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Introduction

Nonmonotonic wavelength dependence of the
polarization-sensitive infrared photoresponse of
an anisotropic semimetalt

Jie Deng,*° Wei Zhang, 1 Xu Dai,® Yu Yu,? Zhifeng Li,>® Wei Wang,®
Lin Wang, @ *© Jing Zhou {2 **® and Xiaoshuang Chen*®®°

Layered semimetals with in-plane anisotropy are promising for advanced polarization-sensitive infrared
detection. The investigation of the polarization-dependent photoresponse of semimetals over the whole
visible-to-long-wave-infrared range and revealing the physical connection between their optoelectronic
properties, optical properties, and electronic band structures is required, but there have been very few
studies of this kind. In this work, we conducted a thorough investigation on the polarization-dependent
infrared photoresponse of WTe, over the visible-to-long-wave-infrared range and discovered a textbook-
like perfect consistency between the wavelength-dependent polarization-sensitive photoresponse and
the anisotropic dielectric constant mainly affected by interband transitions near the Weyl point. It is
revealed that the polarization sensitivity and the responsivity both vary non-monotonically with the wave-
length. This phenomenon is attributed to the polarization selective excitation of interband transitions
associated with asymmetrically distributed electron orbitals around the Weyl points. Concerning the infra-
red detection properties of WTe,, a maximum responsivity of 0.68 mA W is obtained under self-
powered operation. The power dependence of the photoresponse is linear, and the response time is
around 14 ps. This work would provoke further studies about the anisotropic photoresponse associated
with the transitions even closer to the Dirac or Weyl points, and it provides an approach to select the right
semimetal for the right wavelength range of infrared polarization detection.

low-symmetry 2D materials, narrow-gap candidates such as
BP,"” Te,"*'* and GeAs'® have been proposed for polarization

Polarization-sensitive infrared detection plays a critical role in
many important fields, including remote sensing, optical com-
munication, and astronomy.' The essential part of this techno-
logy is polarization discriminative infrared detectors. Although
considerable polarization selectivity can be achieved by inte-
grating anisotropic photonic structures with detection
materials,”” the fabrication of these composite structures is
sophisticated and costly. Recently, the emergence of low-sym-
metry layered materials has stimulated tremendous research
interest in polarization detection based on their in-plane an-
isotropic optical and electrical properties.®™* Among these
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detection within the visible-to-short-wave infrared range.
Polarization detection at even longer wavelengths requires
active materials with narrower band gaps. The extreme case of
narrowing down the gap ends up with gapless semimetals.
Semimetals have been demonstrated to be promising for infra-
red detection at room temperature due to their gapless elec-
tronic structures, unique carrier transportation characteristics,
and nonlinear high responsivities at the Dirac or Weyl
points.'®*° Especially, low-symmetry semimetals with aniso-
tropic optoelectronic properties, such as MoTe,,"” TalrTe,,"®"®
and PtTe, *° have been revealed to be polarization sensitive to
infrared light. In this sense, it is extremely important to inves-
tigate the polarization-dependent photoresponses of polariz-
ation-infrared-detection candidate materials over the whole
visible-to-long-wave-infrared range and reveal the physical con-
nection between their optoelectronic properties, optical pro-
perties, and electronic band structures. However, there have
been very few studies of this kind.

In this work, we conducted a thorough investigation on the
polarization-dependent infrared photoresponse of WTe,
over the visible-to-long-wave-infrared range and discovered a

