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Metasurface-Enhanced Thermal Photodetector Operating at
Gigahertz Frequencies

Eunso Shin, Rachel E. Bangle, Nathaniel C. Wilson, Stefan B. Nikodemski,
Jarrett H. Vella, and Maiken H. Mikkelsen*

Thermal photodetectors, including thermoelectric and pyroelectric detectors,
are critical for the detection of long-wave infrared light, but they are limited by
slow response times due to thermal diffusion. If thermal photodetectors with
high speeds and sensitivities can be realized, they would allow for flexible
sensing at any wavelength, as all selectivity of the absorber would be
reproduced in the detectivity. Here, a room-temperature, pyroelectric
photodetector is reported that couples a thermally-sensitive aluminum nitride
(AlN) layer with a metallic metasurface that acts as an efficient,
spectrally-selective photothermal converter. These pyroelectric detectors
exhibit record-breaking speeds, with 3 dB bandwidths up to 2.8 GHz, which
corresponds to a rise time of 125 ps. These ultrafast speeds are attained while
maintaining competitive responsivities and noise equivalent powers as small
as 96 pW √Hz−1. By varying the active area of devices, it is determined that
even the smallest attainable devices are limited by their resistance-
capacitance (RC) time constants, and finite element simulations suggest that
thermal response times as fast as 30 ps may be realized. These
metasurface-enabled pyroelectric photodetectors approach the speeds of
commercial semiconductor photodiodes, contrary to the common conception
of thermal detectors as slow, and present opportunities for advanced sensing
such as spectrally broad multispectral imaging or polarimetry.

1. Introduction

Thermal photodetectors, which operate through the conversion
of absorbed light to heat and the subsequent conversion of
this heat to an electrical response, offer wide spectral sensitiv-
ity and high damage thresholds.[1,2] Because thermal detectors
can utilize distinct materials for light absorption versus signal
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generation, they are frequently employed
as broadband detectors in the far infrared
and microwave regions of the electro-
magnetic spectrum, where alternative
photodetector options are scarce.[3] Appli-
cations of thermal photodetectors outside
of the far infrared have been limited,
however, due to low sensitivities and long
response times, often due to thermal loss
to the environment and slow thermal
diffusion, respectively.[4,5] State-of-the-art
thermal photodetectors such as photonic
cavity-coupled graphene bolometers have
achieved ultrafast speeds, with response
times as short as 35 ps,[6,7] but these
bolometers offer a trade-off between speed
and sensitivity.[3] While more exotic ther-
mal detectors can achieve high sensitivities
with sub-μs response times, they frequently
require cryogenic temperatures.[6,8–10]

A graphene bolometer demonstrated a
420 GHz 3 dB bandwidth, though its
responsivity was limited to ∼400–500 μA
W−1.[11] An avalanche photodiode achieved
a 53 GHz 3 dB bandwidth with a respon-
sivity of 0.87 A W−1.[12] While these pho-
todetectors have made a significant impact
in the field, they still either require external

power or have limitations when it comes to expanding their de-
tection range to broader wavelengths.
Alternatively, pyroelectric detectors are a prominent class of

thermal photodetector that generate an electrical signal via heat-
induced spontaneous polarization changes within a thermally re-
sponsive material.[13–15] Pyroelectric photodetectors typically op-
erate on millisecond time scales (as summarized in Table S1,
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Figure 1. a) Schematic representation of metasurface-enabled photodetectors illustrating key dimensions with b) SEM image of the metasurface ab-
sorber. The red area represents the metasurface array. c) Finite element simulations of a single plasmonic nanostructure showing a cross-section of the
pyroelectric layer 30 ps after resonant excitation of the metasurface.

