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Plasmonic materials, and their ability to enable strong concentration of optical fields, have offered a tantalizing foun-
dation for the demonstration of sub-diffraction-limit photonic devices. However, practical and scalable plasmonic
optoelectronics for real world applications remain elusive. In this work, we present an infrared photodetector leverag-
ing a device architecture consisting of a “designer” epitaxial plasmonic metal integrated with a quantum-engineered
detector structure, all in a mature III-V semiconductor material system. Incident light is coupled into surface plasmon-
polariton modes at the detector/designer metal interface, and the strong confinement of these modes allows for a
sub-diffractive (∼λ0/33) detector absorber layer thickness, effectively decoupling the detector’s absorption efficiency
and dark current. We demonstrate high-performance detectors operating at non-cryogenic temperatures (T = 195 K),
without sacrificing external quantum efficiency, and superior to well-established and commercially available detectors.
This work provides a practical and scalable plasmonic optoelectronic device architecture with real world mid-infrared
applications. ©2021Optical Society of America under the terms of theOSAOpen Access Publishing Agreement

https://doi.org/10.1364/OPTICA.438039

1. INTRODUCTION

The field of nanophotonics has been driven by the desire to demon-
strate optical structures capable of sub-diffractive confinement of
light, and to subsequently leverage these structures to develop
optoelectronic devices capable of emitting, detecting, and/or
manipulating light at these same sub-diffractive length scales.
The field of plasmonics has long been central to such efforts, as
the strong optical confinement provided by plasmonic structures
offers a path towards sub-diffraction-limit optical waveguides,
sources, and sensors [1–9]. However, while plasmonic devices
can offer impressive mode confinement, they often underper-
form diffraction-limited devices on most other metrics [10]. The
prospects for scalable plasmonic architectures for real world appli-
cations have thus largely been limited, and plasmonics has had
its greatest impact in applications where the strong optical mode
confinement benefits all-optical sensing of small material volumes
[11,12] or localized heat generation [13,14], neither of which
is a true optoelectronic realization of plasmonic enhancement.
Transitioning plasmonics from optical structures [15] to opto-
electronic devices [16] has not, until now, resulted in performance
competitive with existing diffraction-limited technologies.

For the longer wavelengths of the mid-infrared (mid-IR,
3−20 µm) and particularly in the long-wave IR (LWIR,
8−13 µm), achieving nano-scale devices is substantially more
challenging than at shorter wavelengths where the bulk of plas-
monics research efforts are undertaken [17]. This is partially
a result of the order of magnitude increase in wavelength (and
proportionally, the diffraction limit) as one moves from the
near-IR/visible (near-IR/vis) wavelength range to the LWIR, but

also because the traditional plasmonic metals of the near-IR/vis,
with increasing wavelength, behave more and more like perfect
electrical conductors, and are unable to support highly confined
plasmonic modes [18]. However, in the mid-IR, highly doped
semiconductors (often referred to as “designer” metals), can be
used as plasmonic materials [19,20]. High-quality, single-crystal
IR plasmonic doped semiconductors can be grown by molecular
beam epitaxy (MBE), with the exquisite control of layer thickness
and free carrier concentration afforded by epitaxial growth.

Importantly, doped semiconductor plasmonic materials can be
seamlessly integrated with MBE-grown quantum-engineered
optoelectronic active regions [21,22]. Notably, the class of
semiconductor heterostructures known as type-II superlattices
(T2SLs), consisting of alternating layers of III-V semiconductor
alloys with type-II band offsets, allows for engineering of effective
bandgap energies across the IR, including energies well below the
bandgap of the superlattice’s constituent materials [Fig. 1(c)].
T2SLs are of particular interest for IR detectors, due to suppressed
Auger recombination [23], and have been integrated into a variety
of IR detector architectures. In particular, LWIR T2SLs have been
used in so-called “bariode” devices such as the nBn detector, which
consists of an n-doped absorber (n), a wide bandgap barrier (B)
and a thin, n-doped contact layer (n). Photocurrent is carried by
photo-excited holes (minority carriers), while the wide bandgap
barrier blocks transport of the majority carrier electrons, substan-
tially reducing dark current and dramatically improving detector
performance [24,25]. The ability to directly integrate these
quantum-engineered IR active devices with plasmonic materials,
in an all-epitaxial system, provides a complete materials framework
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Fig. 1. Depiction of the relative length scale of (a) traditional LWIR detector architecture compared to (b) our plasmonic infrared quantum-engineered
ultra-thin epitaxial (PIQUE) detector. Both (a) and (b) show the detector effective band structure, while (c) shows the band structure of the quantum-
engineered type-II superlattice absorbers. (d) Isometric schematic of the PIQUE detector with overlaid |Hy |TM field profiles at the resonant frequency
of the PIQUE detector (λ= 10.7 µm). A significantly enhanced field amplitude is present in the PIQUE detector, due to the plasmonic mode, resulting
in strong absorption in the ultra-subwavelength thickness (� λ0) absorber region. State-of-the-art performance is enabled by integrating the quantum-
engineered type-II superlattice absorbers in an nBn detector architecture to overlap with the strongly confined SPP mode at the interface between the n++

