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Ultrafast pyroelectric photodetection with on-chip

spectral filters

Jon W. Stewart @', Jarrett H. Vella?, Wei Li

Thermal detectors, such as bolometric, pyroelectric and ther-
moelectric devices, are uniquely capable of sensing incident
radiation for any electromagnetic frequency; however, the
response times of practical devices are typically on the mil-
lisecond scale'’. By integrating a plasmonic metasurface with
an aluminium nitride pyroelectric thin film, we demonstrate
spectrally selective, room-temperature pyroelectric detec-
tors from 660-2,000 nm with an instrument-limited 1.7 ns full
width at half maximum and 700 ps rise time. Heat generated
from light absorption diffuses through the subwavelength
absorber into the pyroelectric film producing responsivities
up to 0.18 VW due to the temperature-dependent sponta-
neous polarization of the pyroelectric films. Moreover, finite-
element simulations reveal the possibility of reaching a 25 ps
full width at half maximum and 6 ps rise time rivalling that of
semiconductor photodiodes®. This design approach has the
potential to realize large-area, inexpensive gigahertz pyro-
electric detectors for wavelength-specific detection from the
ultraviolet to short-wave infrared or beyond for, for example,
high-speed hyperspectral imaging.

Highly engineered infrared materials with subwavelength fea-
tures have enabled an unprecedented level of control for thermal
design by tailoring thermal radiation and photothermal conver-
sion’ ", Thermally sensitive photodetectors leveraging these sub-
wavelength structures, known as metamaterials, have shown fully
integrated, on-chip detectors with spectrally selective responses'~""
with broad wavelength sensitivities ranging from 500 nm (ref. *) out
to 2mm (ref. 7). Recent work to achieve faster responses has shown
picosecond internal responses through integration of a graphene
bolometer with a photonic crystal'’; however, this measurement
only represents the device’s pump-probe, nonlinear dynamics and
not the external speed. Furthermore, the device operation hinges
on the measurement of temperature-dependent noise fluctuations
requiring cryogenic calibration. Several demonstrations in the
1970s achieved rise times at the nano- to picosecond scales with
bulk pyroelectric crystals at room temperature'’~'%; however, these
devices exhibited prohibitively low responsivities in the nV W~'to
uV W-! regime and relied on intrinsic absorption features of the
pyroelectric material, restricting operation to specific wavelengths
and discouraging further development. Recent work with pyroelec-
tric films has focused on leveraging pyroelectricity for hot-electron
capture by using the inherent polarization of the material for charge
separation. However, the large bandgap of pyroelectric materials
restricts their applicability to the ultraviolet range and the fastest
devices show a 53 s response time”**'.

Here, we experimentally and computationally demonstrate
the pico- and nanosecond dynamics of a room-temperature
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pyroelectric photodetector that is integrated with a metallic meta-
surface that acts as a perfect absorber and on-chip spectral filter.
The dimensions of the metasurface elements, and thus their asso-
ciated plasmon resonance, solely define the detection wavelength
of the detector without restrictions imposed by the bandgap of
the material or intrinsic absorption features. Leveraging colloidal
deposition and lithographic techniques, we demonstrate a pyro-
electric detector with subnanosecond rise times and responsivities
up to 180mV W~ The detector structure consists of a film-cou-
pled plasmonic metasurface’ deposited on top of an aluminium
nitride (AIN) pyroelectric film deposited on a p-type Si substrate
as shown in Fig. la. Light incident on these photodetectors inter-
acts with the resonant plasmonic metasurface giving rise to the
dip in reflectance shown in Fig. 1d. At the fundamental plasmonic
resonance, over 98% of the incident optical energy is converted
into localized charge density oscillations confined to the metallic
surfaces (that is, localized surface plasmons) between the Ag nan-
ocube and the Au film*. Subsequently, the localized surface plas-
mons decay at femtosecond time scales and generate heat through
electron-phonon scattering of the order of several picoseconds* .
The generated heat then diffuses through the 75-nm-thick Au
film into the underlying AIN of the order of tens of picoseconds.
A simulated heat map illustrates this diffusion process in Fig. 1b,c,
which shows the metamaterial unit cell 1 ps and 40 ps after exci-
tation with a 100fs optical pulse. Pyroelectric materials, such as
AIN, possess a temperature-dependent spontaneous polarization
and on heating their polarization is altered. Uniquely, pyroelectric
materials exhibit increased pyroelectric coefficients when heated
below their Curie temperature, which is ~2,000 °C for AIN (ref. %)
and are thus well suited to ambient- or above-ambient-tempera-
ture operation. Sandwiching the pyroelectric material between two
conductive films allows electrical charges to accumulate on the
conductor-pyroelectric interfaces in an amount proportional to
the polarization as shown conceptually in Fig. 1b,c. Time-varying
optical/thermal signals alter the density of interfacial charges in
the sandwiched structure generating a pyroelectric voltage, which
drives a current i, when connected to an external circuit as shown
in equation (1), where A is the detector area, p is the pyroelectric
coefficient and dT/dt is the rate of temperature change of the pyro-
electric film.

