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Direct Light Orbital Angular Momentum Detection in Mid-
Infrared Based on the Type-ll Weyl Semimetal TalrTe,

Jiawei Lai, Junchao Ma, Zipu Fan, Xiaoming Song, Peng Yu, Zheng Liu, Pei Zhang,

Yi Shi, Jinluo Cheng, and Dong Sun*

The direct photocurrent detection capability of light orbital angular momentum
(OAM) has recently been realized with topological Weyl semimetals, but it

is limited to the near-infrared wavelength range. The extension of the direct
OAM detection capability to the mid-infrared band, which is a wave band

that plays an important role in a vast range of applications, has not yet been
realized. This is because the photocurrent responses of most photodetectors
are neither sensitive to the phase information nor efficient in the mid-infrared
region. In this study, a photodetector based on the type-1l Weyl semimetal tan-
talum iridium telluride (TalrTe,) is designed with peculiar electrode geometries
to directly detect the topological charge of the OAM using the orbital photo-
galvanic effect (OPGE). The results indicate that the helical phase gradient of
light can be distinguished by a current winding around the optical beam axis,
with a magnitude proportional to its quantized OAM mode number. The topo-
logically enhanced responses in the mid-infrared region of TalrTe, further help
overcome the low responsivity issues and finally render direct OAM detection

imaging, quantum optics,”! optical and
quantum communications,® and even
astrophysics.”l The tremendous progress
has Dbenefited from rapid developments
in the generation and manipulation of
the orbital angular momentum (OAM)
of light® In particular, recent rapid
progress in miniaturizing vortex genera-
tion and manipulation devices using on-
chip micro- or nanoscale structures has
boosted their on-chip integration for appli-
cations in optical sensing, micromanipula-
tion, and optical communications in both
the classical and quantum domains.?
However, at the detection end, the tech-
niques for measuring OAM are usually
realized by adopting interference and
diffraction properties, which require the
indirect counting of the stripes and lattices

capability. This study enables on-chip-integrated OAM detection, and thus

OAM:-sensitive focal plane arrays in the mid-infrared region.

1. Introduction

Since the introduction of optical vortices in 1989, many break-
throughs have been achieved for their applications in various
fields, including optical manipulation,? machining,®!

in the interference or diffraction patterns,
or carrying out indirect phase transforma-
tion.% The direct electric readout of OAM
is highly desired, especially for system-
level integrated applications that require on-chip integration
and focal plane array imaging with OAM sensitivity.

Recent developments in the direct characterization of the
topological charge of OAM based on the type-II Weyl semi-
metal tungsten ditelluride (WTe,) have led to the direct electric
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readout of OAM and subsequent on-chip integration.'!l Detec-
tion is achieved at a near-infrared wavelength (=1 um) based on
the orbital photogalvanic effect (OPGE) driven by the helical
phase gradient of light. The OAM mode number can be deter-
mined by the quantized magnitude of the current winding
around the optical beam axis. However, there remain technical
challenges with respect to extending direct OAM detection to
mid-infrared wavelengths, which is highly desired for a vast
range of OAM-related applications. Such a demand is espe-
cially urgent for mid-infrared focal plane array imaging, which
is crucial for autonomous driving, night vision, and motion
detection. There are two major technical obstacles in direct
mid-infrared OAM detection. First, the light matter interaction
is proportional to the variation of the vector potential associated
with the OAM of light (= 1/4); thus, the mid-infrared provides
weaker interaction and thus a weaker influence on microscopic
processes in materials compared to the near-infrared.'”l Second,
the absolute photocurrent response is usually poor in the
mid-infrared region, especially at room temperature. It cannot
support a sufficient signal-to-noise ratio to distinguish the
quantized magnitude associated with the OAM order despite
the fact that such quantization is allowed by the symmetry of
the detection material.