semiconductor and the detector stack.

for the design of scalable sub-diffraction-limit detectors, or more
generally, optoelectronic devices, in a wavelength range of vital
importance for a host of sensing and imaging applications.

To quantify the benefits associated with sub-diffraction-limit
thickness detector architectures, we consider the figure of merit
specific detectivity (D∗), used to evaluate IR photodetector per-
formance across detector architectures. Assuming uniform thermal
generation and recombination rates, specific detectivity can be
expressed as [26]

D∗ =
λ0η

hc
√

2t(G + R)

Ao

Ae
, (1)

where λ0 is the wavelength of light, η is the external quantum
efficiency (EQE) of the detector (defined as the ratio of collected
charge carriers to incident photons), h is Planck’s constant, c is
the speed of light, t is the detector absorber thickness, G and R are
the absorber generation and recombination rates, respectively, and
Ao and Ae are the device optical and electrical areas, respectively.
Optimizing detector performance, for a given wavelength and
lateral geometry (Ao and Ae ), requires maximizingη/

√
t(G + R):

achieving high quantum efficiency while minimizing absorber
thickness or the generation and/or recombination rates of car-
riers. Mercury cadmium telluride (MCT) has been the material
system of choice for IR detectors for the last 60 years, due to its
high quantum efficiency and small generation and recombination
rates. Recent results [27] have shown that careful heterostructure
engineering can further reduce the generation and recombination
rates of MCT detectors and therefore substantially lower their dark
current. Although these results are encouraging, there is still inter-
est in supplanting MCT due to environmental concerns associated
with Hg and Cd [28]. III-V semiconductor-based detectors have
been identified as a candidate replacement for MCT, as these detec-
tors benefit from more uniform growth, widely used commercial
substrates, and substantially easier fabrication [29]. However,
some of the most promising III-V-semiconductor-based detector

candidates, quantum dot or quantum well IR photodetectors
(QDIPs and QWIPs, respectively), have struggled to realize EQE
within an order of magnitude of MCT detector EQE [30–32].
T2SL detectors on the other hand have struggled to achieve dark
currents less than an order of magnitude above the longstanding
MCT heuristic for dark current, Rule 07 [33]. In either case, the
sub-optimal EQE or alternatively, dark current, ensures, for III-V-
semiconductor-based detectors, D∗’s well below those of MCT.
To compete with existing MCT technology, next-generation IR
detectors must be able to minimize detector thickness, or reduce
generation/recombination rates, while maintaining the EQE
typical of existing, wavelength-scale-thickness detectors and do
so in an environmentally manageable material system. To this
end, leveraging plasmonic modes for strong light confinement in
detector absorbing regions allows for the decoupling of detector
thickness and absorption efficiency, and provides a path towards
high quantum efficiencies in ultra-thin absorbers, and therefore
superior D∗.

