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Uncooled Infrared Detectors Using Gallium Nitride
on Silicon Micromechanical Resonators
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Abstract— This paper presents the analysis, design, fabrica-
tion, and the first measured results demonstrating the use of
gallium nitride (GaN)-based micromechanical resonator arrays
as high-sensitivity, low-noise infrared (IR) detectors. The IR
sensing mechanism is based on monitoring the change in the
resonance frequency of the resonators upon near IR radiation.
The resonators are characterized for their RF and thermal
performance and exhibit a radiant responsivity of 1.68%/W,
thermal time constant on the order of 556 µs, and an average IR
responsivity of −1.5% when compared with a reference resonator,
for a 100 mK radiation-induced temperature rise. An analysis
of the design of the devices is presented as a path toward better
design, specifically, for low thermal noise equivalent temperature
difference in the long wavelength IR spectrum. [2013-0190]

Index Terms— Infrared sensor, uncooled IR detectors,
micromachined, NETD, resonators, thermal sensors.

I. INTRODUCTION

IN RECENT years, there has been a growing interest
in high-precision infrared (IR) detectors for applications

ranging from military, defense and security to automotive and
consumer markets [1]–[3]. There are two main types of IR
detectors: photonic detectors and thermal detectors. Photonic
detectors depend on band-gap transitions due to photonic
excitation in detector materials. These detectors work best at
low temperatures, although efforts are being made to develop
high operating temperature photonic detectors [2]. Thermal
detectors, on the other hand, depend on the conversion of
incident radiation to heat, which is subsequently transduced
into an electrical signal. Thermal detectors typically do not
require cooling and are designed to work at 300 K and
higher. In the last couple of decades, there has been a large
surge in the number of solutions that use uncooled detectors,
primarily due to the fact that cooled sensors, even though they
have enhanced sensitivity, require a bulky cooling/refrigeration
unit that consumes both space and power. The high cost of
cooled detectors also makes them unattractive to the growing
automotive and consumer market.

Most successful commercial uncooled thermal detector
solutions rely heavily on technologies developed under the
overall realm of Microelectromechanical Systems (MEMS)
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Fig. 1. A scanning electron microscope (SEM) image and a schematic of
the micromechanical GaN resonators that can be used as highly sensitive,
low-noise IR detectors.

[1], [2], [4]–[7]. These include single detectors and focal plane
arrays (FPAs) of thermopiles [8], bolometers [4], ferroelectric,
and pyroelectric sensors [9]. The small size and low thermal
mass of MEMS along with the ability to fabricate uniform
arrays of identical sensors with a high yield makes this
technology one of the most attractive choices.

A relatively unexplored technology for un-cooled IR
sensors is the use of resonant detectors proposed by
Vig et al [10], [11], who demonstrated micromachined quartz
oscillators as the infrared sensing elements. According to this
analysis, resonant IR detectors offer significant advantages in
terms of the signal-to-noise ratio and sensitivity compared with
other types of un-cooled detectors. The major practical chal-
lenges to this approach were associated with the difficulties
of producing large arrays of identical mechanical elements
[12], [13]. This problem, however, is specific to quartz since
high-density micromachining on quartz substrates is difficult,
if not impossible. With the current state of technology, it is
possible to fabricate large densely packed arrays of resonators
using other thin-film piezoelectric materials (Fig. 1).

We have previously demonstrated a high-sensitivity single
micromechanical IR detector and reference pair made from
thin-film gallium nitride (GaN) [14], [15]. In this work, we
introduce small format arrays of GaN-based resonant detec-
tors. Prototypes of these arrays are fabricated for preliminary
testing and the measured results are presented. This is the first
demonstration of resonant uncooled IR detector arrays based
on thin-film micromechanical piezoelectric resonators.