Recent developments in photodetection based on topo-
logical semimetals enabled the above issues to be addressed.!!’]
The photocurrent response can be boosted by the large Berry
curvature near the Weyl nodes of a Weyl semimetal. When the
doping level matches the optical transition wavelength, the
topologically enhanced shift current response of a Weyl semi-
metal provides an efficient approach for obtaining high respon-
sivity in the mid-infrared region.3* Some Weyl semimetals,
such as tantalum iridium tellurides (TalrTe,), share the same
crystal symmetry as WTe,,® which allows quantized OPGE
as a function of the OAM order. When combined with topo-
logically enhanced responsivity, it potentially provides direct
OAM detection capability in the mid-infrared region. In this
work, we show that a photodetector based on the Type-IT Weyl
semimetal TalrTe, with designed electrode geometries can
achieve the direct detection of the topological charge of OAM
through OPGE at 4 um, which is a typical mid-infrared wave-
length that is widely used for various applications. The observed
OPGE response emerges from the phase gradient of the optical
fields, rather than other photocurrent generation mechanisms,
and the photocurrent driven by the OPGE is proportional to the
OAM order of the incident beam. The beam size and spatial
dependence measurements confirmed the efficient collection
of the OPGE current as long as the spot size and position of
the laser beam matched the electrode structure. Combined with
the linear and circular polarization sensitivity demonstrated
in a previous work,3*d together with the conventional inten-
sity sensitivity, a further carefully designed photodetector array
device may be capable of full optical parameter characterization
in the mid-infrared region.

2. OAM Detection and OPGE in TalrTe,

First, we analyzed the response of TalrTe, under the illumina-
tion with OAM. In cylindrical coordinates, the OAM beams
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with Laguerre-Gaussian (LG) modes propagating in the z
direction are generally given by

Epym (r,0,2,t) =ty pm(r, z)eim“’ei(k’z"‘”)é +c.c.. 1

Here, u,,(r2) is the LG beam profile with the exact form
given in Note S1, Supporting Information, k =k, 2 is the wave
vector, @ is the light frequency, m is the OAM order, p is the
radial quantum number, £ = x+ioy represents the polarization
of the beam, with — 1 < 0 < 1 being the optical helicity or spin
angular momentum (SAM) of the beam (¢ = =+ 1 for circular
polarization), and c.c. is the complex conjugate. When m # 0, a
phase singularity appears at the center of the beam with zero
light intensity; thus, the intensity profile appears as a ring. The
radial quantum number p affects the radial electric field distri-
bution of the LG beam. An intuitive manifestation of p relates
to the number of rings in the intensity profiles (the number
of rings equals to p + 1). In this study, only LG beams with
p = 0 were considered. The beam radius at plane z is defined

as /mw( z) for the OAM order m, where w(z) is the radius of
2

the basic Gaussian beam at plane z when the spiral phase plates
(SPPs) used to generate the OAM beam are removed. Note that
this beam radius definition is different from the conventional
one, but is more straightforward for practical measurements.!°!

The generation mechanisms of OPGE in materials belonging
to the C,, point group are described in detail in Ref. [11], using
WTe, as an example. Figure 1a shows the crystalline structure
of TalrTe,, which belongs to the point group C,. The OPGE
response of TalrTe, should qualitatively behave the same as
WTe, from crystal symmetry considerations.'l The nonlinear
photocurrent response to the OAM of light arises from the gra-
dient of the laser fields with the inclusion of the electric quad-
rupole and magnetic dipole effects. After a symmetry consid-
eration is given in detail in Note S2, Supporting Information,
the second-order direct current (DC) density generated from
the OAM of light can be categorized into four terms according
to their dependence on the experimentally tunable parameters
SAM (o) and OAM (m) as follows:

7“r.¢,2)= m-o‘jl(,l)‘(rﬁ, z)+ ””U.\':;J\,\u\("ﬁ’ z) +°'J'\(:¢)\ (r¢.2)+ j\'v:\),\o‘\(r’¢’ z) (2)