Supporting Information), orders of magnitude slower than the
nano- to pico-second response times of commercial semiconduc-
tor photodiodes.[1] Though a few examples of conventional pyro-
electric photodetectors have demonstrated picosecond response
times, this fast operation required unusually powerful laser exci-
tation of >50 kW, unsuitable for practical applications.[16–18] Re-
cent developments, however, suggest that replacing traditional
thick blackened absorbers with nanophotonic absorbers can si-
multaneously increase sensitivity by imparting spectral selectiv-
ity and increase speed by minimizing thermal mass.[1] Metallic
antennas,[19–21] metallic and dielectric gratings,[22] and nanoscale
hole arrays[23,24] have been employed to improve the speed and
sensitivity of thermal detectors generally, while arrays of film-
coupled metallic nanoparticles have allowed for pyroelectric de-
tectors that achieve microsecond-scale response times.[22] Re-
cently, it was shown that pyroelectric photodetectors paired with
a nanogap cavity metasurface absorber exhibited RC limited re-
sponse times as small as 700 ps, which corresponds to a 500MHz
bandwidth assuming the device operates as a low-pass filter.[25]

Themetasurface absorber consisted of colloidal silver nanocubes
separated from a flat gold film by a thin (< 10 nm) polymer layer,
which acted as a photothermal converter.[26,27] The small thermal
mass of the metasurface absorber led to fast thermal response
times, but the ultimate speeds that might be achieved for devices
with smaller RC time constants measured with faster readout
equipment remained unknown.
Here, we demonstrate a pyroelectric photodetector integrated

with a nanogap cavity metasurface sensitive to NIR light. This de-
vice exhibits a 2.8GHz 3 dB bandwidth, corresponding to a 125 ps

rise time, the fastest response time of a pyroelectric photodetec-
tor reported to date. In addition, the photodetectors exhibit com-
petitive responsivities and noise equivalent powers, are ultrathin,
require no external power or bias, operate at room temperature,
and can be readily integrated into on-chip applications. Device
bandwidths increase systematically as active areas decrease, and
electrical characterization reveals that even the smallest devices
are limited by the RC time constants. This creates devices that
have response times competitive with those of commercial semi-
conductor photodiodes and which disprove the frequent suppo-
sition that thermal photodetectors must be slow. In addition, the
use of precision metasurfaces offers the opportunity to straight-
forwardly build advanced sensing functionalities such as multi-
spectral imaging and polarimetry.[1,28]

2. Results and Discussion

2.1. Photodetector Design and Fabrication

The metasurface-enabled pyroelectric photodetectors are fabri-
cated by layering a well-established nanogap cavity metasurface
structure on top of a pyroelectric thin film (Figure 1). The metal-
lic metasurface consists of an array of nanoscale silver square
prisms (90 nm × 90 nm × 35 nm) separated from a gold film by
a thin dielectric layer, here 10 nm Al2O3, referred to as a “gap”
between the metals. The metasurface covered the device’s active
area (20–60 μm diameter), as illustrated in Figure 1a. This struc-
ture acts as an antenna to selectively absorb resonant light nearly
completely while reflecting other wavelengths.[29] The inherent
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loss of the plasmonic structures then causes this absorbed en-
ergy to be dissipated as heat into the gap on picosecond time
scales, which allows the metasurface to simultaneously act as a
spectral filter and a photothermal converter.[25] The heat gener-
ated by themetasurface upon light absorption is then transferred
through the gold layer to an underlying pyroelectric thin film,
here ≈160 nm AlN. The AlN layer sandwiched between the gold
film of the metasurface and a heavily doped silicon wafer pat-
terned with electrical contacts forms a capacitor. At room tem-
perature, this AlN layer is spontaneously polarized,[30] which de-
fines the starting capacitance of the structure. Upon heating, the
macroscopic dipole moment of the AlN changes, and this change
in polarization results in a change in electrical charge at the AlN
surface.[13] This generates a current according to

Ip (t) = ApdT
dt

(1)

where A is the active area of the device (defined as the illumi-
nated, metasurface-coated area), p is the pyroelectric coefficient,
and dT/dt is the change in temperature over time. The AlN thin
films employed in this study were previously shown to exhibit x-
ray diffraction consistent with preferentially c-axis oriented, poly-
crystalline materials.[31] Film thickness was determined by ellip-
sometry (Figure S1, Supporting Information) to be 160 nm.
Finite element simulations illustrate the operative mechanism

of the device and suggest rapid timescales for photothermal con-
version and heat dissipation. Absorbed light is converted to heat
via oscillatory losses within 5 ps, and the heat reaches the AlN
layer within 30 ps (Figure S2, Supporting Information). Heat
generation is localized in both the plasmonic mirror and nanos-
tructure according to the relative lossiness of each metal.[26,27,32]

Heat dissipation through the gold to the AlN is then rapid, occur-
ring within 30 ps with dT/dtmaximized a mere 4 ps after excita-
tion (Figure S2, Supporting Information). The speed of this ther-
mal transfer, paired with the small thermal mass of the devices,
suggests that careful electrical design might result in ultrafast
photodetection.