II. THEORY OF OPERATION

The basic principle of transduction for a resonant IR
detector is the change of its mechanical resonant frequency
because of the temperature rise induced by the absorbed IR
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Fig. 2. (a) Each individual pixel in the array is a thin-film resonator
mechanically suspended by thin tethers. The resonator body accounts for
most of the thermal mass of the device, while the tethers isolate the resonator
thermally. (b) The transduction mechanism depends on the change in the
frequency of the resonator in proportion to the incident IR radiation.

radiation (Fig. 2). The mechanical resonator can be driven in
an open loop or used in a self-sustaining oscillator by using
simple and common feedback circuits, allowing continuous
operation with a very stable frequency. Parametric changes to
the resonator caused by heating are reflected as changes in
the oscillator frequency. In this work, we focus on the design
and analysis of the resonator as an IR sensing element. The
resonant IR detector consists of a detector plate suspended by
thin, high thermal resistivity tethers (Fig. 2). Different modes
of resonance of the plate can be used for temperature sensing;
here, we focus on the length extensional resonant mode. The
resonance frequency is a function of temperature and is given
by

f (T ) = 1

2L (T )

√
Ce f f (T )

ρm
, (1)

where L, Ce f f , and ρm are the length, effective stiffness, and
mass density, respectively. The detector can be coated with a
material that is an efficient thermal absorber of IR radiation.
Commonly used materials such as silicon nitride, gold black,
or experimental new materials such as nanocomposites can be
used as IR absorbers [16]–[19]. The conversion of incident IR
radiation power φ(λ) into temperature change is given by

∂T = η(λ)φ(λ)√
Gth

2 + ωir
2Cth

2
, (2)

where Gth is the effective thermal conductance of the device
(dominated by the thermal conductance of the tethers), Cth is
the thermal capacity of the device, ωir is the rate of change
of the incident signal, and η(λ) is the absorption efficiency of
the IR absorber layer.

The relative change in resonator frequency is given by the
temperature coefficient of frequency (TCF)

αT = 1

f (T )

∂ f

∂T
, (3)

and is generally expressed in parts per million per K (ppm/K).
The above equations allow us to translate the incident IR
radiation power to a perceptible frequency shift.

In an array of resonant IR detectors, a small number of ref-
erence resonators can be included. These reference resonators
will not have the IR absorber layer but have a top surface
covered with metal electrodes that reflect ∼99% of the incident
IR radiation. In effect, this makes the reference resonator
frequency invariant to IR heating, and allowing differential
sensing in future implementations. This can potentially boost
the system sensitivity, since the original beat frequency can be
made extremely small, limited only by fabrication tolerances.
Differential sensing also eliminates common-mode effects
such as slow changes in ambient operating temperature, pres-
sure variations in the sensor package, and acceleration. Differ-
ential measurements using beat frequency detection eliminate
the need for a mechanical chopper, leading to savings in size,
weight, and power.

III. PROTOTYPE DESIGN & FABRICATION

Important thermal parameters to consider while designing
the resonator ‘pixel’ are the thermal conductance of the system
and the thermal capacity of the body of the resonator, given
by

Gth = Gtethers + Gair + Grad , (4)

and

Cth =
∑

i

(ρm)i
(
Cp

)
i Vi (5)

For a resonator made of multiple materials, including the
piezoelectric film, the absorber, and metal electrodes, the
thermal conductance through the tethers is given by:

Gtethers = 2
∑

i

κi (At )i

(Lt )i
. (6)

for every i th material in the composite stack. The quantities κ ,
ρm, Cp, At Lt , and V denote the thermal conductivity, mass
density, specific thermal capacity, area of cross section of the
tethers, length of tethers, and the volume of the resonator body.
Note that the conductance doubles due to the presence of
two tethers. The conductance through air and via radiation
exchange (from both surfaces of the detector) is given by
Eq. (7) and Eq. (8), respectively [20].

Gair = κair A

dcav it y
(7)

Grad = 4(εtop + εbot)AσbT 3 ≈ 8εD AσbT 3, (8)

where κair and dcav it y are the thermal conductivity and height
of the air column, A is the surface area of the detector,
εtop and εbot are the emissivity values of the top and bot-
tom surfaces of the detector, σb is the Stefan-Boltzmann
constant, and T is the absolute temperature of the detector.
The conduction model through air is valid at measurement
chamber pressure of about 20 μTorr. Estimated worst case
scenario values for Gair and Grad are 3.3 × 10−7 W/K
and 7.8 × 10−8 W/K, respectively [20], which are negligible
compared to the thermal conduction through the tethers for
the present designs. The worst case scenario assumes the
emissivity of the detector surface to be εD = 1, and κair of
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Fig. 3. Fabrication process flow for GaN (Process I) and GaN-on-SOI
(Process II) resonators.

