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The layered ternary compound TalrTe, is an

important candidate to host the recently predicted type-II
Weyl Fermions that break Lorentz invariance. Photodetectors
based on Weyl semimetal promise extreme performance in
terms of highly sensitive, broadband, and self-powered
operation owing to its topologically protected band
structures. In this work, we report the realization of a
broadband self-powered photodetector based on TalrTe,.
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The photocurrent generation mechanisms are investigated with power- and temperature-dependent photoresponse
measurements. The prototype metal-TalrTe,-metal photodetector exhibits a responsivity of 20 uA W' or a specific
detectivity of 1.8 X 10° Jones with 27 pus response time at 10.6 pm. Broadband responses from 532 nm to 10.6 gm are
experimentally tested with potential detection range extendable to far-infrared and terahertz. Furthermore, anisotropic
response of the TalrTe, photodetector is identified using polarization-angle-dependent measurement with linearly
polarized light. The anisotropy is found to be wavelength dependent, and the degree of anisotropy increases as the
excitation wavelength gets closer to the Weyl nodes. Our results suggest this emerging class of materials can be harnessed
for broadband, polarization angle-sensitive, self-powered photodetection with reasonable responsivities.
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oom-temperature operated, self-powered, integratable,

and portable photosensing devices are highly appealing

and of practical importance owing to their wide range
of applications in imaging, remote sensing, environmental
monitoring, optical communications, and analytical applica-
tions.' > While such photodetectors are commercially available
and quite matured in the visible and near-IR wavelength region,
mainly based on conventional semiconductor materials such as
silicon and InGaAs, the applications of photodetectors in the
mid-IR wavelength reglon, based Jon narrow bandgap semi-
conductors HgCdTe" and InSb,” are quite limited by the
requirement of cryogenic temperature operation. Room-
temperature operation of mid-IR photodetector with high
detectivity remains a technical challenge so far,”® though many
novel materials and structures are explored for this purpose
recently.””~"" As it is more easily to form good contact with
typical contact metal electrodes, semimetal is more favorable
than gapped semiconductor for self-powered operation, which
can avoid the dark current without light illumination under a
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voltage bias. On the other hand, Dirac semimetals (DSMs),
which have time reversal and space inversion symmetry such as
graphene and Cd;As,, were found to exhibit broadband
detection from ultraviolet (UV) to terahertz (THz) range,
lower dark current, ultrafast response time, and tunable optical
properties via electrostatic doping.'*~"°

Weyl semimetals (WSMs) is a topological semimetal with
broken time reversal or inversion symmetry, in which energy
bands also disperse linearly in three-dimensional momentum
space.'”'® Depending on the violation of Lorentz invariance,
WSMs are classified into two types: Type-I WSM has Weyl
points (WPs) associated with a closed point-like Fermi
surface,'”~** while the WPs of Type-II appears at the boundary
of electron and hole pockets.25 Due to these differences, the
type-Il WSM exhibits very different transport properties from
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Figure 1. Basic characterization of the TalrTe, sample. (a) Optical image of a TalrTe, device. (b) Crystal structures of TalrTe, in the T,
phase. (c) AFM image of the TalrTe, device. The scanning range is shown in (a) as a red box. Inset indicates thickness of the sample. The
height section profile is shown as the red line in (c). (d) Characteristic Raman spectra of TalrTe,. (e¢) SPCM images of the TalrTe, device at
room temperature with 800 nm excitation. Left and right panels show the reflection image and PC image, respectively.

(e}

4
—~ o Positive
< ° Negative °
s
2 e
o °
E L. .-
8 o o
0
g R
= R
=¥
50 100 150 200 250 300 350

Temperature (K)

d 4
~~
<3
=
=2
=
s 1
Q
=
2
-0 -1 Power Increase
= A
g. 21 ‘ : . ‘
g -20 -10 0 10 20
=S Position(pum)
E»\ ~14
S
Z =3 g
= p
g
52 ’
3 -
2 1 o
= .
&0
0 300 600 900 1200 1500

Power (uW)

Figure 2. Excitation power- and temperature-dependent PC measurement of TalrTe,. (a) SPCM reflection image of the TalrTe, device. The
red dash lines indicate the outline of the electrodes and the sample. (b) SPCM images of the TalrTe, device at temperatures 78, 100, 125, 150,
175, 200, 225, 250, and 298 K with 800 nm excitation wavelength and 500 gW excitation power. (c) The maximum positive (red) and negative
(blue) PC response under different temperatures. (d) Photocurrent response of the TalrTe, device along the 40 gm line cut, marked as black
line in (a) and (b), under different excitation powers varying from 100 to 1500 W at 298 K. (e) The positive PC response as a function of

excitation power. The solid lines represent the linear fit.