2.2. Photodetector Performance

The near-perfect, spectrally selective absorption of the metasur-
face, which initiates the photodetector response, is illustrated
by white light reflectivity spectra (Figure 2a; Figure S3, Sup-
porting Information). Here, the gold mirror alone efficiently re-
flects near-infrared light, while the metasurface exhibits a stark
relative decrease (>95%) in reflectivity centered at 790 nm.
The resonance wavelength is determined by the size of the Ag
nanostructures and the thickness of the Al2O3 dielectric layer,
which allows the possibility of photodetectors that are spec-
trally selective across the visible and infrared portions of the
spectrum.[25,29,33]

Photodetector responsivities are determined via a lock-in am-
plifier, which measures the current produced by the device in re-
sponse to tunable, pulsed laser excitation (100 nW)with the beam
size carefully controlled to be ≈5 μm smaller than the device di-
ameter, as described in the Experimental Section (Figure 2b). The
photocurrent responsivity closely follows the reflectance spec-
trum, with a maximum peak responsivity of 1.64 mA W−1 at

Figure 2. a) White light reflectance spectrum of a detector with a 1.3 ×
10−3 mm2 active area (40 μm diameter). b) Photocurrent responsivity
spectra of the detector shown in a) measured upon pulsed 100 nW light
excitation as compared to that of a detector in which a gold film rather
than a metasurface layer acts as an absorber. c) Photocurrent measured
for the device presented in a) and b) upon pulsed 783 nm excitation at
the indicated power, with the beam size maintained to consistently have a
diameter 5 μm smaller than that of the device.

790 nm for a device with a 1.3 × 10−3 mm2 active area (40 μm
diameter). This is nearly two orders of magnitude larger than
the photocurrent responsivity of devices without the metasurface
absorber under the same excitation conditions. Noise spectral
densities of the detectors are determined with the same lock-in
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Figure 3. a) Schematic representation of the function of distributed feedback lasers, where two beams with different frequencies interfere to form beat
nodes. Detector response decreases as the frequency of the beat node increases to approach the photodetector’s 𝜈BW. b) Normalized integrated signal
power responses measured as a function of excitation frequencies for devices with the indicated active areas where exponential rise and decay fits
determine 𝜈BW. c) Measured values of 𝜈BW extracted from b) (circles) compared to the RC limit derived from measured capacitance values (crosses)
and the RC limit predicted for an ideal parallel plate capacitor (dashed line) with the indicated active area.

amplifier, as described in the Methods section, and the noise
equivalent power (NEP) is taken as the ratio of the photocurrent
responsivity to the noise spectral density (Figure S4c, Supporting
Information). For devices with a 1.3 × 10−3 mm2 active area, pho-
tocurrent responsivities upon 790 nm excitation correspond to a
NEP as small as 96 pW √Hz−1. This demonstrates the effective-
ness of themetasurface as both a spectral filter and photothermal
converter.
The operative photodetector speeds are here quantified as the

3 dB bandwidth (𝜈BW), which corresponds to the rise time (𝜏rise) of
the device assuming operation as an ideal low-pass filter, as 𝜈BW
= 0.35/ 𝜏rise.

[34] Values of 𝜈BW are measured by probing the pho-
todetectors in the frequency domain as described in the Experi-
mental Section. Detectors are resonantly excited (783 nm) with a

sinusoidally modulated laser generated by a pair of distributed
feedback lasers, where the modulation frequency corresponds
to the beat mode caused by the interference of two beams with
offset frequencies.[35] The frequency of the beat mode is swept
from 45 MHz to 4 GHz by tuning the frequency offset of the
two beams, and the signal power of the devices is measured as
a function of this excitation frequency with a spectrum analyzer
(Figure 3). The signal pulse centered at each excitation frequency
is integrated to produce a curve of power as a function of excita-
tion frequency, which is fit as an exponential decay to determine
𝜈BW, the frequency at which the signal power response is attenu-
ated by half. The 𝜈BW determined in thismanner for a device with
a 1.3 × 10−3 mm2 active area is 2.0 ± 0.7 GHz, corresponding to
𝜏rise = 175 ps.
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Photodetectors with active areas ranging from 2.9 × 10−3 mm2