0.026 W/m-K [20], [21] (NIST specified value for atmospheric
pressure at 300 K). The thermal time constant is defined as

τ = Cth G−1
th . (9)

The thermal conductance can be engineered significantly
using better design and low-conductivity materials. State-
of-the-art bolometers have values of Gth on the order of
10−8 W/K, before being limited by radiation effects [22].
Such values of thermal conductance are possible for resonators
with thinner films. Other feasible ways to decrease Gth is
to use single tether designs or meandered tethers, while
taking care to maintain good mechanical performance of
the resonator.

The first prototype arrays fabricated consisted of resonators
based on GaN and GaN-on-SOI thin films. The use of
GaN-on-SOI wafers was necessitated by the low yield of
this particular batch of thin-film GaN arrays due to high film
stress. This problem can be solved by better control of the
epitaxial growth of GaN, and has worked well in the past for
fabricating high-performance GaN resonators on the order of
1 μm thickness [23]. Fig. 3 describes the fabrication process
flow. GaN layer is grown on (111) silicon or SOI substrates
using metallo-organic chemical vapor deposition (MOCVD).
GaN wafers used in this work have been purchased from
Nitronex Corp. [24]. More information about the epitaxial
stack can be found in [24]. The resonator fabrication starts
with defining the shape of the GaN resonator. The GaN
layer was etched using inductively coupled plasma (ICP)
with chlorine/boron chloride etching chemistry. For GaN-
on-SOI resonators, the Si device layer is etched to the same
lithographic pattern. The top electrode, consisting of Ti/Au,
was patterned using evaporation and lift-off. A layer of silicon
nitride was deposited and patterned on top of the electrodes
as the IR absorber. Devices were released by selectively
removing the silicon substrate from the backside using DRIE.
Finally, the Ti/Au bottom electrode was sputtered from the
backside. The GaN-on-SOI resonators do not need a bottom

TABLE I

MATERIAL PROPERTIES

TABLE II

GEOMETRY OF TETHERS AND RESONATOR BODY

TABLE III

CALCULATED THERMAL PERFORMANCE

electrode as the Si layer is conductive enough to serve as the
ground electrode.

Tables I and II detail the material properties used in the-
oretical calculations and the geometries of the resonator and
tethers. Table III describes the calculated values of the thermal
properties of the resonators.

While the GaN arrays suffered from poor yield, the
GaN-on-SOI arrays (Fig. 4(a)) had a near 100% process yield
due to better mechanical stability. Further array measurements
were therefore carried out on GaN-on-SOI arrays.

IV. MEASURED RESULTS

A. RF Performance

The nominal RF response of the GaN-on-SOI array is
measured using an Agilent E5061 network analyzer with the
appropriate calibration (Fig. 5). The resonators are driven at
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Fig. 4. (a) Fabricated array of GaN-on-SOI resonators. The three sensors and
the single reference can be clearly differentiated by the presence or absence
of the IR absorber layer. (b) A GaN reference resonator and (c) GaN-on-SOI
sense resonator.

Fig. 5. Measured RF performance of the array shown in Fig. 4. The
inset shows that the sense resonators are nearly identical while the reference
resonator is only slightly different. The quality factor (Q) of the resonators in
this array is ∼280 at 101 MHz. Significantly better Qs are possible and have
been demonstrated previously using GaN resonators [23]. Measured results
are obtained with 0 dBm RF power.

0 dBm, and allowed time to settle into a thermal equilibrium
between the small level of drive induced heating and the
ambient temperature. This self-heating is seen to be significant
only at higher powers (+10 dBm or higher). The inset clearly
shows that the three sense resonators are almost identical,

Fig. 6. The thermal dependence of the resonators in the array in the range
from 150 K to 325 K. The TCF is calculated to be ∼ −29.7 ppm/K, indicating
that the thermal performance is dominated by the thick Si layer.

while the reference resonator has a slightly different frequency
because of the lack of the absorber layer and a different stress
value in the resonating stack.

The value of αT is extracted by measuring the frequency of
the resonators at various temperatures (Fig. 6). Linear fitting
of the data gives us an average αT of −29.7 ppm/K. This
value is close to the TCF of silicon, and we can conclude that
the thermal response of these resonators is dominated by the
TCF of the thick Si layer instead of the TCF of GaN [23],
[25]–[28]. The use of GaN alone can be advantageous to this
application, as its pyroelectric and electrostrictive properties
can result in a large instantaneously induced frequency shift
that can result in up to two orders of magnitude larger values
of αT [14], [29], [30]. However, to take advantage of this
relatively unexplored effect, mechanical choppers are required.
This approach is not the focus of the current work.