p—— (1)

The produced time-varying pyroelectric signal is measured
using a phase-sensitive electrical detection scheme using a
lock-in amplifier.
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Fig. 1| Metasurface-pyroelectric detector concept. a, Schematic of the vertical detector structure with a plasmonic metasurface deposited on a
polycrystalline AIN pyroelectric layer. An SEM image of the fabricated metasurface with 100 nm Ag cubes. b,¢, Depiction of thermal impulse response
within a single metamaterial element 1ps (b) and 40 ps (c) after an excitation pulse. The temperature change's effect on the spontaneous polarization,
P is overlaid with the pyroelectric detection concept and the equivalent circuit of the pyroelectric film, where C, is the capacitance, R, the resistance, and
V, the voltage. d, Reflection spectra of three colloidal metasurface-pyroelectric detectors, an Au reference detector and an EBL fabricated metasurface-
pyroelectric detector. Inset, an image of the 135 nm cube metasurface-pyroelectric detectors with 3.0, 2.0, 1.5 and 1.0 mm diameters. e, Normalized
photovoltage spectra of the five different detectors showing a clear correlation with the absorption spectra. PAH, poly(allylamine) hydrochloride;

PSS, polystyrene sulfonate; PVP, polyvinylpyrrolidone.

Experimentally, the colloidal metasurface-pyroelectric detectors
are fabricated with two readily established techniques for both the
pyroelectric films* and for the metasurfaces® capable of realizing
detectors ranging from 0.0044mm? to 7.0mm? over wafer-scale
areas. A top-down scanning electron microscope (SEM) image in
Fig. 1a shows the uniformity of the self-assembled 100 nm Ag nano-
cubes on an Au film. Electron-beam lithography (EBL) was used to
fabricate resonances further into the infrared by interchanging the
Ag nanocubes with 40-nm-thick Au nanoparticles with larger edge
lengths. To characterize the spectral responsivity, five spectrally dif-
ferent detectors were fabricated as shown in Fig. 1d,e, where three
consist of colloidal metasurfaces with varied resonances by deposit-
ing 100, 125 or 135nm edge length cubes, one consists of 250 nm
edge length Au nanoparticles patterned with EBL and the final one
consists of an Au film as a control. The metasurface-pyroelectric
detectors were exposed to a chopped, tunable laser and the resul-
tant photovoltage was measured for each wavelength. Figure 1d,e
shows clear agreement between the absorption spectra and respon-
sivity, where the peak responsivities ranged between 0.11 and
0.18VW™! for the 7.0mm? colloidal metasurfaces and showed
greater than 30dB of selectivity between the wavelengths of fun-
damental resonance and 1,500 nm. The increasing responsivity of
the Au control for shorter wavelengths occurs due to the interband
absorption of Au, and can be reduced through the use of different
plasmonic materials such as Pt, Ag and Al or mitigated through
background subtraction. The EBL metasurfaces similarly show
an agreement between the absorption spectrum and the spectral
responsivity peaking at 0.33mV W' for the 1,900 nm wavelength
for a 0.0072 mm? detector. By simply varying the nanoparticle size,
the resonances of the metasurface-pyroelectric detectors displayed
photovoltages between 660 and 2,000 nm, surpassing the spectral
range of conventional InGaAs detectors.

