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Tellurium (Te) has recently attracted research interest for its outstanding electronic and optoelectronic prop-
erties and interesting topological physical related to topological Weyl cones in its band structure. To explore its
high field transport and optoelectronic properties, the study of the ultrafast dynamics of photoexcited carriers
plays a pivotal role. In this work, we study the ultrafast dynamics of photoexcited carriers in Te at the vicinity of
Weyl nodes using transient reflection spectroscopy with 2-um pump and 4-um probe. We find that the relaxation
process in a 100-nm Te flake is dominated by a 30-ps Auger recombination at high carrier density and a 200-ps
multiphonon emission process at low carrier density. In contrast, the relaxation process in a 20-nm flake is ten
times faster than the 100-nm flake due to the assistance of surface defects. The reflection modulation depth of the
20-nm sample is up to 60%, promising great potential for fast optical switch and optical modulator applications

in the midinfrared region.

DOI: 10.1103/PhysRevB.110.014311

I. INTRODUCTION

Elemental tellurium (Te), which is traditionally regarded
as a narrow-band-gap semiconductor [1,2], has recently been
rediscovered as a reported Weyl semiconductor [3-5]. At
the early stage, the research interests mainly originate from
its high mobility [6,7], high photodetectivity [6,8], excel-
lent air stability [7-9], and versatile tunable properties by
conventional approaches such as electric gating [10]. Recent
discovery of topological characteristics has made Te more
attractive for high-performance electronic and optoelectronic
devices [4,5,10,11]. From the perspective of functional high
field electronic and optoelectronic devices applications, it is
critical to study the ultrafast carrier dynamics of photoexcited
carriers in Te [12,13]. This is because under high field, the
carriers gain additional energy and become “hot” [12,14-16].
These hot carriers in the excited state govern the transport
and photoelectric conversion and thus the performance of the
devices. For example, in the context of optical modulators and
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optical switches, the modulation depth and operation speed
are directly determined by the magnitude of transient modula-
tion and carrier lifetime of photoexcited hot carriers [17-20].
In the context of the photodetector, the sensitivity and detec-
tion speed are determined by the separation of photoexcited
electron/hole pairs and photoexcited carrier lifetime [21-23].
Thus, it is highly desired to study the photoexcited hot carrier
dynamics of Te as the candidate materials for midinfrared
optoelectronic devices.

Before this work, there have been several ultrafast studies
on the Te flakes in the midinfrared region [24,25]. These
studies claimed that radiative recombination is an important
carrier relaxation channel in Te. However, the lifetime of the
radiative recombination process is predicted to be longer than
10 ns from first principles density functional theory [26],
which is much longer than the observed lifetime in previous
experiments. On the other hand, the above studies were be-
fore the awareness of the topological properties of Te and
no special attention was paid to the dynamics of photoex-
cited carriers in the vicinity of Weyl nodes. In this work,
midinfrared pump-probe transient reflection spectroscopy is
performed to study the dynamical evolution of photoexcited

©2024 American Physical Society
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FIG. 1. Experimental scheme, lattice, and band structure of Te and typical transient reflection spectrum. (a) Lattice structure of Te.
(b) Band structure of Te, W1, W2, and W3 marks three Weyl nodes near H point. Energy bands forming W1, W2, and W3 are marked
by 1-4. The blue and red arrows represent the transitions of 2-um pump and 4-um probe photons, respectively. (c) Scheme of 2-um pump
and 4-um probe ultrafast TR measurement setup. (d) Transient reflection spectrums of the 100-nm Te flake and the 20-nm Te flake at room
temperature. The pump and probe polarizations are both parallel to crystallographic ¢ axis and the pump fluences are both 80 J/cm?. The
results are fitted by biexponential decay function AR/R = Aje™/™ + A,e™/™. The inset figures show the TR signal near time zero.

carriers in the vicinity of the Weyl nodes in Te. We find that
the dynamical response of Te flakes with different thickness
is quite different due to different levels of surface defects.
The relaxation process of photoexcited carriers in a 100-nm
sample consists of a 30-ps Auger recombination process at
initial high carrier density and a 200-ps multiphonon emis-
sion process. On the other hand, the relaxation channels in
a 20-nm sample correspond to a 3-ps defect-assisted Auger
recombination and a 10-ps cascade capture process. We also
find that the magnitude of the modulation depth of the 20-nm
Te flake is up to 60% with 120 uJ/cm? excitation energy,
which is comparable to typical materials that are used in an
optical switch such as gallium phosphide [27,28]. The high
modulation depth and fast carrier relaxation time support that
the thin Te flake can be a material candidate for a fast optical
switch in the midinfrared region.