to 0.3 × 10−3 mm2 (60 to 20 μm diameters) are fabricated, and
both the photocurrent responsivity spectra and bandwidths are
measured. For small devices, optically opaque gold electrical con-
tacts prevent competitive light absorption by the underlying sili-
con. Devices with 0.3 × 10−3 mm2 active area represent the small-
est devices that can be fabricated using the lithography and etch-
ing techniques described in the Experimental Section. For all de-
vices, white light reflectivity spectra demonstrate resonances of
≈800 nm, where a small blue shift (≈40 nm) is observed between
the largest and smallest detectors (Figure S3, Supporting Infor-
mation). In addition, the percentage of light absorbed at the res-
onant wavelength decreases for detectors with active areas <1 ×
10−3 mm2, such that the smallest detectors absorb ≈60% of reso-
nant light, whereas the largest absorb 98% of resonant light. For
all devices, photocurrent responsivity spectra closely follow the
reflectivity (Figure 2; Figures S3 and S4a, Supporting Informa-
tion). As predicted by Equation (1), average photocurrent respon-
sivities under resonant excitation are maximized for the largest
measured devices and decrease systematically with smaller active
areas, albeit with device-to-device deviations (Figure S4b, Sup-
porting Information). Peak responsivities of 1.23 ± 0.16 mAW−1

are observed for detectors with 2.9 × 10−3 mm2 active areas and
0.31 ± 0.22 mA W−1 for 0.3 × 10−3 mm2 active areas, which cor-
responds to average NEP values of 2 and 0.17 nW Hz−1/2, re-
spectively (Figure S4c,d, Supporting Information). Contrary to
responsivities, values of 𝜈BW, and thus device speeds, increased
for smaller photodetectors, as demonstrated by curves of signal
power as a function of excitation frequency (Figure 3b). For de-
vices with 0.3 × 10−3 mm2 active area, 𝜈BW = 2.80 ± 0.08 GHz
and thus 𝜏rise = 125 ± 4 ps.

2.3. Speed Limitations and Future Prospects

Devices are electrically characterized using an impedance ana-
lyzer (Keysight KT-E4990A) by measuring their impedance as a
function of voltagemodulation frequency to determine device ca-
pacitance (Methods). These capacitance values are used to quan-
tify the RC time constants of each device. Capacitance values in-
creased systematically with detector active area from 1.1 to 2.4 pF
(Figure S5, Supporting Information), which predicts RC-limited
bandwidths of 2.8 ± 0.4 GHz for the smallest devices. Values
of the RC-limited bandwidths align closely with the measured
𝜈BW values, which suggests that even the smallest detectors are
RC-limited.
The 2.8GHz 3 dB bandwidth shownhere represents the fastest

pyroelectric photodetector reported to date.[36–38] These ultrafast
speeds are attributable to the low thermal mass and small ca-
pacitances of the detectors. In a typical case, pyroelectric detec-
tors, and in fact thermal detectors generally, rely on thick black-
ened absorbers which exhibit spectrally flat responses in the vis-
ible and infrared portions of the spectrum.[13] Though this al-
lows for a broad spectral response, the increased volume results
in a large thermal capacitance. This slows the thermal response
of the device, in many cases to the point that the thermal re-
sponse is rate-limiting, resulting in the millisecond response
times frequently reported for pyroelectric photodetectors.[36–39]

For the metasurface-enabled detectors reported herein, absorp-

tion is accomplished by nanoscale plasmonic structures, which
both lend spectral selectivity and contribute near-negligible ther-
mal mass. This decreases the thermal response time of the de-
vices and imbues spectral selectivity, which results in increased
device sensitivity and allows for thinner pyroelectric layers. In to-
tal, this results in a device with remarkably small thermal masses
and thermal response times significantly shorter than the electri-
cal response times, suggested by finite element simulations to be
as short as 30 ps.
Further, high speeds in the devices reported here are in part