In this work, we design, grow, fabricate, and characterize mono-
lithically integrated and sub-diffraction-limit-thickness LWIR
detectors leveraging surface plasmon-polaritons (SPPs) at an epi-
taxial quantum-engineered absorber/designer metal interface. We
dub these devices plasmonic IR quantum-engineered ultra-thin
epitaxial (PIQUE) detectors, and show that the PIQUE device
architecture can dramatically reduce deleterious detector proper-
ties such as dark current, resulting in low-noise operation while
maintaining state-of-the-art detector response, all in a mature III-
V semiconductor material system. The temperature-dependent
electrical and optical properties of fabricated detectors are char-
acterized experimentally, and the optical response is compared to
rigorous coupled wave analysis and finite element method simula-
tions with excellent agreement. The PIQUE detectors presented
outperform state-of-the-art commercial detectors, both MCT
and T2SL detectors [34,35], operate at temperatures compatible
with thermo-electric coolers (TECs), and have the potential to
extend efficient LWIR detector operation to room temperatures.
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By monolithically integrating semiconductor plasmonic mate-
rials with sub-diffraction-limit-thickness optoelectronic active
regions, this work demonstrates, for the first time, a scalable plas-
monic optoelectronic architecture leveraging epitaxial plasmonic
materials, and, importantly, a new approach to the design and
development of mid-IR optoelectronic devices.

2. RESULTS

A. Device Design

Figure 2 shows the layer stack, simulated absorption, and on-
resonance field contour plots (|Hy |

TM) for a variety of ultra-thin
detector designs. In each simulation, the same nBn detector struc-
ture is used (311 nm absorber, 146 nm barrier, and 46 nm contact
layer), and we plot the total simulated absorption (black), as well
as the absorption in each of the layers: the detector absorber layer
(red), contact layer (green), patterned grating layer (gold), and n++

ground-plane (blue). In Fig. 2(a), we show the absorption from a
“bare” ultra-thin detector, grown on a lossless high-index substrate
(GaSb), for which minimal LWIR absorption is observed. Adding
metallic (Au) gratings to the bare detector [Fig. 2(b)] does little to
enhance absorption, suggesting that such metal gratings do not act
as resonant antennas, and are not responsible for any significant
absorption enhancement. However, replacing the high-index,
lossless substrate of the bare detector with a plasmonic (highly
doped n++) semiconductor does result in a significant absorption
enhancement. This absorption is associated with a leaky mode
of the air–detector–n++ stack, and has been demonstrated, and
leveraged, for enhanced detection (or emission), using all-epitaxial
plasmonic materials [21,22]. However, though such structures

include “plasmonic” materials, they cannot be considered plas-
monic devices, as they do not leverage plasmonic modes (and the
associated strong confinement achievable with such modes), as evi-
denced by the field plot in Fig. 2(c). Additionally, the leaky mode
absorption observed in Fig. 2(c) requires an air or other low-index
superstrate above the detector, making this architecture unrealistic
for future substrate-side-illumination detector designs.

Adding a grating structure to the detector with the n++ ground-
plane results in a significant additional enhancement of absorption.
We show simulation results for gratings (width 1.5 µm and period
3 µm) consisting of a high-index, lossless dielectric [Fig. 2(d)],
the same n++ semiconductor of the heavily doped ground-plane
[Fig. 2(e)], and Au [Fig. 2(f )]. All three simulated devices show
similar mode profiles on resonance. In addition, all three simulated
devices show a strong increase in absorption compared to the
planar structure of Fig. 2(c) The interface modes of Figs. 2(d)–
2(f ) are identified as SPP modes, clearly bound to, and with peak
intensity at, the absorber/n++ interface. Below the interface, the
SPP decays rapidly in the plasmonic n++ layer. Above the inter-
face, the SPP mode decays into the (dielectric) detector stack such
that the upper half of the mode is almost entirely confined in the
ultra-thin (t = 311 nm) absorber layer. The majority of the total
absorption is shared between the absorber layer and the plasmonic
n++ ground-plane, as would be expected for an SPP mode bound
to this interface. While the patterned 2D grating on the detector
surface provides in-plane momentum for coupling into the SPP
modes, the strong mode confinement (and thus overlap of the
optical field with the detector absorber) comes from the plasmonic
mode supported by the n++ ground-plane.