II. METHODS

Growth of film Te. Te flakes were grown by hydrothermal
method following previous reports [6,7]. The thickness of the
grown Te flakes ranged 20-120 nm. Te flakes were transferred
onto 285-nm SiO,/Si substrate through a drop-casting pro-
cess for the transient reflection spectroscopy experiment.

Transient reflection spectroscopy. The origin 808-nm
(1.53 eV) laser is generated by a 250-kHz Ti-sapphire re-
generative amplifier (RegA). The 808-nm beam is used as
the pump laser of an infrared optical parametric amplifier
(OPA) to generate a 1315-nm signal and a 2020-nm idler.

The wavelength of the signal and idler is determined by a
spectrometer. Then the signal and 90% of the idler are used
to pump a difference frequency generator (DFG) to generate 4
um and used as probe of the transient reflection spectroscopy.
Ten percent of the idler is used as pump of the transient
reflection spectroscopy. The linear polarizations of pump and
probe beams are rotated by their respective half wave plates.
A 300-mm translation stage is used to adjust the delay time
between the pump and probe. The combined lasers are fo-
cused by a 40x reflection objective onto the Te flake. The
spot size of the probe laser is about 10 um and the spot
size of the pump is slightly larger. The reflection beam is
filtered by a 2400-nm-long pass window and a spectrometer.
An InSb detector is used to detect the reflection signal. A
lock-in amplifier referenced to a mechanical chopper running
at 443 Hz is used to read the transient reflection signal of the
probe.

III. RESULTS

Te is a topological Weyl semiconductor with indirect band
gap. The crystal structure of Te is shown in Fig. 1(a). The
lattice structure of Te belongs to trigonal crystal lattice. It
is formed by triple helix chains which are parallel to the
crystallographic c axis. The inverse and mirror symmetries are
both broken in Te. Past works have confirmed that bulk Te is
a narrow-band-gap semiconductor with an indirect band gap
ranging 0.28-0.38 eV near the H point in momentum space as
shown in Fig. 1(b) [1,2,5,6]. The Weyl nodes of Te are located
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FIG. 2. Pump fluence dependence of transient reflection spectra. (a),(b) Transient reflection spectrums with 20-, 40-, 60-, 80—uJ/cm?
pump fluence of 100-nm Te flake and 20-nm Te flake, respectively. The results are fitted by biexponential decay function AR/R = Ae™"/™ +
Aze™/®_ (c),(d) AR/R|max as a function of pump fluence of 100-nm Te flake and 20-nm Te flake, respectively. The red lines are linear fit.
(e),(f) Decay time constants 7y, 7, with different pump fluence of 100-nm Te flake and 20-nm Te flake, respectively.

along the H-L direction as shown in Fig. 1(b). Weyl cones
W1 and W2 are formed by the cross spin-splitting valence
band 1 and band 2 while Weyl cone W3 is formed by the
cross spin-splitting conduction band 3 and band 4. The se-
lection rules determine that left circular polarized light (LCP)
is preferable for transition from band 2 to band 3 while right
circular polarized light (RCP) is preferable for the transition
from band 1 to band 4 as revealed in previous work [10,11].

The photoexcited carrier dynamics of Te is studied
by the ultrafast transient-reflection (TR) spectroscopy with
schematic diagram shown in Fig. 1(c). In the measurement,
the pump wavelength is set at 2 um (0.62 eV) to excite the
carriers near the H point in momentum space. The probe
wavelength is set at 4 um (0.31 eV) to study the dynamics
near Weyl cone W3 at the H point of the conduction band. The
pump and probe beams are either linear or circular polarized
and the polarization direction can be rotated by either half
or quarter wave plates. The time resolution of the transient
measurement is limited by the 300-fs temporal convolution
between the pump and probe pulses.

Figure 1(d) shows the typical transient reflection spec-
trum of a 20-nm Te flake and a 100-nm Te flake at room
temperature. The penetration depth of Te is about 50 nm
in the midinfrared region according to the literature [1,25].
According to the data shown in Fig. 1(d), both the pump
and probe polarizations are linearly polarized along the c
axis. The pump fluence is 80 uJ/cm? and the polarization
direction of the pump and probe are both parallel to the
crystallographic ¢ axis. The transient reflection (TR) signals

of the 20-nm and 100-nm flakes are very different. The TR
signals of both flakes can be fitted by biexponential functions
AR/R = Aje™'/" 4 Aye™'/, The decay rate of the 20-nm
flake is obviously faster. The fast decay time constant 7; of the
20-nm flake is 2.75 ps while the slow decay time constant 7,
is 10.3 ps. In contrast, the two decay time constants t;, 7, of
the 100-nm flake are 31.6 and 177.7 ps, respectively, implying
both decay processes are getting slower for thicker flakes. The
signs of the TR signal of the two flakes are opposite: the
reflection of the 100-nm flake decreases while the reflection
of the 20-nm flake increases after the pump excitation and the
TR signal of the 20-nm flake at time zero is about twice that
of the 100-nm flake.