This journal is © The Royal Society of Chemistry 2022
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textbook-like perfect consistency between the wavelength-
dependent polarization-sensitive photoresponse and the aniso-
tropic dielectric constant mainly affected by the interband
transitions near the Weyl point. WTe,, as a type-II Weyl semi-
metal, has received much attention due to its unique elec-
tronic, magnetic, and ferroelectric properties mostly stem-
ming from the topological singularity near the Weyl
points.”’’® In addition, since WTe, exhibits intrinsic in-
plane anisotropy in optical and electronic properties,>*? it
has been proposed for infrared polarization detection. We
first revealed that the polarization-sensitive photoresponse of
WTe, has a nonmonotonic wavelength dependence. The
photoresponse of WTe, is isotropic in the visible range. The
anisotropy increases with the wavelength in the near-infrared
range and reaches a maximum of 2.3 at a wavelength of
around 1.55 pm. After that, it decays with the wavelength
and disappears at a wavelength of 10 pm. It is noteworthy
that we designed two forms of electrodes to exclude the edge
effect at the metal contacts. The nonmonotonic wavelength
dependence of the polarization-sensitive photoresponse is
highly consistent with the wavelength-dependent anisotropic
dielectric constant of WTe,. In addition, the responsivity also
shows a nonmonotonic wavelength dependence. It forms a
peak in the short-to-long-wave-infrared regime. The summit
at a wavelength of 8 um is several to ten times higher than
the responsivities at the wavelengths shorter than 6.5 pm or
longer than 10 pm. The nonmonotonic behavior is attributed
to the joint effect of the asymmetric distribution of electron
orbitals and the selection rules of the interband transitions
around the Weyl points.
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Results and discussion

As shown in Fig. 1(a), the crystal structure of Ty-WTe, is ortho-
rhombic, non-centrosymmetric, and is in the space group
Pmn2; (Cy). The Ty4-phase of WTe, is the stable form with
minimum energy configuration.**** Each layer of the structure
consists of a single sheet of tungsten atoms sandwiched by
two sheets of tellurium atoms. The quasi-1D W-W chain is
along the a-axis and the c-axis is perpendicular to these layers.
There are two tungsten atoms and four tellurium atoms in a
unit cell. The T4 phase of our WTe, is proved by Raman spec-
troscopy. As shown in Fig. 1(b), the peaks at the wavenumbers
of 80, 117, 133, 164, and 212 cm™' are the features of the A,
phonon mode.** Tq-WTe, is known as a type-II Weyl semimetal
candidate and has received broad attention due to its unique
optoelectronic properties. The anisotropic orthorhombic
crystal structure of T4-WTe, induces a highly anisotropic band
structure, Fermi surface, and effective carrier mass, leading to
polarization-sensitive optoelectronic properties. Polarization-
resolved Raman spectroscopy was used to determine the crys-
tallographic orientation of WTe,. The Raman intensity peak at
212 em™" is associated with the vibration of W atoms along the
c-axis, and it drops to a minimum when the incident light
polarization is parallel to the g-axis. As shown in Fig. 1(c), the
minimum intensity appears at 0°, indicating that the ag-axis of
the sample in Fig. 1(d) is horizontal.

Optoelectronic characterization was performed by connect-
ing a piece of WTe, with two metal contacts. Metal electrodes
made of Ti (10 nm)/Au (35 nm) were fabricated on a SiO,
(300 nm)/Si substrate. Then, the as-exfoliated WTe, flakes were
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(a) Side and top views of the crystal structure of Ty4-WTe,. Orange spheres: tellurium (Te) atoms and blue spheres: tungsten (W) atoms. (b)

Raman spectrum of T4-WTe, flakes under 532 nm laser excitation. (c) Polarization dependence of the Raman intensities at a wavenumber of
212 cm™. An arrow indicates that the a-axis is along the 0° direction. (d) Microscopic image of a WTe, device. The scale bar is 5 pm. (e) Spatially
resolved photocurrent mapping of the device in (d) using a 519 nm laser. (f) /I-V characteristic of the device in (d).
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transferred onto the electrodes in a designed orientation. The
thicknesses of the WTe, flakes in our devices are about
11-15 nm. A typical metal-WTe,-metal structure is displayed
in Fig. 1(d). The a-axis of the WTe, flakes is aligned parallel to
the channel. Since the WTe, flakes are semimetallic, an ohmic
contact is realized without extra metalization. According to the
I-V test, the resistance of the device is around 500 Q (Fig. 1(f)).
A homemade spatially resolved photocurrent mapping system
was used to characterize the photocurrent distribution. The
spatial resolution is about 1 pm when the wavelength of the
excitation light is 519 nm.