B. Infrared Response

The detectors are illuminated using an Ocean Optics near-
IR Tungsten-Halogen lamp (HL2000-HP-FHSA) coupled into
the probe station using (P400-1-VIS-NIR) optical fibers. The
lamp has a power output of 20 W over the wavelength range of
360 nm - 2400 nm [31], while the optical fiber has a 92%-95%
transmission in the wavelength range of 300 nm to 1100 nm
(Fig. 7). Other wavelengths are assumed to be filtered out.

The array is measured in a Lakeshore cryogenic probe
station with a controlled temperature and is shielded from
external IR illumination. The NIR absorption of the silicon
nitride absorber layer is characterized using a Perkin Elmer
Spectrum-GX. Based on the radiation incident on the detector
surface, and taking into account the measured NIR absorption
characteristics of the silicon nitride absorber, we can calculate
the radiation incident on the detector face to be 176 μW in
the spectral range of 760 nm-1000 nm (boxed area of overlap
in Fig. 7). This translates into a temperature shift of 70 mK.
Given the 300 Hz frequency shift seen in the sensors (Fig. 8),
this implies a radiant responsivity of 1.68%/W for the specified
NIR spectral range. Due to the inherent difficulties in accurate
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Fig. 7. The radiant power output of the source/optical fiber system as per
vendor specifications [31], and the absorption efficiency of the silicon nitride
layer, measured using NIR spectroscopy. The boxed area is the spectral region
that describes the NIR radiation absorbed by the sense resonators.

Fig. 8. Responses of all four resonators to near-IR illumination. The Y-axis
span of all graphs is the same (500 Hz). The three sensors show ∼300 Hz
decrease in frequency, while the reference exhibits very little shift. The long
sampling time is due to the sweep speed of the network analyzer and is not
the inherent thermal response of the resonators.

measurement of the irradiance at the detector surface without
traceable blackbody calibration, at this point, we also estimate
from the measured TCF that the temperature rise in the sensors
is ∼100 mK. This difference can be accounted for by the
fact that the system also absorbs slightly in the visible range,
which is not taken into account in calculations due to lack of
information about η(λ) in that range.

It can be seen that the three sense resonators exhibit marked
decreases of ∼300 Hz in their resonant frequencies upon IR
illumination, while the reference resonator, while not perfectly
invariant, has a significantly smaller frequency shift (Fig. 8).
Better designs can amplify this difference by using higher
TCF sense resonators and references that have smaller IR
absorbance.

Based on the frequencies of the resonators in the array
without any IR illumination (Fig. 9(a)), and the calculated beat
frequencies upon subsequent IR illumination (Fig. 9(b)), we
can see that even with a small increase in temperature due to

Fig. 9. (a) The frequencies of resonators in the array without IR illumination
(dark response), (b) the relative change in beat frequencies of the sense
resonators in the array upon IR illumination (IR response). The differential
method imparts high sensitivity to IR radiation.

Fig. 10. (a) Transmission amplitude of the resonators under switched
near-IR illumination. Measurements are acquired at high speeds to measure
the resonator response shift upon illumination. Magnified ranges showing
(b) cooling and (c) heating time constants based on measured data and curve
fitting using double exponential functions to extract the thermal time constants.
The slow time constant is due to the non-ideal substrate and surroundings,
while the fast time constant (556 μs) is a function of the thermal properties
of the sensors.

absorbed radiation, there is a significant relative change in the
calculated beat frequency (between −1% and −2.5%) for an
incident signal of 176 μW (or a temperature rise of 100 mK),
leading to a high responsivity. Better characterization of the
design and fabrication process can reduce the variation of the
nominal beat frequencies and the IR response within the array.

