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ABSTRACT: We experimentally demonstrate the uncooled detection [FERAIENUEECES

of long wavelength infrared (IR) radiation by thermal surface plasmon Integrated Transducer S T
sensing using an all optical readout format. Thermal infrared radiation ‘ Source
absorbed by an IR-sensitive material with high thermo-optic coefficient
coated on a metal grating creates a refractive index change detectable by
the shift of the supported surface plasmon resonance (SPR) measured
optically in the visible spectrum. The interface localization of SPR modes
and optical readout allow for submicrometer thin film transducers and
eliminate complex readout integrated circuits, respectively, reducing
form factor, leveraging robust visible detectors, and enabling low-cost
imaging cameras. We experimentally present the radiative heat induced
thermo-optic action detectable by SPR shift through imaging of a
thermal source onto a bulk metal grating substrate with IR-absorptive
silicon nitride coating. Toward focal plane array integration, a route to facile fabrication of pixelated metal grating structures by
nanoimprint lithography is developed, where a stable polymer, parylene-C, serves as an IR-absorptive layer with a high thermo-
optic coeflicient. Experimental detection of IR radiation from real thermal sources imaged at infinity is demonstrated by our
nanoimprinted polymer-SPR pixels with an estimated noise equivalent temperature difference of 21.9 K.

KEYWORDS: uncooled infrared detection, thermo-optic effect, surface plasmon resonance, nanoimprint, parylene,
surface plasmon resonance imaging

B INTRODUCTION low device temperatures maintained by cryogenic cooling,'
rendering such detectors inseparable from accompanying
refrigeration units. Thermal IR sensors leveraging thermo-
electric, pyroelectric, and bolometric effects have been
developed and have enjoyed significant commercial success.'’
By the absorption of incident radiation, thermal detectors
measure the effect of induced temperature shift by voltage

The infrared (IR) optical spectrum offers unique access to
physical processes otherwise invisible to the naked eye.
Measurements in this band have proven fruitful in their diverse
applications, including the acquisition of characteristic chemical
vibrational spectra for scientific and medical analysis, optical

data transfer and telecommunications, and thermal imaging for )
military and civil service.'~® With thermal IR radiation emitted generation against a junction thermal reference (thermoelectric

by many terrestrial objects centered in the 8—14 ym band as effect), induced ferroelectric voltage (pyroelectric effect), or a
gray body radiators (objects with imperfect blackbody thermal shift of electrical resistance (bolometric effect).
emissivity), detection and imaging within this spectral band is Generally, performance in these detector elements is limited
fundamental to remote sensing in low-light or obfuscating by their heat transfer characteristics, which affect the specific
environmental conditions.” Since their conception, IR detector detectivity * and time response of the developed thermal

sensitivity, bandwidth, and form factor have been improved sensor. Consequently, a drawback for thermal sensors is the

tremendously, fast, sensitive, and affordable IR imagers are high thermal conductance of silicon upon the readout

becoming increasingly market-competitive.” integrated circuit (ROIC) that limits the maximum temperature
Many mechanisms for IR detection have been explored and contrast achievable, where contact to the ROIC substrate must

characterized. Photon detectors based on both intrinsic and

extrinsic band gap carrier generation have been well- Received: November 3, 2016

characterized as IR detectors and focal plane arrays with high Accepted: January 26, 2017

sensitivity.l’g’9 However, their performance is contingent upon Published: January 26, 2017
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be limited by employing multistep etch processes to suspend
the sensing thermal element by narrow legs which also function
as electrical leads for sensing.’

A solution to this issue is developing thermal IR sensing
based on the temperature induced change of the material
optical properties to leverage the improvements made in the
sensitivity of optical detection technologies. Crucially, thermo-
optic IR sensors employ an optical readout system and do not
require integrated design of a thermal focal plane array into a
ROIC substrate plane. Sensors based on MEMS bimorphs,"' ™"
photonic crystals,"* bioinspired reflectors,"> low dimensional
materials such as graphene,'® and integrated optical compo-
nents'” have been investigated. A significant advantage claimed
for optical readout in thermo-optic IR sensing is the
dispensation of a ROIC, minimizing or completely eliminating
the need for electrical contact.'® Readout mechanisms can be
made independent of the substrate, conferring a design
freedom for thermal isolation unique to a ROIC-independent
platform, also enabling parallelism provided by imaging over
the sensor array.