Type-1 WSM.”>*° When used as photodetectors, WSMs share
many advantages with the well-studied DSMs including
broadband photothermoelectric (PTE) effect response due to
the gapless semimetallic band structure and high responsivity as
a result of linear dispersion and suppressed back scatter-
ing.”’~*° In addition, the responsivity is greatly enhanced by
the extremely high carrier mobility around the Weyl node,
comparable or even exceeding that of graphene.’’ On the other
hand, similar to Cd;As,, the linear dispersion holds along all the
three dimensions over a certain energy range, which ensures the
efficient carrier transport along all the directions.”” Further-
more, WSMs have distinct advantage over DSMs that is related
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to the chiral Fermions near the Weyl node, which leads to
chirality-dependent photocurrent (PC).**

In this work, we investigate the performance of a field effect
photodetector device based on the type-Il WSM candidate,
layered ternary compound TalrTe,. TalrTe, is an important
candidate to host the theoretically predicted type-II Weyl
Fermions, recent Raman characterization has provided definite
proof of the absence of inversion symmetry, a prerequisite for
the existence of Weyl Fermions. Compared to the exper-
imentally verified type-I WSM TaAs family with 24 WPs and
type-Il WSM MoTe, family**™*® with 8 WPs, TalrTe, hosts
only four WPs, the minimal number of WPs a WSM with time-
reversal invariance can host.”****"~* Thus, TalrTe, offers the
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Figure 3. Broadband photoresponse of TalrTe, photodetector. Photoresponse of the TalrTe, device for different excitation wavelengths at
298 K. For better visualization, the magnitude of low responsivities obtained for different wavelengths is multiplied.

simplest “hydro%en atom” example of an inversion-breaking
Weyl semimetal.”” In addition, TalrTe, also hosts larger Fermi
arc surface states compared to the MoTe, family, allowing
sample momentum space for experimental studies of
topological related properties. For these reasons, TalrTe, is a
practically important model type-IIl WSM and an ideal material
platform for device applications. Considering the essence of
WSMs, in this work, a field effect TalrTe,-based photodetector
has been studied over a broadband wavelength regime (from
visible 532 nm to the mid-infrared 10.6 ym) working in
unbiased self-powered mode at room temperature. The
responsivities and specific detectivities can reach 0.34 mA
W' and 2.7 X 107 Jones at 633 nm, 30.2 A W and 2.5 X 10°
Jones at 4 um, and 20 A W' and 1.4 X 10° Jones at 10.6 um,
respectively. It also exhibits fast response time in the range of
25—30 ps over broad wavelength range. Moreover, the
polarization-dependent study revealed a highly anisotropic
photoresponse of TalrTe,. Although 2D layered black
phosphorus (BP)*>*" has shown similar anisotropic response,
the application of BP for this purpose is limited by the 0.3 eV
bandgap. Considering the ambient stability of TalrTe, is much
better than BP, TalrTe, provides a complementary solution for
BP over a long wavelength beyond 4 pm in terms of
polarization angle-sensitive photodetection.

