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ABSTRACT: Two-dimensional (2D) semiconductors have been extensively explored as a new class of materials with
great potential. In particular, black phosphorus (BP) has been considered to be a strong candidate for applications such as
high-performance infrared photodetectors. However, the scalability of BP thin film is still a challenge, and its poor
stability in the air has hampered the progress of the commercialization of BP devices. Herein, we report the use of
hydrothermal-synthesized and air-stable 2D tellurene nanoflakes for broadband and ultrasensitive photodetection. The
tellurene nanoflakes show high hole mobilities up to 458 cm”/V's at ambient conditions, and the tellurene photodetector
presents peak extrinsic responsivity of 383 A/W, 19.2 mA/W, and 18.9 mA/W at 520 nm, 1.55 gm, and 3.39 um light
wavelength, respectively. Because of the photogating effect, high gains up to 1.9 X 10° and 3.15 X 10* are obtained at 520
nm and 3.39 pm wavelength, respectively. At the communication wavelength of 1.55 pm, the tellurene photodetector
exhibits an exceptionally high anisotropic behavior, and a large bandwidth of 37 MHz is obtained. The photodetection
performance at different wavelength is further supported by the corresponding quantum molecular dynamics (QMD)
simulations. Our approach has demonstrated the air-stable tellurene photodetectors that fully cover the short-wave
infrared band with ultrafast photoresponse.
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Figure 1. Crystal structure and morphological characterization of tellurene. (a) Schematic illustration of the crystal structure of tellurene. (b)
Electronic band structure of tellurene. (Left) Calculated electronic band structure of bulk tellurene along with high symmetry directions in the
Brillouin zone. (Right) Calculated electronic density of states. (c) AFM image of back-gate tellurene FET. (d) AFM height profile of the
tellurene flake shown in (c), which reveals the thickness of ~27 nm. (e) High-resolution TEM image of tellurene. The inset shows the SAED

pattern.

graphene greatly limits its applications in electronic and
optoelectronic devices.' > Recently, the elemental two-dimen-
sional (2D) material black phosphorus (BP) with a direct
bandgap of ~0.3 eV, together with many intriguing properties
such as anisotropy and high carrier mobility, has attracted much
attention for broadband optoelectronic devices.”® In contrast to
the traditional narrow-bandgap semiconductors such as
Hg, ,Cd,Te and InAs, the layered structure of BP makes it a
strong candidate for integration with other semiconductor
materials and innovative flexible substrates.””” Unlike the
gapless graphene, the suitable and tunable bandgap of BP can
effectively suppress the dark current and results in the
photodetection with a higher signal-to-noise ratio.'’”"*
However, despite the many merits listed above, the poor
ambient stability of BP has significantly limited its application."

Recently, low-cost solution synthesis of air-stable 2D tellurene
(Te) has been reported by Wu et al.'® The small bandgap makes
tellurene a promising candidate to detect long-wavelength light,
while the air stability and low toxicity of tellurene may grant
certain advantages over BP and traditional Hg, ,Cd,Te
photodetectors.'’ > Herein, we report a study of tellurene
photodetectors with a broad operating wavelength range from
520 nm to 3.39 ym. The bandgap of tellurene was investigated
using quantum molecular dynamics (QMD) simulations, which
confirmed its suitability for mid-infrared (MIR) photodetector.
On this basis, we fabricated field-effect transistors (FETs) using
tellurene as the channel material and studied its electrical and
optoelectronic properties. The as-fabricated tellurene photo-
detectors exhibited peak extrinsic responsivity of 383 A/W, 19
mA/W, and 18 mA/W at 520 nm, 1.55 pm, and 3.39 pm light
wavelength, respectively. High gains up to 1.9 X 10* and 3.15 X
10* were obtained at 520 nm and 3.39 um wavelength,
respectively. A bandwidth of 37 MHz is obtained at 1.55 ym
wavelength, demonstrating the photoconductive effect at this

wavelength. Interestingly, the tellurene photodetectors ex-
hibited exceptionally high anisotropy at 1.55 pm, which may
be due to its intrinsic anisotropic crystal nature. Subsequent
investigation of power and frequency dependence associated
with the QMD simulations confirmed the photocurrent
generation mechanisms in tellurene.