The inherent speed of these metasurface-pyroelectric detec-
tors was found through analysing the impulse response dynamics.
Experimentally, the impulse response was measured by exciting
the detectors with a 1kHz, 100fs laser at a wavelength of 800 nm.
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Two physical mechanisms determine the ultimate speed of these
detectors: the thermal time constant and the electrical time constant.
The simulated temperature change, dT/d¢, found with COMSOL
shows a 6ps rise time with a 25ps full width at half maximum
(FWHM), which is significantly faster than the instrument and
electrical responses in the actual device. As such, the capacitance
of the sandwiched pyroelectric detectors is the dominant tempo-
ral aspect, due to the slower resistance-capacitance (RC) time con-
stant. To experimentally investigate the temporal dependence of the
metasurface-pyroelectric detectors, the capacitance of the detectors
was varied by fabricating detectors with diameters ranging from 75
to 1,000 um. The impulse response for five different detector sizes
is shown in Fig. 2a along with the simulated response for the 75 pym
detector. For each detector size, the impulse response was fit to a
single-exponential decay and the extracted time constant is plotted
according to the detector area in Fig. 2b. The total RC time constant
of the detector, probe and oscilloscope is also overlaid on the size
dependence. The agreement between the RC time constant and the
extracted exponential decay indicates that the RC time constant is
indeed the dominant temporal factor for these detectors. Even with
the RC-limited responses, the thermal detectors achieved response
times down to a 500 ps exponential decay, a 1.67ns FWHM and a
300 MHz bandwidth.

Computationally, finite-element simulations were used to esti-
mate the thermal-temporal limits of the detectors. For plasmonic
structures, the absorbed power density can be calculated via the
conductive losses from charge oscillations induced by the plas-
monic mode, which depends on the local electric field, the oscil-
lation frequency and the imaginary permittivity”. In the vicinity of
plasmonic nanostructures, large electric fields can produce highly
localized, subwavelength absorption regions (Supplementary Fig. 2).
The electromagnetic simulations were then coupled into a solid-
state heat transfer simulation, where the heat source is spatially
defined by the absorbed power density and temporally defined by
a 100 fs FWHM Gaussian pulse. The normalized temperature maps
in Fig. 1b,c were taken 1ps and 40ps after excitation. To account
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Fig. 2 | Temporal detector response. a, Photovoltage impulse response of metasurface-pyroelectric detectors after excitation with a 100 fs laser pulse at
time zero (O ns). Detectors with different diameters, D, show varying response times and are overlaid with the simulated response for the 75 um detector
convolved with its RC limit. b, Size-dependent exponential time constants extracted from fitting each impulse response, which are shown along with the
RC-limited responses and a dashed line to guide the eye. The inset contains the fabricated metasurface-pyroelectric detectors with diameters ranging
from 75 to 1,000 um. ¢, Simulated thermal impulse response for the 75 um detector. The rate of temperature change, dT/dt, is directly proportional to the

generated pyroelectric voltage as described by equation (1).

for any size-dependent thermal relaxation, full detectors were simu-
lated with 75-1,000 um diameters, which showed deviations of less
than 1% in their extracted lifetimes between different detector sizes.
The 75um thermal simulation included in Fig. 2c shows a 10-90%
rise time of 41 ps and a bi-exponential decay with a primary and
secondary relaxation of 580 ps and 4.91 ns, respectively. To overlay
the simulated and experimental results, the simulated photores-
ponse was calculated according to equation (1), which relates the
rate of temperature change (Fig. 2¢), the detector area (0.0044 mm?),
the termination resistance (51.8 Q) and the pyroelectric coefficient.
The pyroelectric coefficient for AIN was extracted by fitting the
magnitude of the simulation to the experimental results, which was
found to be 1.9pCm=K~! as compared to the directly measured
6-8uCm2K™" in a previous work™. The discrepancy between these
values probably arises from transient absorption effects during exci-
tation by the femtosecond laser pulses, which are unaccounted for by
the thermal simulations. For better visual comparison between the
simulated and measured impulse responses, the simulated response
was convolved with a 500 MHz Gaussian pulse corresponding to
the experimental instrument-limited response time. The simulated
and experimental impulse responses for the 75 um detector (Fig. 2a)
show precise temporal agreement for both the AIN depolarization
and repolarization on heating and cooling following the femtosec-
ond pulse. This agreement between the experimental and simulated
results demonstrates the possibility of realizing much faster meta-
surface-pyroelectric detectors potentially with thermally limited
25ps response times.