As an example, the distribution of Jﬁ)\ in TalrTe, can be
described by two independent parameters f3; and f;, which are
linear combinations of the non-vanishing planar rank-4 tensor
Biju» as deﬁne%)by Equations (S6-S9) in Note S2, Supporting
Information. Jis| can be written as:

[ 2) P (3)

Jnl(r.9.2) = [#(1m[B, ]+ Tm[ B, Jcos 29) + $Im{ B, sin 2] ===

where £ and ¢ are the unit vectors along the radial and azimuthal
directions, respectively. The specific expressions for j34
are given in Equations (S3-S5) in Note S2, Supporting Infor-
mation. Note that the electric profile term (u, (1, 2)) of
j‘(yﬂ(r@,z) depends on |m|. However, the measured current
value is not the spatial distribution of the current density
Jjm(r.9,2) itself, but is an integration of the current density
over a certain region along either the radial or azimuthal direc-
tions, depending on the specific current collection geometry.
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Figure 1. Basic characterization of the TalrTe, sample. a) Crystal structures of TalrTe, in the T4 phase. b) Optical image of a TalrTe, device with
U-shaped electrodes. c) Schematic of the OPGE response from light carrying opposite OAM orders. d) Scanning reflection image and e,f) photocurrent
microscopy images of a TalrTe, device with U-shaped electrodes at room temperature with 633 nm (e) and 4 um (f) excitation, respectively. Each data
point was measured in a single scan by a lock-in amplifier with a time constant of 30 ms. All scale bars are 10 um.

In Note S3, Supporting Information, we further show that
the integrated photocurrent response is approximately pro-
portional to the beam energy, which is kept the same for dif-
ferent OAM orders in the measurement. Therefore, we denote
the integrations of the terms ), ji ., ji and jiio over the
experimental geometry as capital letters J, J&, J®), and J5,
which do not depend on m or the sign of o. Therefore, the
four terms on the right-hand side of Equation (2) yields the
measured current value m-o J" +mJ +o ]9 + Ji}). We dis-
cuss how these terms contribute to different mechanisms. The
OPGE responses arise from the helical phase gradient in the
azimuthal direction, and they are determined by m-¢ J" +m] ,‘j{,
which are proportional to the OAM order m; the circular pho-
togalvanic effect (CPGE) gives nonzero photocurrents that are
proportional to the SAM (o), and it is determined by the term
m-aJ + oJ®); for linear polarized OAM light (¢ — 0), the
photocurrents are determined by the term mjJj + Ji,). Experi-
mentally, all four contributions can be extracted by switching
the sign of SAM (o) and the OAM order (m) of the LG beam,
as given by Equations (S21-S24) Note S3, Supporting Infor-
mation. After integration, the current flowing along both
the radial and azimuthal directions survives for the OPGE-
related terms: m-oJ® and mJ{, as given by Equations (S12
and S13) in Note S3, Supporting Information. To detect radial
and azimuthal currents, U-shaped, Q-shaped, and starfish-
shaped electrodes were designed, which are sensitive to radial
(U-shaped) and azimuthal (Q-shaped and starfish-shaped) cur-
rents, respectively. The different geometries of the electrodes
help to identify and characterize the photoresponse from the
helical phase profile of the OAM beam.
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The mechanism of the OPGE can be understood as light
transfers its OAM and energy simultaneously to the electrons.
Because the optical phase varies in the azimuthal direction, it
induces a spatial imbalance of the excited carriers, producing
a net current. This is similar to the photon drag effect, which
transfers linear momentum and energy from the photon to
the electron.”l However, upon normal incidence, the photon
momentum along the out-of-plane direction was forbidden
in our measurements. In addition, because the LG beam has
an azimuthal phase profile and annular intensity profile, it
can generate current from the spatially dispersive photogal-
vanic effect (s-PGE), which is proportional to the local light
intensity gradient,’® and is given by the term o] + Ji.
Clearly, s-PGE is only sensitive to the light SAM, and oJ®
provides the spatially dispersive circular photogalvanic effect
(s-CPGE) contribution. Although part of the s-PGE is sensi-
tive to both the light helicity and |m|, denoted as s-CPGE,
it does not change sign when the vortex beam changes from
+m| to —|m| because the local light intensity is preserved
when the OAM order reverses sign. In addition to these
photocurrent generation mechanisms from the second-order
nonlinear response, a space-charge DC electric field (Epc)
assisted third-order nonlinear CPGE at the vicinity of the
electrodes, denoted as Epc-CPGE, can also contribute to the
circular polarization dependent photocurrent, which will be
discussed in the last session. Otherwise, photocurrent gener-
ated by other mechanisms cannot exhibit any SAM or OAM
dependence. A detailed discussion of the other photocurrent
generation mechanisms can be found in Note S4, Supporting
Information.