RESULTS AND DISCUSSION

The crystal structure of tellurene is schematically presented in
Figure la. Each atom in the chain is covalently bonded with its
two nearest neighbors, and van der Waals force bundles helical
chains together spirally around the [0001] direction (atom chain
direction), and thus tellurene can be considered as a 1D or quasi-
2D van der Waals solid. The electronic band structure and the
density of states of bulk Te has been calculated using density
functional theory (DFT) (Figure 1b).”” Bulk Te is an indirect-
bandgap semiconductor with a bandgap of 0.17 eV near the H
point in the first Brillouin zone. Figure 1c presents the atomic
force microscopy (AFM) image of a tellurene field-effect
transistor (FET), which shows a piece of as-synthesized
tellurene nanoflake with four electrodes. The thickness of the
tellurene nanoflake is 27 nm based on the AFM height profile
depicted in Figure 1d. The Raman spectrum of the synthesized
tellurene nanoflake is exhibited in Figure S1 (Supporting
Information). High-resolution transmission electron micros-
copy (TEM) image of a tellurene flake (Figure le) and the inset
selected area electron diffraction (SAED) pattern reveal the
single-crystalline nature of the tellurene nanoflake. According to
the high-resolution TEM image, the interplanar spacings are
determined to be 1.9 and 2.8 A, corresponding to Te (1210) and
(0001) planes, respectively. The Raman spectrum of a typical
tellurene nanoflake at 532 nm wavelength is exhibited in Figure
S1 (Supporting Information).
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Figure 2. Device performance and infrared extinction characterizations. (a) Transfer curves of a typical tellurene FET. Inset is the transfer
curves in the logarithmic scale. (b) I;,—V;; curves of the tellurene FET. (c) Polarization-resolved IR extinction spectra of typical tellurene flake.
The inset shows the optical image of the investigated tellurene flake and the 0° reference (z-direction) of the incident light. (d) Dependence of
the extinction intensity at 3500 cm ™" with polarization angles.
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Figure 3. Tellurene photodetector operating at 520 nm. (a) Schematic diagram of the tellurene FET for photodetection. (b) Gate-dependent
photocurrent (left axis) and channel trans-conductance (g,,, dash gray line, right axis) measured at different polarization angles (V=1 V). (c)
Dependence of the photocurrent with polarization angles (Vg =5Vand Vy=1V). (d) Power dependence of photocurrent (Vg =5Vand Vi =1
V). (e) Power dependence of responsivity and EQE (Vg =5V and Vy = 1 V). (f) Photocurrent versus modulation frequency under various
incident powers (V, = 5 Vand Vg = 1 V).

The tellurene FETs were fabricated on Si/SiO, wafer contacts; the channel length and width were designed to be 1
substrates (the thickness of SiO, is 300 nm) with vacuum- and 8 um, respectively. The electrical properties of the as-
evaporated Ti/Au (S nm/50 nm) was used as metal electrode fabricated tellurene FET are exhibited in Figure 2a,b. The
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transfer curves of the FET (Figure 2a) demonstrate a p-type
behavior with a hole mobility up to 458 ¢cm?/Vs at room
temperature, where the large current under dark condition may
because of the relatively large thickness of the tellurene
nanoflake (~27 nm). Figure 2c exhibits the polarization-
resolved infrared extinction spectra of the nanoflake on the
high-resistance Si/SiO, wafer substrate (shown in the inserted
image), where T and T and are the optical transmission of the
bare Si/SiO, substrate and the tellurene nanoflake on the
substrate, respectively; the polarization angles were separated by
15° from the z-direction, and the corresponding extinction
spectrum was presented by solid lines with different colors. The
measured extinction spectrum of the tellurene nanoflake exhibits
an absorption edge at ~ 2200 cm™’, corresponding to a bandgap
of ~0.27 eV, which is comparable to BP and thus reaches the
mid-infrared regime.'> On the other hand, the polarization-
resolved infrared absorption spectra (Figure 2d) presents an
anisotropic absorption, indicative of the intrinsically anisotropic
nature of the tellurene nanoflake.