After demonstration of the picosecond-scale temporal dynamics,
the detector responsivity was further characterized. Results from
two different readout schemes for the pyroelectric detectors are
shown in Fig. 3a, where the low-impedance readout scheme allows
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for photocurrent measurements and the high-impedance readout
for measuring photovoltage. Both readout schemes possess a spec-
tral profile matching the 100nm nanocube metasurface shown in
Fig. 1d,e. The angle dependence of the same detector is depicted
in Fig. 3b and it is shown that the responsivity only decreases by
7% out to 60° angles, which closely follows the metasurface angular
absorption profile shown previously”. The power dependence was
then measured to characterize the noise and sensitivity of this detec-
tor. The noise floor of the 7.0mm? detector is depicted in Fig. 4a
and shows a signal-to-noise ratio of 1 for a laser power of 1.7 uW,
corresponding to an irradiance of 24 uW cm™2. In pyroelectric/ther-
mal detection there are multiple noise sources that determine the
sensitivity of the detector, such as Johnson noise, thermal noise,
1/frequency noise and amplifier noise. In this work, Johnson noise
dominates as it depends on the resistance of the detector and its
temperature, which can be large for the room-temperature pyro-
electric films. The 675kQ resistance of the 7.0mm? detector was
extracted from a current-voltage curve, as shown in Supplementary
Fig. 3. The theoretical Johnson noise for this detector with a high-
impedance amplifier was 106 nV Hz~""* as shown in Fig. 4b, which
closely matches the mean measured noise spectral density (NSD)
of 132nV Hz "2, The low-impedance amplifier noise measurements
showed better agreement between the calculated Johnson noise at
156 fA Hz 2 and the mean NSD of 162 fA Hz~"2 The noise equiva-
lent power (NEP) is calculated by dividing the NSD by the spec-
tral responsivity. As expected, the highest NEP of 679 nW Hz '
occurs at the highest responsivity equating to the peak metasur-
face absorptance as seen in Fig. 4c and can be improved by cooling
the detector to decrease the Johnson noise. The specific detectiv-
ity (D*) normalizes the performance to the detector size and is
calculated by dividing the area of the detector by the NEP. As such,
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Fig. 3 | Responsivity characterization. a, Photovoltage and photocurrent responsivities of a detector fabricated with 100 nm nanocubes. b, The angle-
dependent responsivity of the same detector showing large responsivities out to 60° angles.
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Fig. 4 | Noise performance. a, Power dependence of a detector with

100 nm cubes showing the noise floor for powers below TuW and a nearly
linear photovoltage for increasing powers. b, NSD for both current and
voltage measurements of the same detector. ¢, NEP calculated from the
NSD showing microwatt sensitivity similar to the power-dependence noise
floor plotted along with the specific detectivity (D*).

this metasurface-pyroelectric detector shows a peak detectivity of
3.9%10°Jones, which can be improved using back-thinned, ther-
mally isolated pixels, cooling the detectors or vacuum packaging of
the detector.