Next, we present a further pump fluence dependent mea-
surement about the carrier relaxation dynamics of Te as shown
in Fig. 2. The TR signals of 100-nm Te flake and the 20-nm
flake with different pump fluences are shown in Figs. 2(a) and
2(b), respectively. The polarization direction of both pump
and probe light are along the crystallographic c axis. As shown
in Figs. 2(c) and 2(d) the magnitude of the TR signal at time
zero can reach 67% and 19% for the 20-nm and 100-nm flake,
respectively. The probe modulation depth AR/R is comparable
to those typical materials used in an optical switch such as
gallium phosphide [27]. The absolute reflectance along the ¢
axis of the 100-nm flake and the 20-nm flake are 19% and
10%, respectively. We also note that the large modulation
depth is possibly related to Weyl node W3 of Te. It has been
reported that the optical transitions located at the position of
Weyl points play the main role in the absorption process of
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FIG. 3. Temperature dependence of TR dynamics. (a),(c) Normalized TR dyanmics (normalized with AR/R|max) of the 100-nm (a) and

the 20-nm (c) Te flakes at 10, 80, 150, and 297 K, respectively. The
Fitted decay time constants 7, 7, as a function of temperature of the

Te [29]. The pump laser would lead to the occupancy of the
Weyl cone at Weyl node W3 by photoexcited carriers. Thus,
the reflection and the absorption of the 4-um probe laser is
highly modulated.

Figures 2(c) and 2(d) show the pump fluence dependence
of the maximum TR peaks (AR/R|,—y) of the two flakes,
which both depend linearly on the pump fluence. The lin-
ear dependence relation indicates that AR/R|;— has a linear
dependence on photoexcited carrier density. Figures 2(e) and
2(f) show the biexponential fittings of the transient relaxation
dynamics of TR. For the 100-nm flake, the fast decay time
constant 7; decreases from 87 to 31 ps, while the slow decay
time constant 7, decreases from 351 to 177 ps, when the pump
fluence increases from 20 to 80 uJ/cm?. 7; of the 20-nm flake
also decreases when pump fluence increases. However, the
dependence of 7, on the pump fluence is not clear or very
weak.

Figure 3 presents the temperature dependence of the TR
signal of the 20- and 100-nm Te flakes. The polarizations
of both the pump and probe are parallel to the ¢ axis, and
the pump fluence is 40 1.J /cm?. The temperature dependence
of the relaxation processes of the 20- and 100-nm flakes are
very different. According to the normalized TR spectra shown
in Fig. 3(a), the decay of the 100-nm flake became slower
at lower temperature. The biexponential fittings of the two
decay time constants at different temperatures are shown in
Fig. 3(b). When the temperature increases from 10 to 300 K,
71 decreases from 63.8 to 55.7 ps, while 7, decreases from 914
to 350 ps. The temperature dependence of 7, can be well fitted

solid lines are biexponential fittings AR/R = A e™"/® + A,e™'/®. (b),(d)
100-nm (b) and the 20-nm (d) Te flakes, respectively.

by an exponential function ©, =Be T with B = 951 ps and
o = 0.0034 K~!. Similar to that of the 100-nm flake, 7; of the
20-nm flake decreases when the temperature increases, while
7, shows no clear or very weak dependence on temperature,
as shown in Fig. 3(d).

Now we turn to the interpretation of the fast and slow decay
processes of the 20- and 100-nm Te flakes according to the
pump fluence and temperature dependent measurement re-
sults. First, we can rule out the contribution from the radiative
recombination process of photoexcited carriers. Te belongs
to the indirect band semiconductor and the direct radiative
recombination process is not efficient. Our photoluminescent
measurements on the same flake shows very low emission
which is consistent with the report in the literature [30]. Fur-
thermore, the lifetime of the radiative recombination process
is predicted to be longer than 10 ns in the literature [26], which
is much longer than both 7| and 1, observed in our measure-
ments. So we can determine that the contribution from the
radiative recombination process is minor in TR relaxation of
either the 20- or the 100-nm Te flake.