C. Response Time

The thermal time constant of the resonators is critical in
determining the measurement speed of the IR imager. For
30 Hz - 100 Hz operation, each resonator pixel should ideally



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS

Fig. 11. Temporal frequency instability of the driven resonators at various
integration times. The frequency instability is given by the ratio of the standard
deviation to the average. Each point represents 128 continuous samples, with
sample stage and radiation shield temperature maintained at 300 K ±10mK.
Other resonators with higher values of Q are measured and validate the fact
that it is possible to get lower instability values by improving Q. The best
performance achieved was with a GaN resonator (Q = 8500) with frequency
instability of 7.5 × 10−9 at 1 s integration time. This shows that it is possible
to get very low frequency instability with the current approach.

have below 1 ms time constant. Thin film resonators are well
suited for such fast responses due to their small thermal mass,
as evidenced by the theoretical calculations for the two designs
(Table III). Experimentally, the response time of the resonant
IR detectors is characterized by measuring the rise or fall of
the transmission signal level (S21) with respect to switched
IR illumination using a manual shutter. In order to ensure fast
measurements of the thermal response, the device is stimulated
using the network analyzer with a continuous wave (CW)
signal with a fixed frequency fC W . The choice of fC W is
based on preliminary frequency sweeps in order to identify the
frequency at which the slope of S21 is the sharpest [32]. Data
are captured using a fast integration bandwidth allowing for
sampling at ∼20 μs intervals. Fig. 10(a) shows the measured
response for a sense resonator over a few cycles of switched
IR illumination. Fig. 10(b) and (c) show magnified regions
of the response to illustrate the rise time and fall time for
the detector. Two distinct time constants can be extracted:
for the heating/cooling of the device, and the heating/cooling
of the surrounding regions of the substrate and measurement
chamber [13]. The time constants of the device and the
substrate can be estimated from curve fitting of the data using
a double exponential fit to be approximately 556 μs, and
1000 s, respectively. The measured time constant is in the same
order as the calculated value; however, a better measurement
setup should be used to get a more accurate estimate of the
time response and close the gap between measurement and
calculations.

D. Short Term Frequency Instability

The temporal noise of each detector pixel can be char-
acterized by the short term frequency instability, defined as
the ratio of the standard deviation and the average value
of a small set of continuous data samples [13] (Fig. 11).

Care must be taken to ensure that the characterization condi-
tions eliminate noise from external sources as far as possible.
The devices measured here are measured in a stable vacuum
(10-17 μTorr) and in a temperature controlled, radiation
shielded (dark) chamber. The temperatures of the stage and
the walls of the chamber are monitored synchronously and
maintained at 300 K ±10mK. This ensures that the pressure
and thermal fluctuation noise is minimized. As expected, the
frequency instability is lower with higher integration time. We
also measure other resonators (not from the same array) with
higher values of Q to experimentally verify that improved Q
will result in significantly lower frequency instability. A GaN
resonator with a Q of 8500 demonstrated the lowest frequency
instability of 7.5 × 10−9 with an integration time of 1 s.

V. DESIGN FOR LOW NETD

An important metric for IR detectors is the noise equiva-
lent temperature difference (NETD). State-of-the-art uncooled
detectors demonstrate measured NETD values between 30 mK
to 50 mK [7]. The NEDT can further be decomposed into
spatial and temporal components [33]. For resonant IR detec-
tors, the analytical model for temporal thermal NETD is given
by [10]

N ET D =
(
4F2 + 1

)
σN

τoptβ A�

[(
�P

�T

)
λ1−λ2

]−1

, (10)

where F is the focal ratio of the focusing optics, τopt is the
transmissivity of the focusing optics, β and A are the fill factor
and area of the resonator, and σN is the frequency instability.
� is the responsivity (in terms of incident power radiated by a
blackbody source),

(
�P
�T

)
λ1−λ2

. � is the change in power per
unit area per temperature increase measured within the given
spectral band λ1 to λ2, and is expressed as [10]

� (ωir ) = η(αT )

Gth

√
(1 + ω2

ir τ
2)

. (11)

As expected there will need to be a tradeoff between respon-
sivity and frequency instability. We can combine Eq. (10) and
Eq. (11) to expand the relation for NETD in terms of all the
operating parameters as follows.

N ET D =
(
4F2 + 1

)
σN Gth

√
(1 + ω2

ir τ
2)

τoptβ Aη(αT )

[(
�P

�T

)
λ1−λ2

]−1

.