In order to exam the photodetection ability of tellurene, the
FET-based photodetector was operated at 520 nm, 1.55 ym, and
3.39 pum wavelength at ambient condition, where the
experimental setup has been presented in the schematic diagram
(Figure 3a), and the performance is exhibited in Figure 3 to
Figure 5, respectively. At 520 nm wavelength, we first measured
the dependence of the photoresponse at Vy, = 1 V with different
polarization angles separated by 15°, as presented in Figure 3b.
All photocurrent (I,;,) curves show asymmetric peaks at V, =5V,
which presents a shift of threshold voltage regarding the channel
trans-conductance g, (Figure 3b), indicating the photogating
effect in the phtotocurrent generation, and the asymmetry
reaches a good agreement with the derivative of FET transfer
curves in Figure 2a. Representative transfer curves under dark
and 520 nm laser at V4 = 1 V were provided in Figure S2. In
Figure 3c, the polar plot of the photocurrent dependence with
different polarization angles at the optimal condition (Vg =5V
and V= 1V) is presented. Similar to the IR extinction results in
Figure 2d, the photocurrent changed significantly through the
rotating of the polarization angles with a dichroic ratio of 1.9 at
520 nm wavelength. The power-dependent photocurrent curves
with incident power range from 0.95 nW to 250 yW are
presented in Figure S3a, and the power dependence of the
photocurrent at optimal condition is presented in Figure 3d,
where the photocurrent increased rapidly and linearly as the
incident power increased from 0 to 20 yW, and then the current
showed saturation of ~6 yA at higher illumination powers. The
absolute IR responsivity and the external quantum efficiency
(EQE) as a function of incident power at V, = 5 Vand Vg, = 1V
are exhibited in Figure 3e, where the absolute responsivity is
defined by the ratio between the photocurrent and the incident
laser power. At larger incident power, the decrease of the
responsivity clearly demonstrates the photogating effect, and a
peak extrinsic responsivity of 383 A/W is measured at the
incident power of 1.6 nW. Figure 3f shows the photocurrent
under various incident power values, as a function of frequency
ranging from 200 to 10k Hz, where the photocurrent data was
collected by a lock-in amplifier. When the incident power is as
large as 150 nW, 6.3 uW, 62.5 uW, or 129 uW, the photocurrent
almost remains constant regardless of the frequency; when the
incident power is relatively small, such as 10.2 or 0.95 nW, the
photocurrent decreases as the frequency increases due to the
decrease of the free carrier density. Compared to the other
semiconductor materials with larger bandgap and deeper traps,

the tellurene photodetector shows a much slower photocurrent
reduction in the frequency range from 200 Hz to 10 kHz,
indicative of the shallow traps in the tellurene nanoflakes.”*

