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ABSTRACT: The artificial engineering of photoresponse is crucial for
optoelectronic applications, especially for photodetectors. Here, we designed
and fabricated a metasurface on a semimetallic Cd;As, nanoplate to improve its
thermoelectric photoresponse. The metasurface can enhance light absorption,
resulting in a temperature gradient. This temperature gradient can contribute to
thermoelectric photoresponse through the photothermoelectric effect.
Furthermore, power-dependent measurements showed a linearly dependent
photoresponse of the Cd;As, metasurface device, indicating a second-order

nA
2
s 1
SPCM  eentss
0
-1

photocurrent response. Wavelength-dependent measurements showed that the

metasurface can efficiently separate photoexcited carriers in the broadband range of 488 nm to 4 ym. The photoresponse near the
metasurface boundaries exhibits a responsivity of ~1 mA/W, which is higher than that near the electrode junctions. Moreover, the
designed metasurface device provided an anisotropic polarization-dependent photoresponse rather than the isotropic photoresponse
of the original Cd;As, device. This study demonstrates that metasurfaces have excellent potential for artificial controllable
photothermoelectric photoresponse of various semimetallic materials.
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he three-dimensional Dirac semimetal Cd;As,, a bulk
analog of graphene, has attracted widespread attention
because of its ultrahigh carrier mobility and gapless Dirac band
structure.' ” Similar to graphene, Cd;As, can be used in
broadband photodetectors with a detection spectrum ranging
from ultraviolet to long-wave infrared.”” In contrast to
monolayer graphene, which has an absorption coefficient of
~2.3%,° the bulk characteristics of Cd;As, endow it with a
strong absorption capability and consequently better photo-
responsivity. In addition, similar to graphene,”® the Cd,As,
photodetector exhibits an ultrafast response up to the
picosecond scale, as revealed by previous femtosecond
pump—probe measurements.””'" Meanwhile, the oxidation
layer on the surface of Cd;As, provides good stability through
isolation from the external environment.'” Therefore, Cd;As,
is a promising material for high-performance photodetectors.
Owing to the metallic nature, external bias can lead to high
dark currents in photodetectors based on semimetals."
Therefore, such photodetectors usually operate without
external bias, which limits the charge separation of photo-
excited carriers and subsequent photoresponsivity. In an
unbiased photodetector, the nonzero photoresponse depends
on the generation and subsequent separation of electron—hole
(e=h) pairs.H_16 The charge separation mechanism of the
Cd;As, photodetector primarily includes the photovoltaic
(PV), photo-Dember (PD), and photothermoelectric (PTE)
effects. Among these, the PV effect uses the built-in electric
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field induced by the work function difference between Cd;As,
and metal electrodes to separate the photoexcited e—h pairs,
resulting in photovoltage."” The PD effect arises from the
asymmetric diffusivity of photoexcited electrons and holes,
which creates a transient spatial charge distribution and hence
a voltage buildup.'® However, the photoresponses of Cd;As,
photodetectors based on the PV or PD effect are adjacent to
the metal electrode, which restricts the response area and
potential applications of the photodetector. The PTE effect
generated by the temperature gradient-induced electron
diffusion rate difference also plays a critical role in the
generation of the photoresponse of the Cd;As, photodetector,
as revealed by terahertz emission investigations.'” The PTE
effect enables the efficient harvesting of energy, high-efliciency
photoelectric energy conversion, and photodetection.”””!
Recent progress in the discovery of the topologically enhanced
shift current response as an efficient charge separation
mechanism has significantly boosted the development of
photodetectors based on semimetallic materials, particularly in
the mid-infrared range.'””> But such a charge separation
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Figure 1. Photoresponse of the Cd;As, metasurface device. (a) Scanning electron microscopy (SEM) image of the Cd;As, metasurface device. The
inset is an enlarged SEM image of the Cd;As, metasurface, and the 250 nm scale bar manifests the metasurface period. (b) Schematic of scanning
photocurrent measurement (SPCM). (c) Scanning optical reflection image of the device. (d) SPCM image of the device with an excitation power
of 50 yW at 532 nm. The black dashed lines indicate the edges of electrodes, the Cd;As, nanoplate, and Cd;As, metasurface. Photoresponses occur
in both metasurface boundaries and Cd,As,—electrode junctions. (e) Line-cut of the photoresponse along the white dashed line in part d under
different excitation powers. (f) Power-dependent photoresponses of the four distinct response regions with linear fits.

mechanism is limited to inversion symmetry broken Weyl
semimetals and does not apply to Dirac semimetals with
inversion symmetry. Alternatively, the excellent thermoelectric
properties of Dirac semimetal CdjAs, and the flexible
engineering of metasurfaces can induce efficient charge
separation through the PTE effect, which can serve as an
efficient charge separation mechanism for semimetal-based
photodetectors.