RESULTS AND DISCUSSION

The photoresponse measurements are performed on the
mechanically exfoliated flakes of TalrTe,, obtained from the
bulk TalrTe,, synthesized by chemical vapor deposition (CVD)
method. The exfoliated TalrTe, flakes are fabricated into lateral
metal-TalrTe,-metal devices as shown in Figure la. The inner
two electrodes are connected for PC measurement. Figure 1b
shows the crystal structure of TalrTe, that has T, phase which
belongs to noncentrosymmetric space group (Pmn2,). The
characteristic Raman spectra of the exfoliated 62 nm-thick
TalrTe, (AFM image shown in Figure 1c) are shown in Figure
1d. Figure le illustrates a typical scanning PC measurement
(SPCM) image of a TalrTe, device together with its in situ
scanning reflection microscopy with 800 nm excitation and
about 3 um spatial resolution. The dimension of the sample
between the two inner electrodes is about 20 ym X 40 ym, and
the PC response can be obtained from the whole device, which
includes both the interface of TalrTe,-metal junctions and the
inner area of TalrTe, that are away from the metal electrodes.
In addition, we note although the stability of few layer TalrTe,
is poor in the air, the photoresponse and transport properties of
the TalrTe, devices turn out to be very stable under ambient
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conditions over several months. This is because the major
layers underneath the surface are well protected from
degradation for devices made from relatively thick flakes.
Figure 2 illustrates the temperature- and excitation power-
dependent measurements at 800 nm with reflection image
shown in Figure 2a. The temperature dependence is measured
from room temperature down to 78 K. The SPCM patterns
recorded at different temperatures (illustrated in Figure 2b)
remain qualitatively the same. The positive/negative maximum
PC response amplitudes at different temperatures are shown in
Figure 2c. The magnitude of PC response decreases slightly as
temperature varies from 78 to 100 K and then increases
monotonically with temperature up to 298 K. The effect of
excitation power on the PC response is measured by scanning
through a line cut crossing the maximum and minimum PC
response of the device, as marked by the black line cuts in
Figure 2a)b. The power-dependent measurements are carried
out at 298 K by varying the power from 100 to 1500 ¢#W. The
shape and peak position of photoresponse along the line cut
remains unaffected at different excitation power (Figure 2d).
Furthermore, the magnitude of PC response increases linearly
with power, as shown in Figure 2e. The nonlocal PC generation
away from the contact region and the temperature dependence
of the PC amplitude implies the photothermoelectric effect
(PTE) plays a crucial role in the PC generation.The PC
generation from PTE effect does not rely on the proximity of
contacts and thus can contribute to the “nonlocal” response
away from the two electrodes through the well-known
Shockley—Ramo mechanism similar to graphene.”” However,
either photovoltaic (PV) effect or photo-Dember (PD) effect
relies on the metal electrode, thus the PC generated from PV
and PD is highly localized and can only happen at the metal-
TalrTe, interface.”” The nonmonotonic temperature de-
pendence of PC amplitude further confirms that the PTE effect
contributes to the photoresponse. The magnitude of the PC
from the PTE effect can have complicated lattice temperature
dependence as shown in Figure 2c, because both the Seebeck
coefficient and heat capacitance depend on temperature. For
PV and PD, the response should decrease as temperature
increases, as the mobility is found to decrease monotonically
with increasing temperature through transport measurement,
while built-in electric field is not sensitive to the temperature.
Taking the advantage of gapless linear dispersion band
structure, the PC responses of the TalrTe, device should
spread over a broad wavelength range. Figure 3 illustrates the
short-circuit PC responses at different excitation photon
energies ranging from 0.12 to 2.33 eV on the TalrTe, device.
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Table 1. Comparison of Broadband Photodetectors

material responsivity response time spectral range (um) ref notes
graphene 6.1 mA/W 62.5 ps UV-SWIR 44 broadband
Cd;As, 5.9 mA/W 6.9 ps 0.532-10.6 32 broadband
InSb 0.1 A/W 0.1 ns 2.5-8 S, 6 300 K
HgCdTe 0.3 A/W 2.2 ns 3-10 45 300 K
0.6 A/W 100 ns 2—-14 46 77 K
TalrTe, 0.02 mA/W 27 us 0.532—10.6 this work broadband
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Figure 4. Response time of TalrTe, photodetector. (a,b) Chopping frequency-dependent responsivity measurement with a lock-in amplifier
under 633 nm and 10.6 um excitation, respectively. The deducted response time of different wavelengths are labeled in the figure.
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Figure S. Anisotropy photoresponse of TalrTe, photodetector. (a) Schematic representation of linear polarization-dependent PC
measurement setup. (b—d) Anisotropic PC response for the linear polarized excitation at 633 nm, 4 gm, and 10.6 pm, respectively. The ratios
of anisotropy ellipse are 1.13, 1.56, and 1.88, respectively. (e) Optical image of the device with 12 electrodes. (f) AFM image of the device
with 12 electrodes. (g) Anisotropic PC response for each pair of diagonal electrodes. The electrodes are labeled in (f). (h) Anisotropic
resistance for each pair of diagonal electrodes. The orientation of zero degree is shown in (f). All scale bars indicate S ym.