The photocurrent generation mechanism in bare 2D material
FET-based photodetector usually is the photoconductive effect,
and the photogating effect is an example in particular."**** In
the case of the photoconductive effect, extra free carriers were
generated by photon absorption, and thus the electrical
resistance of the semiconductor was reduced. Photoconductive
gain (G) can be described as the number of detected charge
carriers per single absorbed photon, and it has been widely used
in the studies of 2D photoconductor materials.” In the equation
G = Typ/Typansiv Tph i the lifetime of photogenerated carrier and
Tiransit 15 the transit time. In a FET, the 7, = L*/uV,, where L
is the channel length, u is the charge carrier mobility, and Vg the
drain-source voltage. For photogating effect, holes or electrons
are trapped locally so that they can perform field effect as a gate,
effectively regulating the resistance of the semiconductor. In this
situation, 7, is dominated by the recombination lifetime of the
localized trap states, usually leading to a large G.”’~*” The pure
photoconductive effect and photogating effect can be distin-
guished by comparing the I;—V, and I;—V, curve. When
photogating effect is dominant, there is a horizontal shift of I;,—
V, trace, due to the existing local gate from localized states. In
our case, for the 520 nm wavelength, when the incident power is
relatively low, the peak of the I,—V, curve is at ~5 V, which is far
away from the maximum of the I4,—V, curve (at —100 V). This
shift indicates the existence of electron-trap centers in tellurene,
which would lead to a strong photogating effect. The
photogating effect under 520 nm can be confirmed by the
sublinear dependence of the photocurrent on laser power
(Figure 3d,e) and power-dependent response bandwidth. When
the illumination intensity is getting higher, the density of
available electron-traps would be decreased, results in a lower
responsivity. Upon the filing of electron traps, the increasing of
free electron density also raises the electron—hole recombina-
tion probability, which can be confirmed by an absorption-rate-
dependent photocarrier lifetime, 7,,(F). The relationship
between photocurrent and the incident laser power can be
depicted by the Hornbeck—Haynes model””*°

Tph F

F
Ttransit 1+ F
0

Iph =qn

where q is the elementary electric charge, # is the optical
absorption of tellurene channel, F, is the photon absorption rate
in the trap saturation regime, and F is the absorption rate as
expressed below. By using the equation P = F-hv, where the
product of h and v is the photon energy, we can derive the
power-dependent responsivity and EQE

L 9 T 1

R=— =
p hvnTtransit 1+ E
B
R-ho Toh 1
EQE = =n—" S
q Ttransit 1+ =
B

The two lines in Figure 3e are the fitting results from the
5 =971 and Py=13nW.Ifa

above two equations, wherer

Ttransit
reasonable absorption rate of 50% is assumed (see Methods),
the gain G can be derived to be about 1.9 X 10°, which is slightly
lower than the reported gain of BP (~10%) at 532 nm
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wavelength.'" Then, due to the high mobility the 7, = L*/
UVys = 140 ns, which leads to a 7, of about 0.27 ms. According
to the above equations, a 3-dB bandwidth is calculated as ~600
Hz, which is half of that of BP in the literature (~1.2 kHz).""
According to equation f3 g5 = 1/277,, the calculated bandwidth
still agrees well with the frequency-dependent I, presented in
the high-frequency regime of Figure 3f. Under incident power
larger than 10 yW, the photovoltaic effect dominated the
photocurrent generated in the channel, which should be the
reason for the higher measured responsivity than the theoretical
fitting value.

In Figure 4, the performance of the tellurene photodetectors
at 1.55 um wavelength was measured at ambient condition, and

due to that the photons with energy higher than the bandgap
were absorbed to generate electron—hole pairs. The responsivity
is fitted as ~19.2 mA/W in Figure 4c, which gives an EQE = R-
hv/q = 1.52%. By employing the same absorption coeflicient
with 520 nm, that is, 50%, the G = 7,/ Tyrangic is reduced as 3.04%,
which leads to a very small 7., of ~4.3 ns. Thus, the 3-dB
bandwidth (f;_45) of 1550 nm is up to 37 MHz, which is far out
of the working range of our chopper, as shown in Figure 4d.
Therefore, the tellurene photodetector shows extremely fast
photoresponse speed under the communication wavelength
(1.55 um).