© 2022 Wiley-VCH GmbH
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3. OPGE Response of TalrTe,

To perform the measurement, TalrTe, flakes were exfoli-
ated from the bulk material and fabricated into devices with
U-shaped electrodes to collect the radial current, as shown in
Figure 1b and Figure S3a, Supporting Information, or into
devices with Q-shaped and starfish-shaped electrodes to collect
the azimuthal current, as shown in Figures S5a and S6a, Sup-
porting Information. The typical thickness of TalrTe, flakes
used for device fabrication is between 100 and 200 nm, which is
close to the penetration depth (=140 nm) of TalrTe, at 4 um.!"!
Figure 1c shows the schematic of the OPGE measurement on
a U-shaped electrode device. When the OAM order of light is
switched from +|m| to —|m|, the radial current from the OPGE
effect switches its sign, while its amplitude should be propor-
tional to the OAM order (m) according to Equation (S11), Sup-
porting Information. Figure 1d-f illustrate typical scanning
photocurrent microscopy (SPCM) images at 633 nm and 4 um
excitations (Figure 1e,f) of a U-shaped electrode device together
with in situ scanning reflection microscopy (Figure 1d). The
spatial resolutions of these excitations were =3 um and 10 pum,
respectively. The radii of the inner and outer electrodes were
=12 and 20 um, respectively, and the photocurrent responses
were mainly from the region between the two electrodes, which
included both the TalrTe,~metal junctions and the inner area
between the metal electrodes. A systematic characterization of
the TalrTe, photodetector under the excitation of a Gaussian
beam, including the responsivity, specific detectivity, and
response time, was presented in our previous work.'>d Under
the excitation of a higher-order LG beam, the responsivity of the
device was reduced because of the very different beam profiles.
The basic photoresponse characterization results under the
excitation of the LG beam with an OAM order of 4, including

=t 0 ¢ &

www.advmat.de

the responsivity and response time, are presented in Note S5,
Supporting Information.

The experimental setup for examining the OPGE response
to the OAM of light is shown in Figure 2a. The OAM beams
were obtained by passing a basic mode Gaussian beam through
a series of SPPs with a designed OAM order of 4 um. SPPs
convert a Gaussian beam into LG modes. The vortex beam was
focused by a 40x reflection objective onto a ring with a radius
of 16 um. The center of the vortex beam was fixed at the center
of the U-shaped electrode arcs, which were composed of two
concentric semicircles and two parallel arms, as shown in
Figure 2b. The configuration of the electrodes enables =180°
solid angle collection of the radial current. In the measurement
results presented in this section, the ring-shaped OAM beam
was moved to the middle of the inner and outer electrodes. The
dependence of the OPGE responses on the radius and posi-
tion of the excitation beam is presented separately in the next
section.