In this study, we designed and fabricated a metasurface onto
a Cd;As, photodetector to artificially engineer its photo-
response. The absorption enhancement of the Cd;As,
metasurface results in temperature gradient distributions near
the metasurface boundaries and generates thermoelectric
photoresponses through the PTE effect. Power-dependent
photocurrent measurements show that the Cd;As, metasurface
device has a linearly dependent photoresponse as a second-
order effect. Moreover, wavelength-dependent photocurrent
measurements illustrate that the metasurface can enhance the
photoresponses over a broadband range from 488 nm to 4 ym.
Particularly for 650 nm (1.91 eV) and 720 nm (1.72 eV)
excitation, the photocurrent responsivities near the metasur-
face boundaries increased by 1 order of magnitude compared
with those near the electrode junctions. The Cd;As,
metasurface device exhibited a responsivity of approximately
1 mA/W. Although Cd;As, has a nearly isotropic photo-
response because of its centrosymmetric lattice,” the metasur-
face provides a linear polarization-dependent photoresponse
with a ratio of anisotropy of ~2.1. The metasurface makes it
possible to develop polarization-sensitive photodetection for
other noncentrosymmetric topological semimetals.”*™>® The
measurements of photoemission electron microscopy (PEEM)
showed higher photoemission on the Cd;As, metasurface due
to the higher electric field resulting from the interference of
incident light and quasi-cylindrical waves (QCW).*” Finite-
difference time-domain (FDTD) simulations also show the
absorption enhancement diagram of the Cd;As, metasurface.
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These findings demonstrate the considerable potential of
designing metasurfaces for an artificially controllable PTE
photoresponse of photodetectors.

The Cd;As, nanoplates were synthesized via the chemical
vapor deposition (CVD) method.'””® The Au—Cd;As,—Au
photodetectors were fabricated via electron-beam lithography
(details in Figure S1). Subsequently, elaborately designed
metasurface nanostructures were fabricated onto the middle of
the Cd;As, photodetector using the focused ion beam (FIB)
milling system. Figure la shows a scanning electron
microscopy (SEM) image of the Cd;As, device with a
metasurface, and the inset shows an enlarged SEM image of
the metasurface structures. The metasurface had a period of
250 nm, and the size of the elliptical nanostructure was 180 nm
X 120 nm. Raman spectra of the Cd;As, nanoplates and
metasurface confirm the high quality of the (112) surface plane
of the Cd,As, nanoplates (Figure S2). Figure 1b shows a
schematic of the scanning photocurrent measurement (SPCM)
of the Cd;As, metasurface device operating at zero bias. A
continuous wave (CW) 532 nm laser was focused on the
Cd;As, device, and photocurrent signals were recorded at each
position on the sample. The resistance of the Cd,As,
metasurface device is ~1124 Q (Figure S2). Figure 1c shows
the device’s typical scanning reflection image at an excitation
power of S0 W at 532 nm. In the following photocurrent
measurements, the polarization of the excitation laser was
along the y direction unless otherwise stated. The significant
decrease in the optical reflection intensity in the metasurface
area was due to the enhanced absorption of the Cd;As,
metasurface.

Figure 1d shows the corresponding room-temperature
SPCM image of the Cd;As, metasurface device. The device’s
photoresponses occur primarily in the Cd;As,—electrode
junctions and the metasurface boundaries. These photo-
responses can be explained by the PV and PTE effects,
respectively. Owing to the PV effect, a built-in electric field
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Figure 2. Broadband photoresponse enhancement on the Cd;As, metasurface device. (a—h) Normalized SPCM images of the Cd;As, metasurface
device with excitations at 488 nm, 532 nm, 650 nm, 720 nm, 800 nm, 938 nm, 1200 nm, and 4 pm, respectively.
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Figure 3. Photocurrent responsivity of the Cd;As, half-etched metasurface device. SEM image (a) and responsivity (b) of the Cd;As, half-etched

metasurface device.

forms near the Cd;As,—electrode junctions because of the
work function difference between CdjAs, and Au electrodes.
In addition, the PV effect separates the photogenerated e—h
pairs forming photocurrents on the Cd;As,—electrode
junctions.'” For the PTE effect on the two metasurface
boundaries, Vprg is calculated by integrating the Seebeck
coeflicient with the temperature gradient: Vprg = / S-VT dx,
where S represents the Seebeck coefficient and VT represents
the temperature gradient between the regions with and without
a metasurface. The optical absorption in the metasurface area
increases, resulting in a higher temperature in the metasurface
region than in the flat region. Moreover, the thermal
conductivity at the etching Cd;As, metasurface is lower,
which depresses the heat conduction.””*® These factors result
in distinct temperature gradients and PTE photoresponses at
the metasurface boundaries. Furthermore, the inverse
directions of the temperature gradients cause the inversion of
photocurrents at the metasurface boundaries.

