μJ/cm

0.5 THz‒2.5

800 nm

THz

340 μJ/cm2

0.5 THz‒1.5

800 nm

THz

160 μJ/cm2

0.5 THz‒2.5

800 nm

THz

340 μJ/cm2

Ref.

1

[29]
0

[30]
[31]
[32]
[33]

Last but not least, our studies also reveal
high-speed switching behaviors of these Bi2Se3 films.
Unlike some reported photoactive modulators based
on the semiconductor substrate (silicon, GaAs, and
Ge) whose switching speeds are limited to
milliseconds due to their long recombination time,
the spatial thermal diffusion mechanisms (i.e.,
electrons move away from the probed area) of bulk
nonequilibrium carriers in the Bi2Se3 sample can be
ultrafast switched off and completely recovery for
the broadband THz wave within several picoseconds
(< 5 ps). As presented in Fig. 5(a), the ΔE / E0 reaches
its minimum value at around 2.6 ps after
photoexcitation and then recombines to the zero
level within 10 ps. However, in the longer time range
[see Fig. 5(b)], where the surface state is dominant,
the ΔE / E0 increases to its maximum within the
delay time of tens picoseconds and then returns to

Unit: μJ/cm2
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4
3
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(a)
Unit: μJ/cm2

0.6

ΔE / E0 (10−2)

Year

the steady state within several hundred picoseconds.
For simplicity, the exponential function of
y = ke − t /τ + y0 i s a d o p t e d t o e s t i m a t e t h e
recombination time of the negative ΔE / E0. Here, k
and τ are the ratio coefficient and recombination
time, respectively. According to the inset of Fig. 5(a),
the bulk state related recombination time is 1.87 ps
under the pump fluence of 25 μJ/cm2 and turns
slightly longer ~4.51 ps under a 200 μJ/cm 2
photoexcitation. Hence, it is believed that our Bi2Se3
sample can be switched off within 2.6 ps after
photoexcitation and then recombines within 5 ps,
verifying the ultrafast switching behavior of TI
devices when compared with the recently reported
perovskite-metasurface case [23]. Comparatively,

150
50

100
25

0.4

Recombination time (ps)

flexibility in the design of active THz devices with
Bi2Se3 films. For convenience of comparing the
performances between similar devices, we put
Table 1 and list some reported optically controlled
THz modulators based on 2D materials whose
thickness is parallel to our TIs. The directions of
those arrows under the column of “Modulation
depth” refer to the modulation effects (increase or
decrease) after pumping. Under a similar modulation
condition, our sample is found to have comparable
modulation depth among these devices with two
optional directions.
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(b)
Fig. 5 Excitation dynamics of the 8 QL Bi2Se3 sample with
respect to the pump-probe delay dominated by: (a) bulk state
(within ~5 ps) and (b) TSS, respectively. The empty circles are
experimental results by using the OPTP measurements for
various pump fluences. The solid lines are the fitting results of
the recombination processes. The insets describe the
recombination time as a function of pump fluence.

Photonic Sensors

274

the recombination process is much longer in the TSS
dominated region, which is calculated to be 61.6 ps −
109.7 ps for various pump fluences, showing a
graphene-like behavior.

4. Conclusions
In conclusion, we have performed an in-depth
study of photoactive switching features for THz
wave inside the Bi2Se3 films. The OPTP
measurement reveals that our Bi2Se3 samples have
great potentials for the applications of ultrafast and
broadband THz switches. By comparing the OPTP
responses of few layers Bi2Se3 films, it is found that
an ultrafast photoactive THz modulation can be
completed within 10 ps, corresponding to a
modulation speed of 200 GHz, far beyond the speed
of other semiconductor-based THz modulators. Such
a fast response relies on the spatial hot-electrons
diffusion, which is more significant in thinner
samples since the reduced diffusion direction makes
Bi2Se3 films suitable for high-speed photo-switches.
Furthermore,
by
comparison
of
this
time-evolved THz response for both TSS and bulk
states of the Bi2Se3 film, bi-direction modulation and
switching of transmitted THz wave are realized by
tuning external pump condition. In particular, the
8 QL Bi2Se3 is proved to be an ideal material for the
design of THz photo-switches, with an effective
frequency range from 0.1 THz to 2.0 THz and the
maximum modulation depth of 7.7%. Our work
suggests that excellent properties of Bi2Se3 films
make themselves promising candidates to achieve
the effective modulation and switching of THz
waves, as well as the application in the low-cost and
highly-efficient photoactive and plasmonic devices
with versatile functionalities.
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