In Figure S, we assessed the tellurene photodetectors at the
middle-infrared 3.39 ym wavelength at ambient condition, and
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Figure 4. Tellurene photodetector operating at 1.55 ym. (a) Gate-
dependent photocurrent measured at different polarization angles
(V4 = 1V) at 250 yW incident light power. (b) Dependence of the
photocurrent with polarization angles (Vg =100Vand V;,=1V).(c)
Power dependence of photocurrent (V, = 100 Vand V=1 V). (d)
Photocurrent versus modulation frequency under incident powers
of 39.33 and 250 #W (V, = 100 Vand V4, = 1 V).

the V4, was set to be 1 V. Figure 4a presents the gate-dependent
photocurrent measured at different polarization angles. At 1.55
pum wavelength, because it is very different from the photogating
effect no peak is recorded, and the photocurrent increases as the
gate voltage increases from —100 V to +100 V. Similar to BP, the
monotonic gate voltage dependence of the photocurrent
indicates that the photocurrent generation was dominated by
the photovoltaic effect.’’ The polar plot of the photocurrent is
presented in Figure 4b, and it is clear that the tellurene
photodetector presented a highly anisotropic behavior, which
may be due to the intrinsic anisotropic nature of the 2D tellurene
crystal structure and will be discussed further in the following
sections of this paper. In Figure 4c, the photocurrent varied
linearly as the incident light power increased from 0 to 30 yW
with a fitted slope of ~19.2 mA/W, and the power-dependent
photocurrent curves with the incident power range from 9.83 to
250 uW are presented in Figure S3b. Moreover, the photo-
current shows linear dispersion as the incident power increase
up to ~250 W, which also excludes the presence of photogating
effect. Figure 4d plots the photocurrent under 39.33 and 250 yW
incident power values versus modulation frequency, and the
photocurrent remains almost unchanged as the frequency
increased from 200 to 10k Hz, indicating a fast photoresponse
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Figure S. Tellurene photodetector operating at 3.39 ym. (a) Gate-
dependent photocurrent measured at different polarization angles
(V4 =1V), at 30 uW incident light power. (b) Dependence of the
photocurrent with polarization angles (Vg =5Vand Vg =1V). (c)
Power dependence of photocurrent (V, = 5 V and Vg, = 1 V). (d)
Photocurrent versus modulation frequency under incident power of
30uW (V,=5Vand Vi =1V).

the Vg was set as 1 V. The gate-dependent photocurrent
measured at different polarization angles is presented in Figure
5a in which all curves show symmetric peaks centered at V, = S
V, showing the pure photogating effect. The polar plot of the
photocurrent is exhibited in Figure Sb, in which the tellurene
photodetector shows isotropic behavior under the laser of 3.39
um wavelength. In Figure Sc,d, a linear relationship was
observed between the photocurrent and the incident power
with a fitted slope of ~ 18.9 mA/W, and the photocurrent
decreased linearly and rapidly as the frequency increased. By
fitting the curve, the f;_ 43 is presented at a very low level of ~35
Hz, which gives a 7, of 4.5 ms. Thus, a very high G can be
presented as ~3.15 X 10% which is the evidence of the
photogating effect and much higher than that at 520 nm. On the
other hand, the responsivity is 18.9 mA/W under this
wavelength, which leads to a very low EQE of 0.66%, regarding
the high gain. As discussed above, the absorption coefhicient 77 =
EQE/G =2.1 X 107". The weak absorption at this wavelength is
because it is close to the absorption edge of the indirect bandgap,
which is confirmed by the DFT calculation in Figure 1b. The
power-dependent photocurrent curves with the incident power
range from 2.5 to 30 W are presented in Figure S3c. In contrast
to the reported data of BP photoresponse at 3.39 pm
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wavelength, the tellurene photodetector shows lower respon-
sivity but higher 3-dB cutoff frequency due to the very shallow
traps in tellurene nanoflakes.'' Although the photocurrent is
relatively small at 3.39 ym wavelength without any anisotropic
behavior, we have demonstrated the photoresponse of 2D
tellurene fully covering the short-wave infrared band.