due to small device capacitances, which are minimized by de-
creasing the active area. In this way, pyroelectric detectors present
a tradeoff between rise time and responsivity, as predicted by the
area dependence of the photocurrent and the RC time constant.
Low sensitivity of previous pyroelectric detectors has hindered
photodetection using small, low-capacitance devices. The pho-
todetectors reported here, however, exhibit measurable respon-
sivities for active areas as small as 0.3 × 10−3 mm2 (20 μm di-
ameter). While responsivities do follow detector size, even the
smallest detectors herein exhibit NEP values < 10 nW √Hz−1,
which is competitive with much larger detectors in previous gen-
erations of analogous devices. In this work, theminimum achiev-
able detector size, and thus the smallest achievable capacitance,
was limited by fabrication considerations rather than by respon-
sivity or NEP. Because capacitance is inversely proportional to the
distance between the parallel plates, thicker AlN should also de-
crease the device capacitance. This illustrates a tradeoff between
electrical and thermal response times, where total device speeds
could be optimized by finding an AlN thickness for which ther-
mal and electrical response times are equal. This would depend
on maintaining high device sensitivities and AlN crystal quality
across AlN layer thicknesses.
Despite the achieved small capacitances, however, it should be

noted that for photodetectors with active area diameters <≈1 ×
10−3 mm2, the measured RC time constants deviated from those
predicted for an ideal parallel plate capacitor of equivalent dimen-
sions (Figure 3c). Predicted RC time constants for ideal devices
would allow for 3 dB bandwidths up to 3.7 GHz, which would
correspond to a rise time of 95 ps. This suggests that deviations
from ideal capacitance limit the attainable bandwidths of these
metasurface-enabled pyroelectric photodetectors, which likely re-
flects fabrication defects for the smallest devices. Improved fab-
rication techniques might present the opportunity to further de-
crease the electrical response times of these photodetectors and
thus increase photodetection speeds further still. Progressively
decreased electrical response times within small devices may al-
low for devices entering the thermally limited regime, where
simulations suggest response times could be as small as 30 ps,
which would surpass the carrier-limited response times of com-
mercial semiconductor photodiodes. Further, this would enable
studies of the fundamental kinetic limits of both thermal con-
version within plasmonic nanostructures and depolarization of
pyroelectric materials.
The key to realizing these devices, which reach the theoretical

maximized pyroelectric detector response times, is thus three-
fold: 1) maximized sensitivity to allow the greatest range of
functional device dimensions, 2)minimized capacitance through
small device active areas and optimized AlN thickness, and
3) minimized thermal response times through small thermal
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masses. Capacitance and thermal response times offer a trade-
off, requiring careful optimization of the pyroelectric layer thick-
ness. Higher sensitivities might be enabled by pyroelectric ma-
terials with pyroelectric coefficients larger than that of AlN, such
as lithium niobate (LiNbO3), zinc oxide (ZnO), and zirconium-
doped hafnium oxide (HZO).[40–42] This might be amplified fur-
ther within the thin pyroelectric layers in these devices, as re-
cent work has shown pyroelectric coefficients to be amplified in
very thin layers.[43] Realization of these optimized devices could
enable studies of the fundamental kinetic limits of both ther-
mal conversionwithin plasmonic nanostructures and depolariza-
tion of pyroelectric materials, a practical limitation of pyroelectric
photodetector response time in otherwise optimal devices.

3. Conclusion

In this work, metasurface-enabled pyroelectric photodetectors
achieve record-breaking 3 dB device bandwidths of 2.8 GHz,
corresponding to a rise time of a mere 125 ps. By coupling a
nanoscale plasmonic metasurface absorber with a thin pyroelec-
tric AlN film, thermal mass is kept small, and thermal response
time is simulated to be only 30 ps. As such, photodetector speeds
are found to be limited by the electrical response time, as mea-
sured bandwidths closely follow the RC time constants of the de-
vices. These record-breaking speeds are augmented by spectral
selectivity conferred by the metasurface absorber/photothermal
converter, which can be straightforwardly altered to operate at
alternative wavelengths or to add sensitivity to additional light
properties such as polarization state.[24] These photodetectors are
ultra-thin, with active layers only 285 nm thick, and small, with
active areas as small as 0.3 × 10−3 mm2, and require no external
power or bias to operate. In total, these properties make these de-
vices promising candidates for on-chip photodetection and imag-
ing applications, with potential for scaling to array-based con-
figurations for enhanced performance in large-area sensing and
multi-pixel imaging systems.