As shown in Fig. 1(e), the WTe, flakes and electrodes are
indicated by dashed lines. At zero bias, most photocurrent is
collected in the vicinity of metal contacts. WTe, in the middle
of the channel contributes very little to the photocurrent. In
the absence of an external bias, the photoresponse is attribu-
ted to the photovoltaic (PV) or the photo-thermoelectric (PTE)
effect.>® The work function difference between the metal
contact and the WTe, flakes create a space charge region,
where the electronic band is bent. The PV effect comes from
the built-in electric field that separates photoexcited electron—
hole pairs. The PTE effect comes from the difference of the
Seebeck coefficients between the WTe, on the metal contact
and that on the substrate, and the temperature gradient
excited by a focused laser spot.

The polarization-sensitive infrared photoresponse of WTe,
is investigated using a homemade polarization-resolved infra-
red optoelectronic characterization system, as shown in
Fig. 2(a). The polarization state of the incident light is con-
trolled by a linear polarizer and a half-wave plate. The polariz-
ation angle 0 is defined as the angle between the electric field
of the incident light and the x-axis. For visible and near-infra-
red light, the focused laser spot is smaller than 2.5 pm in dia-
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meter. The mid-infrared light spots are about 35, 45, 55, and
65 pm in diameter for wavelengths of 4.75, 6.7, 8, and 10 um,
respectively. As shown in Fig. 2(b), the electrodes of Devicel
are parallel to the a-axis of WTe,, and the electrodes of Device2
are perpendicular to the a-axis. The relative orientation
between the electrodes and WTe, is arranged in two orthog-
onal forms for these two devices to eliminate the influence of
metal contacts on the photoresponse anisotropy. It has been
reported that polarization selective photoresponse occurs at
the junctions of isotropic 2D materials and metal contacts due
to photovoltaic effects and surface plasmon excitation.’” The
two devices have similar resistances (450-500 Q). For each
device, the photocurrent was collected by focusing the laser
spot at a WTe,—metal junction. The photoresponse anisotropy
can be quantified by the degree of linear polarization (DOLP).
The DOLP is defined as (Iog — Io)/(Ioo + Io), where Ipo Or Iggo
denotes the photocurrent induced by the incident light polar-
ized along the x-axis (i.e. @ = 0°) or the y-axis (i.e. & = 90°).
Fig. 2(c) presents the wavelength-dependent DOLP for these
two devices. The absolute values of DOLP, and DOLP, are
almost equal to each other, indicating a similar wavelength
dependence of the two devices. Regardless of the relative
orientation between the incident polarization and the electro-
des, the incident polarization along the g-axis induces a larger
photocurrent than that along the b-axis in certain wavelength
ranges. Thus, the geometric edge effect at the metal contacts is
ruled out, and we conclude that the polarization selective
photoresponse originates from the anisotropic optoelectronic
properties of WTe,. The DOLP of WTe, is tiny in the visible
range, and then it increases in the near-infrared range. After
the climax as high as 0.4 at a wavelength of around 1.55 pm,
the DOLP decreases with the increasing wavelength and
almost vanishes at the wavelengths longer than 6.7 pm. The
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Fig. 2

(a) Schematic of the polarization-resolved infrared optoelectronic characterization setup. (b) Microscopic image of the two metal-WTe,—

metal devices. The electrodes of Devicel are parallel to the a-axis of WTe,, and the electrodes of Device2 are perpendicular to the a-axis. The scale
bar is 10 pm. (c) The DOLP of the photocurrents of Devicel and 2. (d)-(g) Polarization-dependent photocurrents for the linear-polarized excitations
at 633 nm, 1550 nm, 4.75 pm, and 8 pm, respectively. The square symbols correspond to Devicel, and the triangle symbols correspond to Device?2.
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wavelength-dependent evolution of the anisotropic photo-
current is further illustrated at four wavelengths. Fig. 2(d)-(g)
show the polarization-dependent photoresponses of these two
devices at the wavelengths of 633 nm, 1550 nm, 4.75 pm, and
8 pm, respectively. The square symbols correspond to Devicel
and the triangle symbols correspond to Device2.