In conclusion, a room-temperature ultrafast thermal photode-
tector has been demonstrated by integrating a metasurface with a
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nanometre-scale pyroelectric film enabling an instrument-limited
700 ps rise time, a 1.67 ns FWHM and a 300 MHz bandwidth, which
is almost six orders of magnitude faster than previously demon-
strated spectrally selective thermal detectors’””. Thermal trans-
port simulations closely match the experimental results and show
the potential for response times down to 25ps for smaller detec-
tors approaching that of semiconductor photodiodes with carrier-
limited responses of ~30ps (ref. ¥). On-chip spectral filters created
by the integrated metasurfaces were used to realize spectrally selec-
tive detection from 660 to 2,000 nm. The wavelength range could
be further extended into the ultraviolet-visible region through
substitution of Au with Pt, Ag or Al, and into the mid-infrared by
fabricating larger nanoparticles via EBL or inexpensive, large-area
techniques such as deep-ultraviolet lithography or the synthesis of
larger colloidal nanoparticles. These large-area devices show the
potential for realizing uncooled, thermal photodetectors with high
responsivities and gigahertz speeds without the spectral limita-
tions of bandgap-based detectors. Furthermore, integrating these
metasurface-pyroelectric photodetectors with multiscale patterning
techniques® could enable on-chip hyperspectral focal plane arrays,
where integration of dynamically tunable metasurfaces’* could
allow for spectral reconstruction with a single photodetector®-*.
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Methods

Fabrication. Pyroelectric AIN was deposited onto 0.2-mm-thick, <111> p-type

Si wafers. Substrates were heated in an ultrahigh vacuum sputtering system

(base pressure 10~ Torr) to 800°C, and a 5N Al target was radio frequency (RF)
sputtered in an Ar/N, atmosphere. This resulted in a polycrystalline c-axis-
orientated AIN film with a single nanometre-scale surface roughness as previously
described*****. Next, the colloidal film-coupled metasurfaces were deposited

onto the AIN films through physical vapour deposition, layer-by-layer polymer
deposition and finally the self-assembly of colloidally synthesized nanoparticles. In
more detail, a 75nm gold film with a 5nm Ti adhesion layer was evaporated with
an electron beam through a shadow mask onto the AIN surface. The shadow mask
was used to simultaneously define the readout area of the detector as well as the
metasurface area. Next, a 7 nm spacer layer was deposited using layer-by-layer dip-
coating of five alternating polyelectrolyte layers composed of a positively charged
poly(allylamine) hydrochloride polymer and a negatively charged polystyrene
sulfonate polymer suspended in 1 M NaCl solution. Finally, the substrate was
incubated in a solution of Ag nanocubes, where the nanocube stabilizer coating
was ~3 nm of polyvinylpyrrolidone, a negatively charged polymer, which facilitates
the nanocubes to electrostatically adhere to the positively charged polyelectrolyte
layer. The Ag nanocubes were colloidally synthesized following a well-established
process” (NanoComposix Inc.).

The high-speed metasurface-pyroelectric detectors shown in Fig. 2b were
fabricated following the same procedure but without the shadow mask to pattern
the Ti/Au films. After the deposition of the Ag nanocubes, a positive photoresist
was spin-coated on top of the vertical detector stack and was patterned to be used
as the etch mask. A noble metal etchant (Microchem GE8110) was used to etch
through the Ag nanocubes and Au films. Afterwards, the AIN was etched using
a Cl,/BCly/Ar RIE etch recipe to expose the Si substrate and isolate neighbouring
detectors. The photoresist was removed with acetone and 1165 resist remover
resulting in the final samples.

The EBL metasurface-pyroelectric detectors shown in Supplementary Fig. 4
were fabricated by depositing a 75 nm gold film with a 5nm Ti adhesion layer onto
the AIN film with electron-beam evaporation. The detector areas were created by
patterning a positive photoresist into 85 x 85 um? squares and wet etching through
the Au with GE8110 and the Ti with 10:1 buffered hydrofluoric acid. Afterwards,
the AIN was etched using a CL,/BCl,/Ar reactive-ion etching (RIE) recipe to
expose the Si substrate and isolate neighbouring detectors. A 250 nm SiO, film
was deposited over the whole sample with plasma-enhanced chemical vapour
deposition. A negative photoresist was deposited and exposed to create 75X 75 um?
wells in the resist, which were spatially aligned to the 85 x 85um? Au/AIN pads.
The exposed SiO, films in the wells were etched down to the Au with a CHF,/