In wavelength-dependent measurement, the PC responses at
0.12 and 0.31 eV are recorded using two continuous wave
(CW) quantum cascade laser sources, while the responses from
0.80 to 2.33 eV are recorded by switching on/oft the laser pulse
(6 ps, 20 MHz) from a fiber-based white light supercontinuum
source. Since the PC is measured with very different light
sources at different wavelengths, it is to be noted that a direct
comparison of specific detectivities for different wavelengths is
quite difficult because of different focused laser spot sizes and
instantaneous excitation energies. The PC responses for
different excitation photon energies are measured at the
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maximum of positive PC as marked by the red circle in the
SPCM shown in Figure 3c at zero bias voltage. The
responsivity and detectivity for the lowest excitation energy
(0.12 eV) are found to be 20 yuA W' and 1.4 X 10° Jones,
whereas the highest responsivity and detectivity are 0.34 mA
W' and 2.7 X 107 Jones, respectively, occurring at excitation
energy of 1.96 eV. A brief comparison of the device
performance between Dirac Semimetals (graphene and
Cd,As,) and commercial mid-infrared photodetector (HgCdTe
and InSb) is shown in Table 1. We note epitaxial growth
techniques can potentially be developed for these listed
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materials, to make them compatible with standard CMOS
technology. It is worth noting that the response wavelength
range is limited by the availability of light sources rather than by
the response of the device itself. As a gapless WSM, TalrTe,
should possess an ultrabroadband response extendable to much
lower photon energy even down to THz, similar to graphene
and Cd;As,.”* The response of the device is relatively low as a
result of inefficient extraction of photocarriers due to the
metallic nature of the material. However, we note the
responsivity at longer wavelength beyond 10.6 ym could be
much higher when the optical transition gets closer to the Weyl
nodes, where the carrier mobility is much higher due to the
linear energy dispersion and suppression of backscattering. The
overall responsivity can be further enhanced using different
source drain metals with interdigitated contacts to provide
opposite built-in electric field directions with TalrTe,, thus
avoiding the cancellation of the PC when illuminated with light
spot larger than the active device channel area.*' The PC
response due to the PTE mechanism could be further enhanced
by fabricating suspended device over the substrate to reduce
cooling through the substrate. Figure 4 shows the response
time measurement through standard chopping frequency-
dependent responsivity measurement at different wavelengths.
The response times are 25.73 and 26.97 us at 633 nm and 10.6
um, respectively.

At last, the linear polarization-dependent PC responses of
TalrTe, are studied by varying the polarization of the excitation
beam at different wavelengths as illustrated in Figure Sa. The
polar plot of PC response at a fixed position of the device with
different excitation polarization angles at 633 nm, 4 pm, and
10.6 pm are shown in Figure Sb—d, respectively. Interestingly,
the device shows anisotropic response to the angle of linearly
polarized light, similar to BP,”*”** with the only difference that
the response is anisotropic at all wavelengths. The anisotropy
ratio, which is defined as the ratio between long and short axes
of the ellipse, is 1.13, 1.56, and 1.88 for 633 nm, 4 ym, and 10.6
um, respectively. The wavelength dependence of the anisotropy
ratio indicates the response is more anisotropic when excited
with lower photon energy. A likely explanation of the
anisotropy is the different effective masses and thus different
absorption along the two axes of the TalrTe, crystals."’ ™
Similar anisotropic response is also observed on other Type-II
Weyl semimetal candidates.*’ Furthermore, to investigate if the
anisotropic response is a pure material property of TalrTe, or if
it is the result of a specific device structure,””* a device with 12
electrodes uniformly distributed on the sample was fabricated,
as shown in Figure Se. Linear polarization dependence of PC
was measured between each pair of diagonal contacts with an
excitation wavelength of 633 nm and excitation power of 200
UW. The results (shown in Figure Sg) indicate that the
orientations of the ellipses are the same, which means the
anisotropic response is independent of electrode configuration
and it is solely decided by the crystal orientation of TalrTe,.
Thus, the a- and b-axes of the TalrTe, could be independently
determined using the polarization-angle-resolved PC response
measurement, with the maximum PC response along the high
mobility a-axis. In addition, the resistance between each pair of
electrodes along different crystal directions is different, as
shown in Figure Sh, where the low resistance direction is
consistent with the high mobility direction along the crystal a-
axis. The polarization angle-sensitive photoresponse of TalrTe,
is very similar to that of BP, which is suitable for polarization-
sensitive photodetection. However, in contrast to BP, where the
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sensing wavelength range of BP is limited by the 4 ym bandgap,
the detectable wavelength of TalrTe, photodetectors can be
extended beyond 4 um, and is more anisotropic at longer
wavelength.