The wavelength-dependent polarization-sensitive photore-
sponses of our devices are consistent with the dielectric con-
stant spectra extracted from reflection measurements®® or pre-
dicted by first-principle calculations.*"**?® Fig. 3(a) shows the
real part of optical conductivity Re(c) = Re(—2niw[e(w) — €]/Zo)
(where Z, ~377 Q) derived from the dielectric constant.?® The
optical conductivity is directly associated with the optical
response of the material. o, or o, denotes the optical conduc-
tivity along the a- or b-axis. The optical properties of WTe,
have free-carrier response in the low energy domain (hv <
~60 meV), interband transitions near the Weyl points (~0.2 eV
< hv < ~0.8 eV), and interband transitions to higher energy
levels (hv > ~0.8 eV).***" Our investigation covers the photon
energy range from 0.1 to 2.4 eV. In the range from 0.1 to 0.2
eV, the photon energies are not high enough to excite inter-
band transitions, but still too high to excite prominent free-
carrier response. Thus, the light absorption of WTe, in this
range is pretty low no matter whether the polarization is along
the a-axis or the b-axis. As a result, the polarization extinction
ratio (PER), defined as I,/I,, is around 1 (Fig. 3(b)). In the
range from 0.2 to 0.8 eV, the light-WTe, interaction is deter-
mined by transitions near the Weyl points since the interband
transitions at other positions in the k-space require much
higher photon energies.>’***! In this range, either ¢, or o
increases almost linearly with the photon energy, which is a
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Fig. 3 (a) Optical conductivities of WTe, along the a-axis and the
b-axis, respectively, based on the dielectric function from ref. 38. (b)
Polarization extinction ratio spectra of the two devices. The square and
triangle symbols correspond to Devicel and Device2, respectively. The
dashed blue line denotes the ratio of the absorption coefficient along
the a-axis to that along the b-axis.
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featured consequence of linear band structures near the Weyl
points.*®*%*! 5 and ¢, increase at different rates with the
photon energy, as shown in Fig. 3(b), so the in-plane anisotropy
of the photoresponse grows with the photon energy and reaches
a maximum at 0.8 eV. The polarization selective excitation of
these interband transitions is probably attributed to the asym-
metric distribution of electron orbitals around the Weyl points,
as predicted by theories.’***" In principle, the crystal sym-
metry of T4-WTe, forbids more transitions associated with the
polarization along the b-axis than along the a-axis due to the
selection rule. These transitions are not directly at the Weyl
points, since the direct transitions between the upper and lower
Weyl cones are expected to occur at even lower energy regimes,
overlapping the free carrier response range.

For photon energies higher than 0.8 eV, electrons are
excited to higher energy levels, and the transitions are not
limited to the k-space near the Weyl points but distributed
more widely over the whole k-space. As a result, there are more
possibilities for the transitions associated with the polariz-
ation along the b-axis. As confirmed by our experiment, the
PER decreases with the photon energy after 0.8 eV and finally
goes back to 1 (Fig. 3(b)).

The nonmonotonic wavelength dependence of the photo-
response PER is different from the findings in previous studies
on anisotropic semimetals, such as MoTe,, TalrTe,, and
PtTe,."”2° Each of these studies measured the polarization-
dependent photoresponse at 3 or 4 wavelengths in the visible-
to-long-wave-infrared range. All the results indicate that the
photoresponse PERs increase with the wavelength monotoni-
cally. This phenomenon was attributed to the anisotropic
effective masses of carriers and anisotropic absorption along
the two principal axes. However, the discussions on that were
very brief, and the wavelength-dependent anisotropic photore-
sponses were not compared with the spectra of light absorp-
tion or dielectric constants. In our study, we measured the
polarization-dependent photoresponse at 7 wavelengths more
evenly distributed in the visible-to-long-wavelength-infrared
range and analyzed the results with the spectra of the aniso-
tropic optical conductivities and absorption coefficients. Based
on the consistency between the anisotropic photoresponses
and the anisotropic optical properties, we confirm that the
photoresponse anisotropy of WTe, has a nonmonotonic wave-
length dependence in the visible-to-long-wave-infrared range,
and the highest PER occurs around a wavelength of 1.55 pm.
As reported by a previous study,’> WTe, can have prominent
polarization-sensitive photoresponse in the visible range
because the incident light polarized along the a-axis can open
a bandgap to induce extra interband transitions, while the
light polarized along the b-axis cannot. Probably due to the
low intensity of our laser, we did not observe a polarization-
sensitive photoresponse of our WTe, in the visible range.