4. Experimental Section
Pyroelectric Photodetector Fabrication: Photodetectors were fabricated

by coupling an electrically active pyroelectric layer with a metallic metasur-
face acting as a photothermal converter. The pyroelectric layer consisted
of ≈160 nm AlN deposited onto highly doped p-type silicon (0-0-1) using
vacuum RF sputtering. AlN thicknesses, as reported previously[28] were
measured by ellipsometry (Figure S1, Supporting Information) and veri-
fied by SEM imaging a cross-section of the wafer. The silicon wafer was
stripped of oxide through submersion in 0.1 M hydrofluoric acid for 1 min
prior to deposition. Sputtering was performed with a 5N Al target in an
Ar/N2 atmosphere with the substrate heated to 1000 °C. This process has
previously been shown to produce polycrystalline AlN with preferential c-
axis orientation, which was verified by X-ray diffraction (Anton Paar XR-
Dynamic 500), and ≈1 nm surface roughness. The thickness of AlN was
determined through imaging ellipsometry (Accurion EP3).

Devices were patterned from the AlN thin films through a series of
metal deposition and lithography steps. First, 5 nm titanium (acting as an
adhesion layer) and 75 nm gold were deposited using electron beam evap-
oration (CHA Industries). Here, the Au layer serves as both amirror within
the nano-gap cavity metasurface and an electrical contact for the device.
The Au surface was then spin-coated with a positive photoresist (Microp-
osit Shipley 1813), which was patterned into arrays of devices by covering
the device shapes with an opaque photomask and irradiating the exposed

polymer with UV light. The sample was developed (Microposit MF 319) to
remove the UV-exposed polymer to create a chemical-resistant mask. The
exposed gold was wet etched into the device shape via potassium iodide
and iodine chemistry (GE-8110, Transene Company, Inc.), and the remain-
ing resist was removed using Microposit Remover 1165. With the remain-
ing Au acting as a mask, the exposed AlN was etched away in a room
temperature aqueous solution of 25% tetramethylammonium hydroxide,
alternated with submersion in buffered oxide etch solution. Final electri-
cal contacts were then deposited via electron beam evaporation following
patterning to exclude evaporation onto the AlN/Au pillars. Patterning was
accomplished with NFR 016D2, which was exposed to UV light and devel-
oped in MF 319. A 160 nm layer of Au with a 5 nm Ti adhesion layer was
evaporated, and the remaining photoresist was lifted off using Microposit
Remover 1165. Though device uniformity could not be directly quantified,
device-to-device deviation is reflected in the standard deviations of the RC
time constants (Figure 3C).

Metasurfaces were then patterned onto the surface of the device. The
Au plane atop the AlN served as a plasmonic mirror. Atomic layer depo-
sition (Cambridge Nanotech Savannah S200) was used to deposit 10 nm
aluminum oxide, which served as a dielectric spacer. Metallic nanostruc-
tures were then patterned with subsequent electron beam lithography and
metal evaporation steps. Electron beam lithography was performed using
PMMA A2 resist spun coated to produce a ≈75 nm film into which arrays
of 90 nm × 90 nm squares spaced 100 nm apart were patterned using a
50 pA electron beam (Elonix ELS-7500 EX). After the polymer was devel-
oped in a solution of 25% methyl isobutyl ketone in isopropanol, 33 nm
Ag with a 3 nm Ti adhesion layer was deposited. The remaining PMMA A2
was dissolved inMicroposit Remover 1165 to leave ametallic metasurface
with an optical mode at ≈780 nm localized in the Al2O3 beneath the Ag
nanostructures.

Optical and Electrical Device Characterization: The resonance of the
metasurface was determined using reflectivity measurements performed
with a home-built microscope as depicted in Figure S6 (Supporting Infor-
mation) coupled to a spectrometer (Ocean Optics Maya 2000 Pro). White-
light reflectivity spectra exhibited characteristic dips corresponding to the
near-complete near-infrared absorption by the metasurface. Metasurface
spectra were found to be unchanged on the timescale of photocurrent
spectra and 3 dB bandwidthmeasurements (a few hours), though they did
exhibit red shifts and spectral broadening characteristic of oxidative degra-
dation of the silver nanostructures after a few months, despite storage in
vacuum when devices were not in operation. This degradation might be
limited by incorporating protective thin oxide layers to protect from oxy-
gen, though the influence on sensitivity and thermal mass must be further
explored.