The 2D metal grating [Fig. 2(f )] can be replaced with pat-
terned highly doped plasmonic [Fig. 2(e)] or undoped dielectric
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Fig. 2. Simulated absorption for six candidate ultra-thin detector architectures: (a) ultra-thin nBn detector grown above a high-index dielectric ground-
plane with no surface patterning; (b) nBn detector grown above a high-index dielectric ground-plane patterned with a Au grating coupler; (c) nBn detec-
tor grown above a n++ ground-plane with no surface patterning; (d) nBn detector grown above a n++ ground-plane and patterned with a dielectric (GaSb)
grating coupler; (e) nBn detector grown above a n++ ground-plane and patterned with a n++ grating coupler; (f ) nBn detector grown above a n++ ground-
plane and patterned with a Au grating coupler. For each configuration, we plot the total simulated absorption (black), as well as the absorption in each of the
layers: the detector absorber layer (red), contact layer (green), grating (gold), and n++ ground-plane (blue). Provided in the inset of each plot is the |Hy |

TM

field contour at the wavelength indicated by a red star on the total absorption curve. While (c)–(f ) all show resonant behavior, only (d)–(f ) show coupling
to a surface plasmon-polariton, which requires both the momentum imparted by the grating and the n++/absorber interface necessary to support the plas-
monic mode.
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[Fig. 2(d)] semiconductor material with minimal effect on the
detector’s optical properties (or the optical mode excited). We do
note an additional absorption feature for the n++ grating that we
associate with coupling to the SPP via the localized surface plasmon
resonance of the subwavelength n++ grating feature (such detector
designs are the focus of future research efforts). It is thus clear that
the metal layer serves only as a grating to couple light in to the SPP
mode supported by the n++ ground-plane, and not as an antenna.
Notably, the metallic grating coupler has negligibly low absorp-
tion [<1%, from Fig. 2(f )], further confirming that the mode is
primarily bound to the epitaxial n++/detector interface, not the
metallic grating coupler. Moreover, if the n++ layer were to be
replaced by a traditional high-index, and lightly doped substrate,
as shown in Fig. 2(b), all enhancement is lost. These two effects
underscore that the plasmonic nature of the device comes from the
doped semiconductor ground-plane, and not the metallic grating.
The PIQUE detectors presented in this work leverage the device
design of Fig. 2(f ), not only because this design shows the highest
peak response, but also because the metal gratings can be patterned
and deposited at the same time as the device contacts, simplifying
device fabrication.

B. Optical Properties and External Quantum Efficiency

The PIQUE detectors are grown by MBE on GaSb substrates,
and consist of a T2SL nBn detector with absorber/barrier/contact
thicknesses of 311/146/46 nm above an epitaxially grown n++

semiconductor designer metal. Figure 1(b) shows the growth stack
and simulated band structure for the PIQUE detector. The 2D
metal grating (width 1.5 µm and period 3 µm) is patterned on the
detector surface [as shown schematically in Figs. 1(d)] to enable
polarization-independent coupling into the SPP modes supported
at the absorber/n++ interface. Detector dimensions (n++, contact,
barrier, absorber layer thicknesses, grating period, and duty cycle)
were optimized to give ultra-thin detectors (thus resulting in low
dark currents), which could still achieve the integrated absorp-
tion/EQE (in the 8–13µm LWIR) of traditional, wavelength-scale
thickness T2SL detectors [36–38]. Epitaxial growth, detector
fabrication, material and device characterization, and material
optical properties are described in further detail in Supplement 1.

The experimental room temperature reflection spectrum of
a fabricated detector is shown in Fig. 3(a), where the prominent
dip in reflection at λ0 = 10.7 µm corresponds to coupling into
SPP modes, as can be seen from the simulated field profile of the
structure shown in Fig. 2(f ). In the LWIR, there is little trans-
mission through the n++ ground-plane and no diffraction from
the 3= 3 µm grating; thus, reflection (R) in the LWIR can be
related to total absorption (A) by the simple relation A' 1− R .
While a significant amount of this absorption occurs in the detec-
tor absorber (where it will be converted to photocurrent), some
fraction will also be absorbed by the n++ ground-plane and (to a
much lesser extent) the gratings (light that will not be converted to
photocurrent). While such loss is inevitable in strongly confined
plasmonic modes, the total absorption in the detector absorber
region remains comparable to the absorption of traditional
wavelength-scale-thickness LWIR T2SLs [36–38].