Next, we try to determine the nonradiative recombination
dynamics. The nonradiative recombination can be an Auger
process or a phonon-assisted process. A phonon-assisted
recombination process can play the main role in the recom-
bination process of topological semimetals [31-33]. This is
because the energy and momentum conservation required for
electron-phonon scattering is easily satisfied in gapless topo-
logical semimetals. However, Te is a semiconductor with a
0.36-eV band gap and the optical phonon energy of tellurium
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FIG. 4. Illustration of the ultrafast carrier dynamics of Te in three temporal regions; the upper and lower panels illustrate the dynamics
of 100-nm flake and the 20-nm flake, respectively. (a) After photoexcitation, the electrons are excited to the defect states and the conduction
band. The photoexcited carriers in the conduction band thermalize through a rapid carrier-carrier scattering process and reach a thermal
equilibrium within hundreds of femtoseconds. Then, the carriers in the conduction band gradually decay to the defect states in 5 ps. (b) At
high carrier density, the carriers in the defect states decay through Auger recombination. (c) At low carrier density, the carriers in the defect
states decay through multiphonon emission. (d) After photoexcitation, the electrons are excited to the defect states and the conduction band;
the photoexcited carriers in the conduction band thermalize through a rapid carrier-carrier scattering process and reach a thermal equilibrium
within hundreds of femtoseconds. (e) At high carrier density, the carriers in the defect states decay through Auger recombination. (f) At low
carrier density, the carriers in the defect states decay through cascade capture.

is 15 and 17 meV according to Raman spectra [34,35]. The
phonon-assisted recombination process in Te should be a
multiphonon process which should show clear temperature
dependent behavior [36,37]. We note that the temperature
dependence of t; is weak for both 100- and 20-nm Te flakes,
which indicates the fast decay process is not related to the
phonon-assisted decay process. On the other hand, we note
that 7, has strong pump fluence dependence for both thin and
thick Te flakes: 7, decreases from 87 to 31 ps for the 100-nm
flake and decreases from 3.4 to 2.7 ps for the 20-nm flake,
when the pump fluence increases from 20 to 80 pJ/cm?. The
injection carrier density is 1.9 x 10%° and 9 x 10'°cm™ for
the 20- and 100-nm flake for pump fluence of 80 uJ/cm?,
respectively. The higher decay rate at higher carrier density is
consistent with the characteristic of Auger recombination. The
measured magnitude of the fast decay lifetime is also similar
to that is observed in InAs with 0.36-eV band gap [38]. So,
we can tentatively attribute the initial fast decay process 7; to
Auger recombination. Here we note that 7; of the 20-nm flake
is obviously much faster than the 100-nm flake. The contrast
difference of t; is unlikely relevant to band structure evolution
with thickness, as the band structure stay almost the same
when the thickness is over 10 nm, although previous work
has demonstrated the band gap of Te has strong thickness
dependence for very few layer flakes [6]. The faster Auger

recombination process in the thinner flake is possibly assisted
by the defect states [39].

In contrast to 7y, 7, of the 100-nm flake shows strong
dependence on the temperature. With the temperature in-
crease from 10 to 297 K, 1, decreases from 914 to
349 ps. The exponential temperature dependence of t;
indicates that a decay process assisted by multiphonon
emission [36,37] contributes to 7. In a multiphonon emis-
sion process, the energy and momentum of the carrier are
transferred simultaneously to phonons. The phonon concen-
tration is given by the Bose-Einstein distribution as f(E) =
1/[exp(E/kgT) — 1] ~ exp(—E/kgT). Thus, the capture
cross section is proportional to exp(—E /kgT) and the carrier
lifetime depends exponentially on the temperature [37,39].
The energy of optical phonons in Te are 15 and 17 meV.
The long lifetime of the electron-phonon scattering process
is possibly due to the relatively small optical-phonon energy.
7, of the 20-nm flake is not sensitive to the pump fluence and
decreases at low temperature, which is quite different from
that of the 100-nm flake. This indicates that the cascade cap-
ture process, which can be more effective at low temperature,
possibly dominates the slow decay process in the 20-nm flake
[37,40-43]. In a cascade capture process, electrons are first
trapped on separated hydrogenlike excited states of the defect
and decay from an excited state to another deeper one by
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emitting a phonon. This mechanism is more operative at low
temperature since at a higher temperature an electron cannot
be trapped on an excited state, leading to a decreasing 1, with
temperature.