To quantify the photoresponses, Figure le plots them along
the white dashed line in Figure 1d. The photoresponses
present four distinct response regions: the electrode bottom,
electrode top, metasurface boundary bottom, and metasurface
boundary top. The photoresponses increased linearly when the
laser power increased from 20 to 400 uW (Figure 1f),
indicating that the PV and PTE effects have a constant
conversion efficiency as a second-order effect.’’ The photo-
responses caused by the PTE effect are nearly 4 times those
caused by the PV effect under 532 nm excitation with different
incident powers.

8730

Moreover, we measured the wavelength-dependent photo-
response of the Cd;As, metasurface device and verified that the
charge separation is efficient regardless of the excitation
wavelength. As demonstrated in our previous work,”” the
density of free carriers in the Cd;As, is too low to support
plasmonic resonance in the visible or ultraviolet range. The
semimetal Cd;As, does not support plasmonic resonance as
metal materials. The Cd;As, photodetector exhibits a broad-
band photoresponse, which benefits from the gapless linear
dispersion band structure with ultrahigh mobility.”>** The
broadband Cd;As, photodetector working in visible and
infrared ranges has great potential in many applications.”

The wavelength-dependent SPCM results, shown in Figure
2a—h, indicate that the Cd;As, metasurface device exhibits
broadband photoresponses from 488 nm to 4 um. The SEM
image, scanning reflection image, and I-V curve of this device
are shown in Figure S2. The Cd;As, exhibits stronger light
absorption in the ultraviolet band.”* The device exhibits
stronger PV photoresponses at shorter wavelengths (maximum
responsivity occurs under 488 nm excitation, Figure S3). In
addition, the metasurface boundaries exhibit improved photo-
responses compared with the electrode junctions in broad-
band. Particularly for 650 nm (1.91 eV) and 720 nm (1.72 eV)
excitation, the responsivities increased by 1 order of magnitude
(Figure S3).

The responsivity of the device (Figure S3) is ~40 puA/W,
which is lower than that (5.9 mA/W) reported in our previous
study.'” As mentioned above, the increased resistance of the
metasurface device can partially explain the lower responsivity.
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Figure 4. (a) Absorption enhancement of the Cd;As, metasurface under x and y polarization compared with the original Cd;As, nanoplate. (b)
Normalized isotropic photoresponse for the CdjAs,—electrode junction. (c) Normalized anisotropic photoresponse, absorption difference, and
electric field for the Cd;As, metasurface. (d) SEM image of the Cd;As, metasurface. (e) PEEM image of the Cd;As, metasurface and optical QCW.
(f) Normalized FDTD simulated absorption diagram of the Cd;As, metasurface and nanoplate, with the schematic of the PTE effect.

We speculate that the increase in device resistance is caused by
the FIB milling holes and edge roughness of the Cd;As,
metasurface device. Thus, the increase in resistance restricts
the responsivity of the photodetector. We designed and
fabricated a half-etched metasurface device to verify the
influence of milling holes on photoresponsivity (Figure 3a).
Half of the device was etched into the metasurface while
retaining half of the original nanoplate. Interestingly, the
responsivity of the half-etched device could reach ~1 mA/W
(Figure 3b), which is of the same magnitude as that of the
previous device. Notably, the responsivity near the metasurface
boundaries was higher than that near the electrode junctions in
the same device. That indicates that the metasurface structure
can still provide an efficient charge separation mechanism
through the thermoelectric photoresponse. However, more
efforts are required to understand the lower responsivity of the
present metasurface device thoroughly to the previous pure
nanoplate device.