The hydrothermal synthesized tellurene nanoflakes should
contain a considerable amount of vacancy defects. In order to
elucidate how vacancy can affect the photocurrent generation in
tellurene, we simulated the optical absorption spectra with and
without vacancy through QMD simulation, as presented by the
dimensionless oscillator strength versus photon energy in Figure
6a,b, respectively. Figure 6a shows the simulation without

— T L E a— —
a without vacancy b with vacancy

— [0001]
--- [1210]
[1010]

L LA M R
0 0.5 10 0.0 0.5 10 1.5
Photon energy (eV) Photon energy (eV)

- Oscillator strength (arb. unit)

Figure 6. Simulated optical absorption spectra represented as folded
oscillator strengths without (a) and with (b) vacancy for the [0001]
(blue solid line), [1210] (red dash line), and [1010] (green dash
line) directions.

vacancy, and the absorption band is ranged from 0.5 to 1.25 eV.
The absorption spectra along [1210] and [1010] directions have
four peaks at 0.63, 0.81, 0.95, and 1.12 eV, while at 1.2 eV
photon energy the absorption along [0001] direction is much
stronger than that along with the other two directions. Similar to
the simulation with vacancy defects shown in Figure 6b, the
vacancy in tellurene can extend the photoexcitation bandwidth
to as low as 0.25 eV but with relatively low oscillator strength,
which can explain the small photocurrent (due to the weak
absorption, i.e., oscillator strength) and very high gain due to the
strong photogating effect (caused by large amount of defects) at
3.39 um and the isotropy in the gate-dependent photocurrent
measurement. Moreover, in both simulation figures the
absorption intensity at 0.8 eV does not show a large difference,
indicating that the vacancy defects may only have very limited
effects on the anisotropy at 1.55 ym wavelength, and thus the
highly anisotropic behavior in Figure 4b should come from the
intrinsic anisotropic structure of tellurene nanoflakes, and
photogating effect should be very weak at this wavelength, as
presented above. On the basis of our observation above, the
tellurene photodetector presents the photogating effect at 520
nm and 3.39 ym, which should due to the small amount of the
photocarriers. However, at 1.55 pm wavelength, the photo-
detector shows a different working mechanism of photovoltaic,
which may due to the limitation of our current optical
experimental setup. The smallest incident power can be
obtained is 9.83 W at 1.55 um, which is much larger than
that of 520 nm. Moreover, according to the absorption spectra
presented in Figure 6, the absorption at 1.55 um is much
stronger than that of 520 nm and 3.39 ym wavelength, and thus
the number of photocarriers should be much higher than the
density of trap states, leading to the strong photovoltaic effect.

CONCLUSION

In summary, a highly sensitive mid-infrared photodetector based
on 2D tellurene has been demonstrated. The FET-based
tellurene photodetector exhibits peak extrinsic responsivity of
383 A/W, 19 mA/W, and 18 mA/W at 520 nm, 1.55 pm, and
3.39 um wavelength, respectively, showing the detection ability
fully captures the short-wave infrared band, even down to the
mid-infrared range. Under the wavelength of 520 nm and 3.39
um, the gains are up to 1.9 X 10° and 3.15 X 10% respectively,
due to the photogating effect. At the communication wavelength
(1.55 um), a relatively large bandwidth (37 MHz) is obtained,
which is the credit of pure photoconductive effect in this range.
Our study indicates that tellurene could be an excellent
candidate for high-performance and ultrafast photodetectors.
The distinctive polarization sensitivity, ultrafast responsivity,
wide detection range, and the solution-process-enabled easiness
of integration with a variety of materials make tellurene an
encouraging 2D semiconductor for the mid-infrared photo-
detection. We believe the air-stable properties and the facile
synthesis of tellurene should stimulate broad interests in the
fields of nanophotonics, thermoelectronics, and piezoelec-
tronics, and there is still much work left to be done on tellurene,
such as the large-area thin-film synthesis and more fundamental
studies based on its unique crystal structure.

METHODS

Tellurene Flake Synthesis. Tellurene was synthesized by a
hydrothermal method. Na,TeO; and PVP were used as the precursors.
The precursors were dissolved into deionized water and transferred into
a Teflon-lined stainless-steel autoclave, and an ammonia solution and
hydrazine hydrate were filled into the autoclave. The autoclave was
heated to 180 °C with a heating rate of S °C/min and maintained at 180
°C for 10 h. After the cooling down process, the resulted solution was
precipitated by centrifugation at 5000 rpm for 5 min, and the final
product was washed with deionized water at least three times.