The responsivity of the devices was measured as a photoinitiated cur-
rent. The devices were excited using a pulsed supercontinuum laser (NKT
Photonics Super K Extreme) coupled with a variable ≈10 nm full-width
half-max filter head (SuperK Select). The laser beam was carefully shrunk
or expanded to ensure that its diameter (defined as the width of the beam
at which the intensity decreases to 1/e of the peak intensity) was ≈5 μm
smaller than that of the device. The laser excitation beam was chopped at
a frequency of 3.9 kHz, which was coupled to a lock-in amplifier (Signal
Recovery 7265). The resulting current photoresponse of the devices was
measured as a function of incident wavelength by the lock-in amplifier to
produce photocurrent spectra.

The current response of the devices upon on-resonance excitation
(783 nm) was further quantified in the frequency domain to determine
the device 3 dB bandwidths (𝜈BW), defined here as the frequency at which
the device response is attenuated by half. Assuming the photodetectors
studied here act as an ideal RC low-pass filter, the device rise time (𝜏rise)
can be quantified as 𝜏rise = 0.35/𝜈BW. To measure 𝜈BW, devices were ex-
cited by a sinusoidally modulated 783 nm laser, where rapid modulation
was accomplished through the interference of two sinusoidal beams, fre-
quency shifted from each other to produce a beat node. The frequency of
the beat was swept by shifting the frequency offset between the interfer-
ing beams, and the photocurrent response was measured as a function
of this beat frequency from 45 MHz to 4 GHz. To measure photocurrents,
devices were coupled to a high-speed, low-noise readout probe (67 GHz

Adv. Funct. Mater. 2025, 2420953 © 2025 Wiley-VCH GmbH2420953 (6 of 8)
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Infinity Probe, GSG), which was coupled to a spectrum analyzer (Tektronix
RSA607A). Responsivity peaks at each frequency were integrated to pro-
duce curves of response versus excitation frequency and thus determine
3 dB bandwidths.

Device capacitance values were measured using a high-performance
impedance analyzer (Keysight E4990A-020). This impedance analyzer
used a built-in equivalent circuit model for parallel and serial resistivity
(Rp, Rs), inductance (L), and capacitance (C) calculations based on the
measured impedance and phase of the device under test (DUT). Thismea-
surement showed the detector to have a high parallel resistivity (Rp >>

1/𝜔C) and a low inductance (L), satisfying 𝜔L << 1/𝜔C, where 𝜔 is the
frequency. Thus, the photodetector was represented using a series C-R-L
(Capacitance-Resistance-Inductance) circuit model, and the serial capac-
itance (Cs) was assumed to be equivalent to the capacitance (C). Based
on these measured capacitances, the predicted 3 dB bandwidth of each
detector was calculated according to

𝜈BW = 1
2𝜋RC

(2)

The noise spectrum density (NSD) of the photodetectors was calcu-
lated according to

NSD =

√∑
i2dark −

∑
i2
short

N × 2B
(3)

Here, idark is the photodetector dark current, ishort is the short circuit
current, N is 1000, and B is the low-pass filter bandwidth of the lock-in
amplifier. Current values were measured by the same lock-in amplifier that
is used for measuring responsivity. Values of NSD are used to calculate the
photodetector noise equivalent power according to

NEP = NSD
R (𝜆)

(4)

where R(𝜆) is the photodetector responsivity at each incident wavelength.
Finite Element Simulations: Multiphysics simulations of the nanos-

tructures upon illumination were performed using COMSOLMultiphysics
with the Wave Optics and Heat Transfer modules. The Wave Optics mod-
ule was used to calculate the absorption of the single nanostructure upon
on-resonance excitation with 780 nm light. This simulated the electro-
magnetic field distribution within the nanostructure and the absorption
magnitude. The incident light is modelled as a Gaussian pulse emulat-
ing a picosecond pulsed laser. Nanostructures were then treated as heat
sources undergoing resistive power loss within the Heat Transfer mod-
ule, and temperature changes in the femtosecond and picosecond time
regimes were simulated via thermal diffusion.[26,44] Both modules used
the periodic boundary condition applied along the horizontal axes to sim-
ulate an array of nanostructures. Along the vertical axis, perfectly matched
layer boundary conditions were used to mimic the environment surround-
ing the nanostructure.
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