(12)

The critical design parameters here are the thermal conduc-
tance, frequency instability and the TCF. The most important
design range is the long wavelength IR (LWIR). Based on the
present measured results, we can make some assumptions with
a view towards setting achievable goals for low thermal NETD
in the future. Improved absorbing materials can potentially
give us up to 90% absorption over a broad spectral range
[16]–[19]. Further, better design and fabrication can achieve
lower values of frequency instability. Of the noise processes
that could affect the micromechanical resonator frequency
significantly, the dominant source is the temperature fluctu-
ation induced frequency instability [10], [34]. Theoretically,
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Fig. 12. Predicted values of temporal NETD for the resonator pixel as a
function of thermal conductance, using the model and assumptions described
in Section V. Calculated NETD values for the fabricated devices and the
radiation limits are marked.

for room temperature conditions, and assuming conservative
values of resonator Q and input power levels, the limiting
value for total short-term frequency noise can be estimated to
be on the order of 10−11 [34], [35]. Practical MEMS oscillators
have been able to achieve measured short-term frequency
stabilities between 5 × 10−9 [36] and 6 × 10−10 [37],
with larger resonators, and the design optimization challenge
will be to reach these values while maintaining the small
footprint and thermal mass required for IR detectors. As
seen in the measured results above and prior literature [34],
[35], frequency instability scales inversely with the loaded Q.
Values for Q on the order of 104 in the frequency range of 1
MHz – 1 GHz using thin-film piezoelectric materials have been
measured practically [23], [26], [38]. Higher Qs also improve
the sensing resolution as the minimum detectable frequency
shift for mechanical resonators scales inversely with

√
Q [39].

Based on our measured results we can predict the expected
thermal NETD goal in the LWIR regime with some optimistic
assumptions for σN and η(λ). Fig. 12 depicts the temporal
NETD as a function of thermal conductance and area (from
Eq. (12)) assuming σN = 10−10, |αT | = 30 ppm/K and
η(λ) = 0.9. Fig. 12 also indicates the calculated perfor-
mance of the fabricated GaN and GaN-on-SOI resonators. The
GaN (GaN-on-SOI) resonator can achieve 102 mK (690 mK)
temporal NETD, with the given assumptions. It is apparent
that while the NETD performance of these prototypes is
not yet comparable to state-of-the-art bolometers [7], there
is a pathway towards smaller thermal NETD values using
MEMS resonators. The radiation limit as a function of the
detector area is indicated on the plot. Based on Fig. 12,
possible ways to decrease NETD of the resonator pixels is
to reduce the thermal conductivity of the tethers using thinner
GaN films or other low thermal conductivity materials, using
single tether designs, increasing fill factor, and using more
efficient IR absorbers. These approaches are currently being
explored.

The spatial noise in the system is not easily modeled
analytically and is a function of the fabrication tolerances

that allows very precise nominal performance, as well as the
spatial variation in the responsivity of the pixel array. Initial
results shown here (Fig. 9) indicate that it possible to get
reasonably precise performance, however, more exhaustive
studies are necessary on much larger arrays before strong
assertions can be made. Fixed-pattern spatial noise can be mit-
igated or eliminated during signal processing [33]. Structural
solutions such as oxide trenches that provide pixel isolation
can be explored to mitigate the spatial noise due to cross-
coupling between pixels. Furthermore, it is possible to use an
array of resonators with slightly varying planar dimensions
(and thus frequencies) [10]. The highly precise frequencies
and narrow bandwidths afforded by mechanical resonators
can allow frequency division multiplexing (FDM) of entire
rows/columns of resonators on a single signal line, and reduce
spatial noise.

VI. CONCLUSION

This work demonstrates the first experimental prototype
arrays of mechanically resonant IR detectors using thin-film
piezoelectric materials that convert incident IR radiation into
large relative shifts in frequency that can be sensed electroni-
cally. Using a reference resonator, we can achieve an average
of −1.5 % shift in beat frequency for a 100 mK temperature
rise. The small resonators have a fast time constant of 556 μs,
and a frequency instability on the order of 10−6.

While significant improvements in design and testing
methodology are necessary for the practical validation of this
concept, thin-film piezoelectric resonators can make it possible
to design and fabricate medium and large scale arrays that can
possibly compete with existing IR imager technologies. The
present work has focused on arrays with small pixel size in
order to conform to industry norms for IR imagers. However
the same design principles and analyses are valid for larger and
slower resonant detectors that can provide higher sensitivity
and significantly lower noise. Such resonators can be used
as single element detectors (industrial sensors) or for small
format imaging cores for IR telescopes, where the emphasis
is not on size/speed, but on sensitivity.
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