We summarize the excitation and relaxation process of
photoexcited carriers as shown in Fig. 4. The negative TR
in the 100-nm flake indicates a photoinduced absorption. We
notice a long rising time of about 5 ps in the 100-nm flake
as shown in Fig. 1(d). The long rising time is much longer
than the typical excitation and thermalization time of about
hundreds of femtoseconds [12,44]. We suggest that there exist
shallow defect states near the conduction band in the 100-nm
flake as shown in Fig. 4(a). The 5-ps rising time contains
the process that the photoexcited carriers decay to the defect
states. The carriers in the defect state can be excited by the
probe light and induce a photoinduced absorption which leads
to the negative TR. Considering the 50-nm penetration depth
of Te, there should be more defect states in the 20-nm flake
due to the interface between Te and the substrate as shown in
Fig. 4(b). Most of the carriers in the defect states cannot be
excited by the probe light so that the photoinduced absorption
is weak. The positive TR is due to the depletion of electrons
in the valence band.

The differences of the relaxation process between the 100-
and 20-nm flakes are also attributed to different densities
of surface defects. In the case of the 100-nm flake, the ex-
citation and thermalization of photoexcited carriers last for
hundreds of femtoseconds. Then the carriers decay to the
defects states in 5 ps. After that, the photoexcited carriers

in the defect states start to decay mainly through Auger re-
combination. In about 30 ps, the carrier density becomes
lower, and the electron-phonon scattering process gradually
dominates the decay process. The photoexcited carriers de-
cay to equilibrium through multiphonon emission in about
200 ps. For the 20-nm flake, the photoexcited carriers ther-
malized through a rapid carrier-carrier scattering process and
reached a thermal equilibrium within hundreds of femtosec-
onds after pump excitation. Then the carriers decay mainly
through defect-assisted Auger recombination in 3 ps at the
initial high photoexcited carrier density. The timescale is
shorter compared to thicker flakes because of a larger density
of defect states in thinner flakes. When the carrier density
becomes low after 3 ps, the carriers decay to equilibrium in
about 10 ps mainly through cascade capture of the defect
states. We also exclude the impact of the probe wavelength
and the doping level by performing transient reflection spectra
at a different probe wavelength and tuning the doping level
with external gate as shown in Supplemental Materials S1
and S2 [45], which further prove that the difference in the
reflectance change is attributed to the defect states.

At last, we also performed helicity dependent measurement
to explore the chiral related dynamics. We first study the
circular dichroism of pump excitation with circular polarized
pump and linear polarized probe as shown in Figs. 5(a) and
5(b). However, no clear dependence on the pump helicity is
observed in the TR dynamics. Although there are circular
selection rules between spin polarized bands, the 2-um pump
can excite carriers from band 1 to band 4 for RCP light and

014311-6



ULTRAFAST DYNAMICS OF PHOTOEXCITED CARRIERS ...

PHYSICAL REVIEW B 110, 014311 (2024)

from band 2 to band 3 for LCP light. When polarization of
the 2-um pump switches from LCP to RCP light, it turns out
the possibilities of the two transitions from band 2 to band 3
and the transition from band 1 to band 4 are similar, so that
the absorption of LCP and RCP of pump light shows no dif-
ference in the circular polarization dependent measurement.
We also study the helicity dependent dynamics with circular
polarized pump and probe as shown in Figs. 5(c) and 5(d).
There is still no obvious difference between TR with different
pump and probe helicity. These results also support that the
relaxation process is highly relevant to defect state so that the
contribution of the selection rule cannot be clearly observed.

IV. CONCLUSION

In summary, we have performed ultrafast infrared transient
reflection spectroscopy on Te flakes with different thickness.
The dynamical response timescale as well as relaxation mech-
anism of photoexcited carriers in Te is significantly affected
by the thickness due to the different impact of surface defect
states. For thinner flakes with higher density of surface de-
fect states, the relaxation of photoexcited carriers are mainly
attributed to the defect-assisted Auger recombination pro-
cess and cascade capture process. While for thicker flakes
where the density of surface defects is low, the relaxation
timescale is much longer and Auger recombination process
and multiphonon emission process are the main relaxation

mechanism. For a thinner 20-nm Te flake, the defect-assisted
Auger recombination process is about 3 ps and the cascade
capture process lasts for about 10 ps. The 20-nm Te flake
has a high modulation depth of reflection up to 60% and
a short relaxation time, which can have high potential in
an optical switch and optical modulator in the midinfrared
region. On the other hand, in a thicker 100-nm flake, a
30-ps Auger recombination process and a 200-ps multiphonon
emission process contribute to the relaxation process. This
experimental work studies the fundamental carrier dynamics
of Te and provides basic device physics toward understanding
the behavior of optoelectronic devices and high-field devices
based on Te. The dynamical response of photoexcited carriers
in Te can be highly tunable by thickness. Together with the
ultrahigh mobility, the two-dimensional layered structure, and
the excellent air stability, Te holds great potential for high per-
formance electronic and optoelectronic device applications.
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