The resulting spectral EQE for a detector with 2D metal grating
element width 1.5 µm and period 3 µm is shown in Fig. 3(b) and
compared to finite element simulations of EQE for the same device
with (red dashed) and without (blue dashed) n++ ground-plane
and 2D grating. Strong response is observed across the LWIR,
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Fig. 3. (a) Experimental (solid) and RCWA-simulated (dashed)
room-temperature reflection spectra from the fabricated detector struc-
ture (b) External quantum efficiency of the PIQUE detector operating
at 195 K with a low reverse bias of −160 mV. The red solid line is the
measured external quantum efficiency, and the dashed line is the external
quantum efficiency simulated using COMSOL multiphysics. The navy
dashed line is the simulated external quantum efficiency of a detector
with the same absorber thickness, but no plasmonic layer or Au 2D metal
grating. (c) Scanning electron micrograph of a fabricated PIQUE detector
and an expanded view of the 2D metal grating.

with a peak EQE at λ0 = 10.4 µm of ∼39%, a factor of 13.5×
enhancement in response when compared to the same detector
structure’s absorption, simulated without the underlying plas-
monic material or 2D metal grating, identical to the simulated
absorption plotted in Fig. 2(a). The measured spectral response of
the fabricated detector mirrors the absorption feature in Fig. 3(a),
with the slight spectral shift coming from the difference in sample
temperature between the two experiments. Notably, for the same
T2SL material, we calculate that a detector with absorber thick-
ness of t ∼ 7.5 µm would be required to achieve the same EQE
at λ0 = 10.4 µm, optimistically assuming perfect photo-excited
charge carrier collection efficiency in the thicker detector.

C. Temperature-Dependent Responsivity and Dark
Current–Voltage

The ability to detect LWIR light, in a∼λ0/33-thickness detector,
with effectively the same EQE as a wavelength-scale-thickness
detector, has significant implications for our detector performance
metrics given the relationship between D∗ and detector thickness
from Eq. (1). Figure 4(a) shows the measured detector dark current
(solid lines) for temperatures from 78 K to 195 K, compared to
the dark current for a HgCdTe detector at the same temperatures
(dashes), the latter calculated from the Rule 07 heuristic [33],
which provides a rule-of-thumb estimate for state-of-the-art IR
detectors. To accurately compare our fabricated detector dark
current, at each temperature, to the Rule 07 dark current, the
appropriate operational bias of the plasmonic detectors must be
determined. Figure 4(b) shows the temperature-dependent detec-
tor responsivity (at λ0 = 9.46 µm) as a function of applied bias,
with the strong saturation at low applied biases characteristic of
nBn detectors and essential for compatibility with focal-plane-
array (FPA) readout circuitry. We choose, for each temperature,
an operational bias corresponding to peak specific detectivity. The

https://doi.org/10.6084/m9.figshare.16918258
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dependent responsivity of the ultra-thin detectors taken at λ0 = 9.46 µm
as a function of temperature. As expected for a nBn detector, respon-
sivity saturates at low voltages (−80 mV at T = 78 K and −160 mV at
T = 195 K) and remains constant with increasing bias. A slight increase
in detector responsivity is observed with increasing temperature, resulting
from the redshifting of the T2SL bandgap. (c) PIQUE detector dark
current as a function of temperature plotted with the Rule 07 heuristic
for a detector with λco = 11.42 µm. We choose the comparison detector
cutoff wavelength to be at 50% of the PIQUE’s peak EQE (potentially
significantly underestimating the actual Rule 07 dark current). As can
be seen, from 78 K to 195 K the plasmonic detector dark current out
performs an ideal MCT detector (while maintaining comparable EQE).

dark currents for these applied biases, as a function of temperature,
are plotted in Fig. 4(c), along with the Rule 07 dark current (which
is typically already an order of magnitude less than the dark current
of a traditional, wavelength-scale, T2SL nBn detector [36–38]).
Figure 4(c) clearly demonstrates that the PIQUE detector dark
current, for the full temperature range (78–195 K) is substantially
lower than the dark current for state-of-the-art MCT LWIR detec-
tors. Specifically, our dark current is lowest, relative to Rule 07, at
110 K with a dark current 12.8× lower than Rule 07. However,
at elevated temperatures (T = 195 K), we observe dark currents
only 1.94× lower than Rule 07. We attribute our detector’s dark
current converging towards Rule 07 at elevated temperatures to
the conservative choice of cutoff wavelength we use for the Rule
07 heuristic (choosing the wavelength where we observe 50% of
maximum EQE). In reality, our detector’s T2SL absorber cutoff
wavelength has a strong temperature dependence, whereas the
optical enhancement associated with the SPP is largely tempera-
ture independent. Thus, we expect if we used the bandgap of the
T2SL for our Rule 07 curve, rather than 50% max EQE, we would
maintain dark currents at least an order of magnitude lower than
Rule 07 across the entire temperature range shown.