Next, we performed numerical calculations using the FDTD
method to understand how the metasurface affected the
photothermal response of the devices. As shown in Figure 4a,
the absorption of the Cd;As, metasurface can reach 80%
(under y polarization) and 70% (under x polarization). That is
higher than the original Cd;As, nanoplate (~60%). The
Cd;As, metasurface also exhibits broadband absorption similar
to the original Cd;As, nanoplate because of the gapless Dirac
band structure.””> Owing to the centrosymmetric lattice of
Cd,As,, > the photoresponse at the Cd;As,—electrode junction
is nearly isotropic (Figure 4b). Interestingly, the photo-
response at the metasurface boundary was anisotropic by
tuning the linear polarization of the 532 nm excitation laser
(Figure 4c). The ratio of anisotropy (maximum/minimum)
was approximately 2.1. In the FDTD simulation, absorption
differences (AA = A, .taurface — Ananoplate) and electric field on
the metasurface show anisotropic features owed to the
asymmetry of metasurface nanostructures. The Cd;As,
metasurface exhibited a higher electric field under y polar-
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ization (0°), corresponding to stronger light absorption, a
higher temperature gradient, and a larger PTE photoresponse.
Thus, the periodic elliptical metasurface introduces asymmetry
to the centrosymmetric Cd;As,, resulting in polarization-
sensitive photodetection based on isotropic materials.

Furthermore, we investigated the local electric-field dis-
tribution on the Cd;As, metasurface using PEEM. The PEEM
is a nonscanning high-spatial-resolution instrument that
collects photoelectrons to image.”**® The PEEM is a powerful
tool for investigatin% photonic modes, including surface
plasmon polaritons,””** dielectric waveguides,’”** and QCW
modes.”” In our previous work,” we demonstrated that the
photoemission intensity of CdsAs, is proportional to the
electric field intensity. The increased electric field contributes
to optical absorption. Therefore, the local electric-field
distribution indirectly reflects the light absorption enhance-
ment, then the local temperature distribution of the Cd;As,
metasurface. Figure 4d shows an SEM image of the Cd;As,
metasurface, and its FIB etching parameters are consistent with
those in Figure 1a. Figure 4e shows a static PEEM image of the
Cd;As, metasurface under 410 nm laser excitation with y
polarization. The TM-mode (p-polarization) optical QCW was
excited from the edges of the nanoplate and metasurface. As a
result, the photoemission intensity of the Cd;As, metasurface
was more substantial than that of the original Cd;As,
nanoplate. Figure S4 shows the corresponding FDTD
simulated near-field electric field distribution on the Cd;As,
metasurface, which agrees with the PEEM image. The
photoemission intensity of the Cd;As, metasurface under a
410 nm laser with x polarization is approximately half that with
y polarization. The anisotropic photoemission intensity follows
the anisotropic absorption and electric field distribution shown
in Figure 4c. These results confirm that the metasurface can
optimize the local field and improve photodetector perform-
ance.

An enhanced near field can result in higher optical
absorption. Then, the different absorption leads to a
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temperature gradient distribution between the Cd;As,
metasurface and the original Cd;As, nanoplate. Metasurface-
enhanced light absorption has also been reported in the
previous literature.*”** Figure 4f shows a normalized FDTD
simulated absorption diagram of the Cd;As, nanoplate with
and without a metasurface, presenting a temperature gradient
distribution around the boundary. In the n-doped Dirac
semimetal, the majority of carriers (electrons) diffuse from the
hot-side metasurface to the cold-side original nanoplate. The
thermal electric field is established from the unbalanced carrier
gradient, which is the mechanism of the PTE effect modified
by the metasurface in the present device.

The metasurface region contains fewer materials in volume
but possesses a higher optical absorption, which is counter-
intuitive. We explain it as follows: the light absorption of the
device is proportional to a-E*V, where a represents the
intrinsic light absorption rate of Cd;As,, E represents the
electric field, and Vg represents the effective light absorption
volume. From the FDTD simulated electric field distribution
and absorption diagram (Figure SS), the light absorption is
restricted within a depth of ~20 nm for the original Cd;As,
nanoplate. As the thickness of the Cd;As, nanoplate was ~100
nm, the original nanoplate was not fully involved in the optical
absorption. For the Cd;As, metasurface, the simulated electric
field penetrated the nanoplate, and the deep part of Cd;As,
was involved in light absorption (Figure SS). Although the
etched metasurface only accounts for ~73% of the volume of
the original nanoplate, the metasurface nanostructures increase
Vg by ~40%, which can enhance the light-confinement
capability.*> Moreover, the electric field E on the metasurface
is enhanced because of the interference of incident light and
QCW, as demonstrated by the PEEM measurements in Figure
4e. Synthetically considering V4 and E, the absorption of the
Cd;As, metasurface was enhanced compared with that of the
original nanoplate. The metasurface absorption enhancement
also agrees with the decrease in the reflection intensity, as
shown in Figure lc. Furthermore, the etched Cd;As,
metasurface has a lower thermal conductivity than the original
Cd;As, nanoplate.””* All of these factors can result in a
distinct temperature gradient at the metasurface boundary.
Therefore, the thermoelectric photoresponse was established
efficiently from the temperature gradient through the PTE
effect.