As shown in Fig. 4(a), photocurrent waveforms at different
incident wavelengths are recorded by using a digital source
meter. The photocurrent is collected by focusing the laser spot
at a WTe,-metal junction under zero bias. The responsivities
at the wavelengths of 519 nm, 633 nm, 1550 nm, 4.75 pm,
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Fig. 4 (a) Photoresponse waveforms of WTe, over the visible-to-long-wave-infrared range. (b) Responsivity spectrum (red) and simulated absorp-

tion spectrum (blue) in the mid-infrared range. (c) Electronic band structure of WTe, along the I'-X direction based on first-principle calculations.
The data are reproduced from ref. 38. (d) and (e) Optical conductivity spectrum (black line) of WTe, along the a-axis (s,) or the b-axis (s,), and the
decomposed o, or o5, spectrum (green line) for the specific interband transition marked by the green arrows in (c).

6.7 pm, 8 pm, and 10 pm are 0.4 mA W', 0.68 mA W',
0.14 mAW™, 60 pAW™, 93 pAW™!, 163 pA W', and 54 pA
W™ respectively. The responsivities in the visible-to-near-infra-
red range are 2.5 times to 4.5 times higher than those in the
mid-infrared range since the visible photons with higher ener-
gies can excite more interband transitions. The responsivity
level of our WTe, devices is similar to reported values for other
semimetals.'””° It is worth noting that in the mid-infrared
range the responsivity of WTe, increases with the wavelength
initially, climaxes at a wavelength of 8 pm, and decreases after
that (Fig. 4(b)). The maximum responsivity at the wavelength
of 8 um is 10 times higher than the minimum responsivity at a
wavelength of 10.6 pm. The responsivity peak wavelength
coincides with the optical conductivity peak wavelength, as
shown in Fig. 4(d) and (e). According to the interband conduc-
tivity decomposition,®® the peak at the wavelength of 8 pm is
attributed to the interband transition near the Weyl points, as
indicated by the green arrows in Fig. 4(c). This transition starts
from the band drawn in green and ends at the band in blue.
The decomposed conductivities for this specific transition
along the g-axis and that along the b-axis are plotted in green
lines in Fig. 4(d) and (e), respectively. Both of them show a dis-
tinct peak around the wavelength of 8 pm, indicating that this
transition can be excited by either the polarization along the
a-axis or that along the b-axis. A simulation using this optical
conductivity was also performed to investigate the absorption
of WTe, on a SiO,/Si substrate. As shown by the blue line in
Fig. 4(b), the absorptance peak at the wavelength of 8 pm is
consistent with the responsivity peak at the same wavelength.

7318 | Nanoscale, 2022, 14, 7314-7321

In addition to interband transitions, WTe,, as a semimetal,
has also free-carrier response. However, since the free-carrier
response typically follows a Drude behavior, it has no peak fea-
tures in the spectrum.

Concerning the infrared detection properties of WTe,, the
power dependence of the photoresponse is also studied over
the visible-to-long-wave-infrared range. Fig. 5(a) shows the
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Fig. 5 (a) Power-dependent photocurrents of WTe,. (b) Time-resolved
photoresponses of WTe,.
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photocurrent as a function of excitation power. The photocur-
rents grow linearly with the incident power, indicating that the
carriers experience a low density of trap states during transpor-
tation.”® The photoresponse time was characterized by using
an oscilloscope. Based on the waveforms (Fig. 5(b)) recorded
by the oscilloscope, the photoresponse time is around 14 ps.