D. Detector Performance

The significantly reduced dark currents achievable in PIQUE
detectors has a dramatic impact on the detectors’ D∗. Figure 5
plots detector performance (D∗) as a function of wavelength for
our PIQUE detectors, as well as state-of-the-art commercially
available LWIR detectors. Shot- and Johnson-noise-limited
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Fig. 5. (a) Spectral specific detectivity of the PIQUE detector and com-
mercial LWIR detectors at comparable temperatures. As can be clearly
seen, PIQUE detectors at 195 K substantially outperform commercial
HgCdTe at 195 K and T2SL detectors at 210 K.

specific detectivity is estimated, using the measured respon-
sivity and dark current, with the D∗ expression provided in
Supplement 1. As can be observed from this plot, the PIQUE
detector substantially outperforms existing LWIR detectors, due
to the significant improvement in dark current associated with the
∼λ0/33 absorber thickness. This improvement in dark current
can be realized without any degradation in EQE, a result of the
strong field enhancement achieved in the plasmonic structure.
The PIQUE detector exhibits peak D∗ ≈ 4× 109 cm Hz1/2W−1

at T = 195 K, where the PIQUE detector outperforms both
commercial T2SL [35] and MCT [34] detectors. However, the
PIQUE detectors presented here are single-element, front-side
illuminated (as are the comparison commercial detectors), and not
well suited for the substrate-side-illumination required for most
FPA designs. Future detector designs will look to reverse the order
of growth (nBn detector, then n++ plasmonic layer) to enable
coupling to SPPs from substrate-side illumination and thus FPA
configurations.

The single greatest challenge for LWIR detectors is the demon-
stration of high performance at elevated temperatures. The
detector performance of any LWIR photodetector degrades
dramatically with increasing temperature, with D∗ typically
decreasing by two or more orders of magnitude as operating tem-
perature increases from liquid nitrogen (77 K) to room (∼300 K)
temperature. This degradation is almost completely a result of the
exponential increase in dark current density, entirely expected for a
semiconductor device whose effective bandgap energy is essentially
the energy of the peak blackbody emission at detector operating
temperatures near 300 K. Decreasing the dark current of a LWIR
detector, for a given material system and detector design, can be
achieved only by drastically reducing the detector volume, which
for traditional detector architectures incurs a severe responsivity
penalty. Not only do our PIQUE detectors provide a∼20× reduc-
tion in absorber thickness (compared to state-of-the-art LWIR
detectors), but they achieve this reduction in absorber thickness
without any appreciable degradation of detector responsivity.
These results and the presented PIQUE detector architecture
offer a realistic path towards high-performance room-temperature
LWIR detectors, in many ways the grail of LWIR detector work.
Additionally, the monolithic integration of the LWIR PIQUE

https://doi.org/10.6084/m9.figshare.16918258
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detectors offers a unique and novel opportunity to explore all-
epitaxial plasmonic optoelectronic device architectures while
simultaneously realizing significant performance enhancement
over existing mid-IR technologies.

4. CONCLUSION

In summary, we demonstrate a LWIR photodetector, leveraging
a quantum-engineered T2SL absorber integrated into an nBn
photodetector architecture, and embedded in a resonant epi-
taxial plasmonic structure. The strong confinement of incident
light achieved by coupling into SPP modes at the detector/highly
doped semiconductor interface allows for an ultra-thin detector
architecture without any loss of detector responsivity. Moreover,
the presented architecture is extremely versatile and could be
implemented in other material systems and/or extended to longer
wavelengths. We show detector dark currents 1.9× below the
Rule 07 heuristic, and peak EQEs of 39% (which would require
thicknesses of the order of >7.5 µm in a traditional detector
architecture). The presented detectors show specific detectivity
above that of state-of-the-art commercial LWIR photodetectors,
both MCT and T2SL. The PIQUE detectors presented in this
work utilize a plasmonic-optoelectronic device design, leveraging
epitaxial plasmonic materials with state-of-the-art performance.
Moreover, the PIQUE detectors demonstrate a scalable plasmonic
architecture for real world applications, capable of outperforming
commercial detectors and offering a viable alternative to current,
environmentally problematic and widely used detector materials.
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