To separate the photocurrent response, which depends on
the OAM of light, a quarter-wave plate (QWP) is positioned
after a linear polarizer to continuously tune the polarization
of the vortex beam. By rotating the QWP angle (§) by 180°,
the polarization of light undergoes linear (6 =0°)-left circular,
(é =45°)-linear (§=90°)-right circular, and (é:135°)-linear
(6 =180°) polarization states. Figure 2c shows the photocurrent
response under a constant excitation power of 2.5 mW with
different OAM orders. In the measurements, the radius of the
ring was kept the same for different OAM orders, as defined
by the U-shaped electrodes. Benefiting from the topological
enhancement of the shift current response, as reported in our
previous work,33 the device showed an appreciable photo-
current response at 4 um. The photocurrent response can be
divided into three components with different §-periodicities

P 2 G Y 2 9

Amplifier

Photocurrent(nA)

OAM-2 “loam-1

. - - 1 : ,
0 45 90 135 180 0 45 90 135 180 0 45 90 135 180

Figure 2. OPGE current measurement of TalrTe, device with U-shaped electrodes. a) Schematic diagram of the OPGE measurement. b) Schematic
diagram of a photodetector device with U-shaped electrodes. The light spot of the LG beam is focused on the center of the arcs defined by the U-shape
electrodes. c) The photocurrent amplitudes measured as a function of §, under the excitation of LG beams with OAM order from +4, +2, and +1 (red
curve) to =1, =2, and —4 (blue curve). Each data point in the measurement was measured 100x and presented as the mean. The blue and red dashed
lines mark the responses from the excitation of right and left circular polarization, respectively, and the differences between them correspond to the
CPGE components of the photocurrent responses.
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after the Fourier transform of the §-dependent photocurrent
response: a 180°-periodicity component (J¢), which accounts for
the CPGE response related to different circular polarizations
(o = £1); a90°-periodicity component (J;), which accounts for
the anisotropic response to different linear polarization direc-
tions; and a constant component (Jy), which is polarization-
independent. When the incident beams have positive OAMs,
the photocurrent generated by the left circularly polarized
excitation (§=45°) is stronger than that generated by the right
circularly polarized excitation (§=135°). In contrast, when the
incident beams have negative OAMs, the photocurrent gener-
ated by the left circularly polarized excitation (6 =45°) is weaker
than that generated by the right circularly polarized excita-
tion (9 =45°). The results show that both positive and negative
OAM beams give rise to circular polarization-dependent photo-
current, and the amplitude of ] increases monotonically with
the OAM order m, while ] has opposite signs for +|m| and —|m|
beam excitations.

According to Equation (2), both m-oJ¥) and ¢J® can con-
tribute to the CPGE response, but only m-gJ¥ is proportional
to the OAM order m, and the response should switch sign
as the light polarization switches from left circular to right
circular. Figure 3a summarizes the extracted CPGE component
(Jo) as a function of the OAM order (m). Jc displays step-like
changes for m ranging from —4 to +4, showing that the CPGE
response is dominated by m-oJ¥ and that the contribution
fromoJ® is minor. Meanwhile, we can extract the anisotropic
response component (J;) and the polarization-independent
component (Jo). As shown in Figure 3b, Jc is clearly propor-
tional to m, whereas J; and J, do not show a clear m depend-
ence, which indicates that J; and J, are not responsible for the
response to the OAM of light. We confirmed these results by
repeating the measurement on another device with U-shaped
electrodes, as shown in Figures S3 and S4, Supporting Infor-
mation. Furthermore, we also fabricated devices with Q-shaped
and starfish-shaped electrodes to collect the azimuthal cur-
rent, and similar step-like changes in Jc with m ranging from
—4 to +4 were observed, as shown in Figures S5 and S6, Sup-
porting Information. According to these results, the OAM

a
44 I
34
5 27 .
g (l) =
=
< -l — il
= By R=N
3.
41
6 -4 2 0 2 4 6
Normalized J,
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order could be clearly distinguished by the quantized plateau of
the CPGE response at 4 um.