Conclusions

The polarization-sensitive photoresponse spectroscopy of
WTe, was studied over the visible-to-long-wave-infrared range.
It is revealed that the polarization sensitivity of the photo-
response varies non-monotonically with the wavelength, which
is different from previous findings on other semimetals. The
photoresponse of WTe, is almost polarization-independent in
the visible range. The PER increases with the wavelength in
the near-infrared range and reaches a maximum of 2.3 at a
wavelength of around 1.55 pm. Then, it decays with the wave-
length in the near-to-long-wave-infrared range and degenerates
to ~1 at a wavelength of 10 pm. The employment of two
devices with orthogonal electrodes-WTe, relative orientations
(i.e. electrodes along the a-axis and electrodes along the b-axis)
proves that the polarization-sensitive photoresponse is an
intrinsic property of the WTe, material. The nonmonotonic
wavelength-dependent anisotropy is attributed to the polariz-
ation selective excitation of interband transitions associated
with asymmetrically distributed electron orbitals around the
Weyl points, and it is highly consistent with the wavelength-
dependent anisotropic dielectric constant of WTe,. In
addition, the responsivity also varies non-monotonically with
the wavelength. It shows a peak of 163 yA W™ at a wavelength
of 8 pm in the mid-infrared range. This phenomenon is attrib-
uted to a specific interband transition with a higher rate near
the Weyl points. A maximum responsivity of 0.68 mA W' is
obtained under zero bias. The power dependence of the photo-
response is linear, and the response time is around 14 ps. This
work would provoke further studies about the anisotropic
photoresponse of topological semimetals associated with the
transitions even closer to the Dirac or Weyl points. It also indi-
cates that the polarization-dependent photoresponse of a semi-
metal is mainly decided by its anisotropic dielectric constant,
so the right material for the right wavelength range can be
selected for polarization infrared detection simply based on
the dielectric constant.

Experimental section
Sample growth

The WTe, crystals studied in this work were synthesized by the
chemical vapor transportation (CVT) method.”® The WTe, crys-
tals were mechanically exfoliated into nanosheets using Scotch
tape.

This journal is © The Royal Society of Chemistry 2022
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Device fabrication

The devices were fabricated by standard UV lithography, elec-
tron beam deposition, and the lift-off process. The metal elec-
trodes were made of Ti (10 nm)/Au (35 nm). The as-exfoliated
WrTe, flakes were transferred onto the electrodes by a dry-trans-
fer technique. The thicknesses of the WTe, flakes were
measured by atomic force microscopy (Fig. S17).

Photoelectric characterization

All of the electronic and optoelectronic properties were
measured under ambient conditions at room temperature. The
I-V curves and waveforms were recorded by using a source
meter (Agilent B2912A). After being converted to a voltage
signal by a current preamplifier (Stanford Research Systems
SR570), the time-resolved photoresponse was recorded using
an oscilloscope. For polarization- and power-dependent
measurements, the incident light was modulated at 333 Hz,
and the photoresponse was recorded using a lock-in amplifier
(Stanford Research Systems SR830) after the current preampli-
fier. For linear polarization measurements, a half-wave plate
was placed after the linear polarizer to control the polarization
of incident light. The incident power was characterized using a
power meter.

For the visible and the near-infrared photoresponse
measurements, the light from a single-mode pigtailed laser
diode (Thorlabs) was focused on the sample by a 50x objective
lens. The light spot size is smaller than 2.5 pm. The light
power was modulated using a signal generator via a laser
diode driver. For the mid-infrared photoresponse measure-
ments, a quantum cascade laser with multiple chips was
employed. A 15x reflective objective was used to focus the laser
beam. The light power was modulated with a mechanical
chopper or an electronic shutter. The diameter of the light
spots is about 35, 45, 55, and 65 pm for the wavelengths of
4.75, 6.7, 8, and 10 pm, respectively, and the power is 6.3, 4.1,
1.2, and 1.2 mW for the wavelengths of 4.75, 6.7, 8, and 10 pm,
respectively. The accurate positioning of the infrared light spot
on the sample was assisted by a visible laser which has been
aligned with the infrared light.
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