CONCLUSIONS

In summary, the physical properties of Type-Il WSM TalrTe,
enable self-powered broadband photodetectors operating at
room temperature with polarization angle-sensitive response.
The self-powered operation could greatly facilitate wearable
and portable applications, in particular wearable mid-IR sensing
applications. As a 2D layered material, TalrTe, could further
incorporate many other possibilities by convenient integration
with other layered 2D materials through van der Waals
heterostructures.> ™’ In this regard, the layered TalrTe, is
endowed with great potential, surpassing the 3D Dirac
semimetal Cd;As, which processes similar advantages in
terms of responsivity and broadband response as a photo-
sensing material.

MATERIALS AND METHODS

Sample Growth. All the elements used in sample growth were
stored and acquired in an argon-filled glovebox with moisture and
oxygen levels <0.1 ppm, and all manipulations were carried out in the
glovebox. TalrTe, single crystals were synthesized by solid-state
reaction with the help of Te flux. The elements of Ta powder
(99.99%), Ir powder (99.999%), and Te lump (99.999%) with an
atomic ratio of Ta/Ir/Te 1:1:12, purchased from Sigma-Aldrich
(Singapore), were loaded in a quartz tube and then flame-sealed under
high-vacuum of 107® Torr. The quartz tube was placed in a tube
furnace, slowly heated up to 1000 °C and held for 100 h, and then
allowed to cool to 600 °C at a rate of 0.8 °C/h, followed by a cool
down to room temperature.

Device Fabrication. The thin TalrTe, samples used for the
studies in this work were mechanically exfoliated from bulk TalrTe,
crystal and transferred on to 300 nm SiO,/Si substrates. The thickness
of TalrTe, measured by atomic force microscopy (AFM), was
estimated to be 62 nm (shown in Figure 1c). Standard electron-beam
lithography technique was used to pattern electrodes, two-terminals,
consisting of S nm Cr and 50 nm Au.

Raman Characterization. The Raman spectra were carried out on
a HR 800 (Jobin Yvon Horiba), with a 632.8 nm laser. Raman
measurements were carried out in ambient conditions, since the
TalrTe, flakes were fairly air stable.

Photoresponse Measurements. Standard scanning PC measure-
ments were performed in ambient conditions using 800 nm CW laser
with ~2 pm spatial resolution. The laser beam was focused by a 40X
transmissive objective lens, and a scanning mirror was used to scan the
light beam on the sample. The laser beam was modulated with a
mechanical chopper (383 Hz), and the short-circuit PC signal was
detected with a current preamplifier and a lock-in amplifier. The
reflection signal and PC were recorded simultaneously to get the
reflection image and PC response. For wavelength-dependent
measurements, a series of bandpass filters were used to select the
desired wavelength from a white light supercontinuum output of
Fianium: WhiteLase-Micro (20 MHz, 6 ps, 450—2200 nm). Two CW
quantum cascade laser sources emitting at 4 and 10.6 ym were used
for mid-infrared measurement. The mid-IR beams were focused by a
40X reflection objective with a spot diameter of about 8 ym and 18
pum for 4 ym and 10.6 um excitation, respectively. However, for
polarization-dependent PC measurements, the 632.8 nm, 4 ym, and
10.6 pm laser beams are all focused to spot diameters of about 20 ym
instead. The large focus spot helped to avoid the possible effect of
sample drift during the measurements. A motorized rotation stage was
used to rotate a half waveplate for the linear polarization-dependent
measurement. Response time measurements were performed in
ambient conditions using CW excitation and an optical chopper
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with different chopping frequencies. The PC response (R;) taking from
a lock-in amplifier as a function of the different chopping frequencies

(f) were fitted with Ry = Ry/4/1 + (2fr)* to obtain the response

time (7).
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