Material Characterizations. An AFM, DI 3100 Digital Instru-
ments, was used to scan the tellurene-based FET's to characterize the
thickness of the nanoflake and the channel lengths of the FETs. The
resolution of the AFM images is 512 X 512. Raman spectra were
performed with a Raman spectrometer (Renishaw), and a $32 nm
excitation laser with a laser spot size of ~1 um was used in the
experiments. A field-emission transmission electron microscopy (JEOL
JEM 2100F) was used to perform the TEM experiments.

Tellurene Photodetector Device Fabrication. The tellurene
flakes were transferred onto Si/SiO, (the thickness of the SiO, layer is
300 nm) substrates with alignment markers. A bilayer poly(methyl
methacrylate) (PMMA A6 and PMMA A2) was then spin-coated onto
the Si/SiO, surface. Electron-beam lithography was performed to
pattern the drain and source electrodes, followed by standard
development, metal deposition, and lift-off processes. Ti (S nm) and
Au (50 nm) electrodes were deposited under the pressure of 9 X 1077
Torr with an e-beam evaporator.

FET and Photodetector Measurements. The FET transfer
curves and Ij;—Vy, family curves were measured using a semiconductor
analyzer (Agilent 4156B) with a probe station at ambient conditions.
First, a green laser beam (520 nm) was focused on the photodetector
channel, and a spot with a size of ~3.5 ym was obtained to cover the
channel area, and a half-wave plate was used to control the incident light
polarization. According to the previous experimental result, the
absorption was estimated to be 50% on a ~30 nm-thick tellurene
nanoflake in the wx-direction at 520 nm wavelength (2.38 eV). For
tellurene nanoflake thicker than 10 nm, a constant absorption
coefficient @ (cm™") was assumed. For near IR laser at 1.550 ym, the
spot size was estimated to be ~S ym. For the experiments at 3.39 um
wavelength, a helium—neon laser was used and integrated into a Fourier
transform infrared spectrometer (FTIR) system. The laser beam was
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focused to a spot by using a ZnSe objective with a microscope system,
and a ZnSe holographic wire grid polarizer was used to adjust the
polarization direction of the incident light. Multiple neutral density
filters were used to tune the power of the incident light. For the
measurement of the photocurrent, a lock-in amplifier was used to
acquire experimental data, where 1 s, a much longer time than the time
constant of laser modulation time at 200 Hz frequency (S ms), was
chosen as the integration time. In the lock-in setup, the peak-to-peak
values used in this study were converted by the root-mean-square values
of the photocurrent.

Simulation. Quantum molecular dynamics (QMD) simulations
were performed by the trajectory following of Te atoms and the
quantum mechanical computing of interatomic forces from first
principles.””** In our QMD simulations, the projector augmented-
wave method was used to compute the quantum states.** Projector
functions were initialized for the Ss and Sp states of tellurium. With the
help of density functional theory (DFT),”>¢ the exchange-correlation
energy can be calculated by the generalized gradient approximation.®
For tellurene, van der Waals correction was introduced with the DFT-D
method.*® The electronic pseudowave functions and pseudocharge
density were expanded by plane waves with cutoff energies of 10 and
100 Ry, respectively. Oscillator strength was simulated using the linear-
response time-dependent DFT.?” Simulations were conducted on a
supercell structure consisting of 6 X 6 X 6 unit cells. In the calculation of
the electronic band structure, the I'-point was employed for Brillouin-
zone sampling. The electronic band structure and density of states of
the bulk $-Te structure were calculated on a periodic unit cell, where
the reciprocal space was sampled using a dense 36 X 36 X 36 k-point
mesh. The QMD simulation was realized with massively parallel
computering.40
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