The parameters of the metasurface were carefully optimized
after extensive computational simulation. We investigated the
effects of the shape and period on the absorption of the Cd;As,
metasurface (Figure S6). We chose the elliptical shape for the
metasurface after comparing rectangular, elliptical, square, and
circular shapes (Figure S6a). The metasurface-enhanced
absorption was optimized by comparing various periods
(Figure S6b). We chose 250 nm as the period of the
metasurface because it results in a more significant absorption
enhancement.**

In conclusion, we designed and fabricated a metasurface on
a Cd;As, photodetector device. The metasurface can artificially
engineer the photoresponse with an efficient charge separation
mechanism through the photothermoelectric effect. The
metasurface provides a way to design active optical sensitive
areas and exhibits broadband-enhanced photoresponses from
488 nm to 4 pum. The power-dependent photocurrent
measurements showed the linearly dependent photoresponses
of the Cd;As, metasurface device, with a maximum
responsivity of approximately 1 mA/W. The metasurface
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provided a linear polarization-dependent photoresponse with a
ratio of anisotropy of ~2.1 to the centrosymmetric lattice
Cd;As,. The numerical and experimental results confirmed
that the metasurface could enhance optical absorption, which
results in a large temperature gradient distribution. Thus, the
PTE effect generates the thermal electric field on the device.
These findings enabled us to engineer the PTE photoresponse
of photodetectors by artificial metasurfaces.

B METHODS

Sample Characterization and Device Fabrication. In
our previous study,””” the synthesis process, energy-dispersive
X-ray spectroscopy (EDS), Raman spectroscopy, atomic force
microscopy (AFM), and spectroscopic ellipsometry character-
izations of the Cd;As, nanoplates were discussed in detail. The
synthesized Cd;As, nanoplates were transferred to a Si
substrate with a 285-nm-thick SiO, layer using an XYZ
micromanipulator. The Au—Cd;As,—Au device was fabricated
using e-beam lithography and evaporation (Figure S1 in the
detailed process). Then, elaborately designed metasurface
nanostructures were etched using an SEM/FIB milling system
(Zeiss Crossbeam 540). The etching parameters were 30 kV
and 20 pA with a dose factor of 10. SEM images were acquired
after FIB etching.

PEEM Measurement. PEEM measurements were per-
formed using a high-resolution PEEM system (SPELEEM,
Elmitec GmbH) equipped with an aberration corrector. The
etched Cd;As, nanoplates were transferred to the PEEM
preparation chamber and annealed under an ultrahigh vacuum
(below 5 X 107 Torr) at 180 °C for 1 h to remove any H,0
or impurities absorbed on the sample surface. Then, 410- and
532-nm femtosecond laser pulses were focused on the sample
at normal incidence. The excited photoelectrons were collected
by a 20 kV static electric field between the sample and the
main objective lens of the PEEM. Photoelectrons were emitted
onto the fluorescent screen to generate PEEM images with a
maximum spatial resolution of ~10 nm.

Scanning Photocurrent Measurements. In our previous
study,'”***° the setup of SPCMs was described in detail. In
this study, standard SPCMs were performed using a 532 nm
CW laser with a spatial resolution of ~1 ym. The laser beam
was focused using a 50X transmissive objective lens, and a
scanning mirror was used to scan the light beam on the sample.
The laser beam was modulated using a mechanical chopper
(379 Hz), and the short-circuit photocurrent signal was
detected using a lock-in amplifier. The reflection signal and
photocurrent responses were recorded simultaneously to
obtain reflection and photocurrent mapping.

For wavelength-dependent measurements, several bandpass
filters were used to select the desired wavelength from the
white-light supercontinuum output of Fianium: WhiteLase-
Micro (20 MHz, 6 ps, 450—2200 nm). A CW quantum
cascade laser source emitting at 4 um was used for mid-
infrared measurements. The mid-infrared beam was focused
using a 40X reflection objective lens with a spot diameter of
approximately 8 ym.

A motorized rotation stage was used to rotate a half-
waveplate for linear polarization-dependent measurements.

All SPCMs were performed in an unbiased self-powered
mode at room temperature.
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