Ar RIE etch and a 10:1 buffered hydrofluoric acid clean. This created 75X 75 pm?
wells with exposed Au films and SiO, everywhere else on the sample. The SiO,
film prevented the traces from shorting to the conductive Si wafer. A negative
photoresist was used to pattern the Au traces to the outside of the wafer, which
consisted of a 5nm Ti and 200nm Au film. Next, a 7nm Al,O; film was deposited
with atomic layer deposition (ALD) on the entire sample except for the contact
pads and the thickness was measured with ellipsometry. For the nanoparticle
deposition via EBL, poly(methylmethacrylate) (PMMA) was spin-coated on the
wafer and exposed with an Elionix ELS-7500 EX E-Beam Lithography System with
a2.1ps dose at 50 pA and 50kV. The exposed PMMA was developed and a 30nm
Au film was evaporated on the pattern. The PMMA and Au was lifted off leaving
only the nanoparticles patterned on the sample. Lastly, the sample was conductive
epoxied to a wafer carrier and the top traces were wire-bonded to the leads, which
were connected to a female coaxial connector for readout.

Absorption measurements. The reflection spectra from 400 to 1,550 nm of the
metasurface and Au detectors where measured with a custom-built microscope
integrated with a visible and near-infrared spectrometer. A 50/50 beamsplitter

was used to couple a broadband white light source into the microscope and
spectrometer. The spectra were averaged over an area with a 60 um diameter using
a 0.15 numerical aperture objective and were normalized relative to the reflectance
of an Ag mirror. The reflection spectra from 1,550 to 3,000 nm were measured on a
Bruker Hyperion microscope integrated with a Vertex 80v spectrometer with a X15
objective and were normalized relative to an Au reference.

Impulse response measurements. The impulse response of the metasurface-
pyroelectric detectors was measured with a ~100fs laser pulse generated by

a Coherent Libra with a 1kHz repetition rate at a wavelength of 800 nm. The
femtosecond laser pulse can be approximated as an impulse, since the relevant
dynamics of the metasurface-pyroelectric detectors were on the pico- to
nanosecond time scales. The laser was attenuated through a variable neutral
density (ND) filter to reduce the 3.2 W output power to 0.5-2.0 mW at the detector.
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The beam was aligned into a custom-built microscope to focus the incident laser
onto the various detector sizes. Electrically, a micromanipulator with a tungsten
tip was used to contact the Au film and was connected to the core conductor of

a coaxial cable. The shielding of the coaxial cable was bonded to the bulk p-type

Si substrate, where the pyroelectric voltage was measured between the centre
conductor and the shielding of the coaxial cable. The impulse response of the
detectors was captured on a 1 GHz oscilloscope triggered by the external trigger of
the Coherent Libra.

Responsivity measurements. A broadband SuperK supercontinuum laser with
an acousto-optic tunable filter was used as a tunable monochromatic source

with linewidths between 1.8 and 5.0 nm for 640-1,100 nm wavelengths and
linewidths between 6.4 and 20.0 nm for the 1,200-2,000 nm wavelengths. As such,
the responsivity was sampled at 5nm intervals between 640 and 1,100 nm and
25-50nm intervals in the 1,200-1,600 nm range to reduce the correlation between
data points. Following the acousto-optic tunable filter, the laser was sent through
a variable ND filter, a rotating chopper wheel and an iris, which determines the
diameter of the beam. A computer-controllable flip mirror directed the laser

after these optical elements to a power meter. The power meter and variable

ND filter were used either for power stabilization or for the power-dependence
measurements. The chopper wheel was driven with a stabilized frequency reference
from a lock-in amplifier at 137 Hz. The chopped/modulated laser when absorbed
by the detector produced a modulated pyroelectric voltage, enabling the lock-in
amplifier to conduct phase-sensitive detection at the modulation frequency used
for low-noise, high-sensitivity measurements. Before the lock-in amplifier, the
signal was input into a high- or low-impedance amplifier for measuring either the
photovoltage or photocurrent, respectively. The measured pyroelectric response
was recorded via a Labview program for each wavelength or power step, and was
divided by the laser power to get the responsivity. The NSD was provided by the
lock-in amplifier to assess the noise performance of the detector.

Data availability
The data that support the findings of this study are available from the
corresponding authors on reasonable request.

Code availability
The code for the optical and thermal simulations is available from the
corresponding authors on reasonable request.
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