4. Beam-Size and Spatial-Dependent OPGE
Measurements

The current collection efficiency is optimized when the rings
are between the inner and outer electrodes. The CPGE response
is dominated by the OPGE for the measurement geometry,
and mainly originates from the m- o)) term. This is no longer
valid when the OAM beam does not match the U-shaped elec-
trodes, that is, if the beam size increases or decreases, or if
the beam center is moved off the center. In the following sec-
tion, we discuss beam size and excitation position-dependent
measurements that were performed on a U-shaped electrode
device. Such measurements can help identify other responses
that are circular polarization-dependent, and confirm that the
OPGE response is along the radial direction for the U-shaped
electrode geometry.

Figure 4 shows the beam size dependence of the photo-
current for five different beam radii and opposite OAM orders
(m = £ 4). The radii of the vortex beam are chosen as fol-
lows: smaller than the inner electrode (7.5 um, Figure 4a)—just
covering the inner electrode (12 um, Figure 4b)—in the middle
of the inner and outer electrodes (16 pum, Figure 4c)—just
covering the outer electrode (20 um, Figure 4d)—larger than
the outer electrode (28 um, Figure 4e). The sign and amplitude
of Jc at different OAMs show a complex dependence on the
beam radius (Figure 4f). At a radius of 16 um, Jc has a similar
amplitude, but switches sign for the opposite OAM order,
which is consistent with the conclusion made in the previous
section. At a radius of 12 or 20 um, ] does not switch sign for
opposite OAM orders for radii of 12 or 20 um. Furthermore, at
a radius of 75 or 28 um, J- maintains the same sign, but the
amplitude of | becomes much smaller.

The beam size dependence indicates that a significant CPGE
still exists when the beam radii do not match the electrodes
(Figure 4a,b,d,e). Such a CPGE is irrelevant to the OAM of light,

@ Jo x0.01
@ J, x0.1 i
® Jc A
A
%\01- ) -
~ + & _,’Q T
-+ %4 & .
5 ) : 8 .73 3 ¢
2 09 S e
— " >
= -3
1) b
e y
801 7
= )
02 ;
4 B3 =2 4 0 1 2 3 4
OAM Order

Figure 3. Evidence of the OPGE current generated by the OAM of light and its dependence on the OAM order. a) Normalized J under the excitation
of LG beams with OAM order ranging from —4 to 4. The error bars represent the standard deviations of the fittings shown in Figure 2c. b) Three com-
ponents of the measured photocurrent as a function of the OAM order: Jo, J|, and Jc. Jo and J are scaled by factors of 0.01 and 0.1, respectively, and

their error bars are not scaled, to be visible in the plot.
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Figure 4. Spot-size-dependent measurements obtained using a U-shaped electrodes device under excitation of the LG beam with OAM order +4 and
—4. a—e) Photocurrent measured for five different spot sizes. All data are plotted in the same scale. Each data point in the measurement was measured
10 times and presented as the mean. The schematic diagrams on the left of each figure show the relative position between the U-shaped electrodes
and vortex beam with different spot sizes. f) The Jc component measured at five different spot sizes. Error bars represent the standard deviations of
the fitting shown in (a—e). g) The A Jc = Jc (OAM + 4) — Jc(OAM — 4) as a function of the beam radius (black balls) and the fitting result (red curve)

using Jorce = km.[ | E|? dr, where k is the fitting parameter.
n

and it could come from the j\ﬁ}("@:z) term, which includes the
s-CPGE effect. Besides the jf,f,}(r,q),z) term, it can also result
from higher-order effects, such as Epc-CPGE, as reported in
previous works.320 Although materials with the C,, point
group do not support any second-order PGE that can provide
planar currents from symmetry considerations, the CPGE is
allowed for the third-order nonlinear response by including
an Epc, which is denoted as Epc-CPGE. The Epc can be due
to multiple effects, such as the built-in electric field generated
by the work function difference between the semimetal and the
metal contact or the photothermoelectric effect. In either case,
the Epc was limited mainly to the area near the contacts. The
Epc switches sign at the semimetal-contact and contact-semi-
metal interface; thus, the contribution from Epc-CPGE switches
sign. When the vortex beam is in the middle of the inner and
outer electrodes, the Ep-CPGE generated from the interfaces
with the inner and outer electrodes has an opposite sign, and
they almost cancel each other. However, as the radius increases
or decreases where the ring can only cover one electrode,
Epc-CPGE is generated solely from the interface with one elec-
trode. For 12 um and 20 pum excitation radii, which cover the
inner or outer electrode, respectively, the signs of Epc-CPGE

Adv. Mater. 2022, 34, 2201229 2201229

should be opposite to each other. Furthermore, Ep-CPGE is
associated with the electric field instead of its gradient; thus,
it is independent of the OAM of light and contributes equally
to the response for both + m and — m vortex beam excitations.
The Jimi (19, 2) term does not switch sign when the vortex beam
switches from +|m| to —|m|. These analyses are consistent with
our measurement results.

Therefore, by plotting AJc = Jc(OAM + 4) — Jc(OAM — 4)
in Figure 4g, we find that the beam radius dependence of AJ¢
is similar to that observed for WTe, (Figure S9, Supporting
Information of Ref. [11]). This dependence can be understood
by analyzing the OPGE in these measurement configura-
tions. The current from the OPGE can be estimated from

on 7] 1
Jorce < fjj,(q))rdrdd) o< mJ. |E[* dr, where ji(¢) e m; |E|" is the

on n
local OPGE current generated by the vortex beam at the posi-

tion (r, ¢) between the electrodes. For each LG mode, the geo-
metrical factor was determined by the electrode geometry and
beam parameters. Qualitatively, when the radius of the vortex
beam is either smaller than the inner electrode (=75 um)
or larger than the outer electrode (=28 um), the integrand is
zero between the two electrodes, which implies that the OPGE

(6 of 9) © 2022 Wiley-VCH GmbH
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Figure 5. Excitation-position-dependent OPGE measurements obtained using a U-shaped electrodes device. a) Schematic of the beam on a U-shaped
electrodes device, the beam center locations are marked by the red dots, and the beam profiles are marked by the red dash circles. The OPGE values
are measured when the beam spot is moved along both the x and y directions. b) Photocurrent data measured at seven positions, from P1-P7, with m
= +4. Each data point in the measurement was measured 30x and presented as the mean. c) The OPGE current magnitude measured at five different
positions along the x direction. d) The OPGE current magnitude measured at three positions along the y direction. A Jc = Jc (OAM + 4) — Jc(OAM — 4);
the error bars represent the standard deviations of the fittings shown in (b).

current vanishes. Otherwise, when any part of the ring of the
vortex beam is located between these two U-shaped electrodes,
the OPGE current becomes nonzero, with a value proportional

to _[|E " dr discussed above. In particular, as the radius of the
vortex beam is located in the middle of the U-shaped electrodes
(=16 um), the collected OPGE current was optimized. The

experimental data were well fitted by the function kmj |E[* dr
with a single fitting parameter k. "

Next, we focus on the spatial dependence of the OPGE
current with a fixed beam radius (=16 um), as shown in Figure 5.
The OPGE current reached its maximum when the beam
center was at the center of the arcs (at position P3). As the
beam center moves away from the center along the x direction
(either to the left or to the right), or as it moves down along
the y direction, the magnitude of the OPGE current gradually
decreases, as shown in Figures 5c and 5d. This is because the
U-shaped electrodes provide a good limit on the photocurrent
flow, and the magnitude of the collected OPGE is proportional
to the solid angle formed by the beam center and the electrodes.
The solid angle decreases regardless of the direction in which
the beam moves off the center of the electrodes, and thus the
OPGE response also decreases. The spatially dependent results

Adv. Mater. 2022, 34, 2201229
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are consistent with the fact that the generated OPGE current
flows along the radial direction instead of the directions deter-
mined by the crystallographic axes. Together, the beam size and
spatially dependent measurements further confirm that the
OPGE current is collected effectively by the U-shaped electrodes
when the beam size and position match the electrode structure.

5. Summary and Prospective

Our results demonstrate that photodetectors based on the
type-Il Weyl semimetal TalrTe, with specially designed
electrode structures can directly resolve the topological charge
of the OAM of light in the mid-infrared wavelength range.
The topological charge of a scalar OAM beam can be resolved
using the photocurrent plateau driven by the OPGE response.
Combined with previous experimental demonstrations
that exhibit that TalrTe, is sensitive to both the direction of
linearly polarized light owing to its anisotropic photocurrent
responsel3¢2l and the helicity of light owing to the chiral nature
of the Weyl cone as a Weyl semimetal,??l TalrTe, represents a
class of topological semimetals that is suitable for both OAM
and polarization-sensitive photodetection in the mid-infrared

© 2022 Wiley-VCH GmbH
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waveband. A mixture of a variety of OAM orders and the polari-
zation of light may be resolved simultaneously by using a small
matrix of well-designed electrodes. Once the device geometry
is fixed, characterized, and calibrated, a single device matrix
can resolve the full optical parameters of light by back-end
processing of the measured photocurrent signals from the dif-
ferent matrix components. Considering that the improvement
of the absolute detectivity is very challenging for mid-infrared
photodetectors without cooling, it is crucial that the image reso-
lution and intricate target recognition capability of a focal plane
array can be promoted by polarization?*l and OAM sensitivity,
as discovered in this work. We expect the results of this work
to further advance mid-infrared photodetection based on topo-
logical semimetals as a disruptive technology alternative to the
conventional roadmap.'#!

6. Experimental Section

Material Growth and Device Fabrication: All of the elements used in
the sample growth were stored and acquired in an argon-filled glovebox.
TalrTe, single crystals were synthesized by a solid-state reaction using
a Te flux. Single crystals were grown using the method described in
ref. [13]. TalrTe, flakes were mechanically exfoliated from bulk TalrTe,
crystals and transferred onto 300 nm SiO,/Si substrates. A standard
electron-beam lithography technique was used to pattern electrodes
with designed shapes. Electrodes consisting of 10 nm Cr and 300 nm Au
were deposited using an electron-beam evaporator.

Optical Characterizations: Standard SPCMs were performed under
ambient conditions using a 632.8 nm He—Ne laser and a CW quantum
cascade laser source emitting at 4 um. The laser beam was focused by a
40x transmissive objective lens (632.8 nm) and a 40x reflection objective
(4 um). A scanning mirror or motorized stage was used to scan the
light beam over the device. The reflection signal and photocurrent
were recorded simultaneously to obtain reflection and photocurrent
responses.

For the OPGE measurement, the vortex beams carrying different
OAM were generated by a series of spiral phase plates designed and
manufactured for a 4 um laser. Either ZnSe or silicon was used to
manufacture the spiral phase plates to obtain the best transmittance at
4 um with an OAM order of up to 4. A motorized rotation stage was
used to rotate the quarter-wave plate to tune the polarization of the
vortex beam. The waveplate was calibrated to rule out experimental
artifacts in the CPGE component, which may affect the validity of this
work (Note S9, Supporting Information). The vortex beam was focused
by a 40x reflection objective, and the spot sizes of the vortex beam
could be adjusted by varying the distance between the objective and the
devices.

In both the scanning photocurrent and OPGE measurements, the
laser beam was modulated using a mechanical chopper (=373 Hz), and
the short-circuit photocurrent signal was first amplified to a voltage
signal by a current pre-amplifier. Then, the voltage output from the pre-
amplifier was measured by a lock-in amplifier.

Statistical Analysis: The SPCM images were drawn using MATLAB
(R2021b). Data from the OPGE measurements were analyzed and pre-
processed using Origin Pro (2020b), including fast Fourier transform
and curve-fitting programs. Each data point in the OPGE measurements
ranged from 10-100x. The J- data were fitted and presented as the
meanz standard deviation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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