Besides thermal management and parallelism, the absorption
of existing thermal detectors have been enhanced through
plasmonics;'”*° by resonantly interacting with a metallic
nanostructure, the incident infrared radiation is more strongly
absorbed to the near-field, thereby improving the efficiency of
the absorption cross-section for the infrared sensor architecture.
While plasmonic devices have been employed to improve light
collection efficiency, it is well-known that plasmonic modes are
sensitive to the thermo-optic properties of the dielectric
interface in which the mode is supported.”** Surface plasmon
resonance (SPR) sensing confers a narrow Lorentzian-shape
resonance”””* for highly sensitive resonance shift detection that
is uniquely sensitive to refractive index changes in low
dimensional film profiles owing to its evanescent transverse
mode profile. This modality has enjoyed significant success in
biosensing, with high sensitivity to refractive index changes in
nanometer-scale biofilms and protein interactions and the
capability for highly parallel and real-time grid readout as an
optical imaging modality.”>”*’ Transitively, the localized
sensitivity of SPR is highly amenable to the detection of IR
induced thermo-optic changes in the local refractive index of
thin IR sensitive films.”

In this manuscript, we experimentally demonstrate the
uncooled detection of long-wave infrared (LWIR) radiation
by thermal surface plasmon sensing, using an all optical readout
format. The SPRs are employed to detect the IR induced
temperature change, leveraging the high sensitivity of the
tightly bound mode profile to refractive index changes in a low-
profile thermal mass. By depositing a thermal IR sensitive
material onto a metallic grating, IR induced temperature
changes in the refractive index via the thermo-optic coefficient
are then measured as shifts in the SPRs. A demonstration of the
thermo-optic shift is first presented as a response to the
absorption of thermal infrared light in a glassy silicon nitride
layer as a proof of concept. We then change from a continuous
grating to discrete and spatially resolvable SPR grating pixels of
500 X 500 um? area fabricated by nanoimprint lithography for
IR detection by SPR imaging. After the thermo-optic action of
IR absorption in the dielectric cladding on SPR was
demonstrated, polymer parylene-C was chosen as the grating
pixel cladding layer for its high thermo-optic coefficient.
Thermal IR detection in SPR imaging was experimentally
measured with two thermal sources of different temperatures to
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extrapolate a system limit of detection. Design outlooks for
performance based on pixel delimitation are also presented
toward affordable room temperature high sensitivity thermal
detection.

B THEORY

Surface Plasmon Polariton Resonance. A surface plasmon
polariton (SPP) is an electromagnetic surface wave phenomenon that
can be described as the resonant oscillation of charge density bound to
the interface of a charge carrier-rich material such as a metal or
semiconductor and dielectric layer whose real part of dielectric
functions have different signs.”®> The modal structure of SPP
resonances is characterized by high field densities propagating along
the interface and exponential decay of the field strength in the
direction normal to the interface. Physically, the resonance frequency
is determined by the intrinsic plasma frequency and damping
frequencies of the metal and the effective dielectric constant of the
layer over which the evanescent tail persists. Importantly, SPP
resonances are supported only for transverse magnetic (TM) waves,
wherein the modal electric field lies in the plane spanned by the
surface normal and direction of resonant propagation; no analogous
mode is supported in the perpendicular polarization.

As a propagating electromagnetic wave, Maxwell’s equations can be
solved to yield a dispersion relation for SPPs of a TM polarized wave
supported by a single nonmagnetic dielectric—metal interface:

ke = k. | —dm
SPP o €d + €m (1)

where €4 and €, are the relative permittivities of the dielectric and
metal materials, respectively, and k, is the free-space wavenumber
defined as k, = Cﬂ where @ is the oscillatory frequency and ¢, is the
speed of light in vacuum. For most metals in the visible frequency, the
large negativity of the real part of the relative permittivity results in the
SPP wavenumber exceeding the free-space wavenumber. Optical
excitation of the SPP is thus possible through momentum matching
schemes that evanescently couple into the guided mode. A common
method for coupling to the near-field is through subwavelength grating
couplers, wherein metallic films have been patterned into or upon
periodically nanostructured films that diffract incident light into
nonpropagating evanescent modes which couple into the propagating
plasmonic modes.””** For a square one-dimensional periodic metallic
grating, the accessible diffraction orders described by the grating
equation can be used to excite the SPP momentum kgpp:

kosin 6, + mKg = kgpp

)

where 0, is the angle of incidence with respect to the surface normal, m
is an integer diffraction order, and K = 27” is the grating wavenumber,

where A is the grating periodicity.”® For grating periodicities smaller
than the incidence wavelength, only the zeroth specular reflection
order exists, allowing for efficient coupling into the guided SPP upon
phase matching. Moreover, sufficiently subwavelength grating
periodicity imparts considerable momentum to the projected wave-
vector such that small angles can be used to excite the SPP. In general,
coupling efficiency is highly dependent on the material stack and unit
cell geometry of the grating; for square gratings, SPP couplin%
efficiency can be tuned by varying the depth contrast of the grating.®

For our device, a grating coupler is employed to provide small interior
optical readout path angles for coupling and imaging.

Thermal Properties. Fundamentally, thermal infrared detection
can be described as the measurable increase in temperature of a
thermal mass due to the absorption of radiant infrared energy. The
one-dimensional heat conductance equation describes the temperature
dynamics of a thermal mass in response to the continuous absorption
of thermal radiation:

T
c3L 4 6T = apr)

dt (3)
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where T is the temperature over time of the thermal slab, C is the slab
heat capacity, G is the heat conductance connecting the slab to an
environmental heat sink, and a describes the fractional power
absorbed from incident radiant flux P(t) under the assumption of
ideal slab emissivity."'© When a shutter is opened to expose the
thermal mass to the radiant flux from a thermal source, the intercepted
exitance can be expressed as P(t) = P u(t), where u(t) is the unit step
function and P, is the steady state radiant exitance. The temperature
step response is then T(t) = T,(1 — ¢¥/7), where 7 = C/G is the
characteristic time constant and T, = a@P,/G is the steady state
temperature; the step response to a closing shutter is linearly related
and can be similarly derived. It can then be understood that for
sensitive and fast thermal infrared detectors, excellent thermal
insulation by materials with low thermal conductivity is necessary
for large temperature contrast, while small element sizes with low
specific heat capacity maintain short time constants.

B RESULTS AND DISCUSSION

Thermo-Optic IR Sensing. An experimental setup was
devised to observe the thermo-optic shift in the surface
plasmon resonance induced by optical absorption in a bulk
infrared absorbing dielectric cladding, according to the general
principle of thermo-optic readout in Figure la. Of particular
interest was the evaluation of the first-order temperature step
response to the radiative heat transfer from a thermal infrared
source, and characterization of the optical readout sensitivity of
an SPP resonance shift in the visible domain. The measurement
setup consists of two independent optical paths for respective
infrared thermal sensing and optical readout, as seen in Figure
1b. To demonstrate the collection of IR emission from a
thermal source, a silicon nitride furnace igniter at 1300 °C is
imaged by a ZnSe £/2.3 optic with f = 6.24 cm (Umicore) in a
2f system (relay) configuration onto the SPR supporting
grating device at an angle of approximately 20° from the surface
normal. A reflective metallic shutter is placed between the optic
and the source to regulate the thermal infrared flux from the
source to substrate. The visible spectrum optical readout
originates from a fiber coupled broadband tungsten lamp
source of unpolarized white light that is subsequently
collimated and polarized in the plane of incidence, spanned
by the grating surface and normal to the grating wavevector, for
TM polarization. The polarized light is incident upon the SPR
grating at an angle of approximately 10° with respect to the
grating surface normal. At the fixed incidence angle, select
bands within the collimated broadband source that scatter from
the grating are resonantly phase-matched to the SPR mode and
absorbed. Nonresonantly reflected probe light then passes
through the remaining optical path by a series of mirrors and
into a Thorlabs reflective fiber collimator, which couples the
signal to a UV—NIR spectrometer (Ocean Optics HR2000 UV-
NIR).

To fabricate the plasmonic IR sensing device illustrated in
the inset of Figure 1b, an AZ1505 photoresist layer is spun onto
a silicon substrate to a 400 nm thickness, UV holographically
exposed, and developed into quasi-sinusoidal grating with 570
nm periodicity, followed by sputtering of 5 nm of adhesion
titanium and 75 nm of gold (Denton Discovery 18). The
fabrication procedure for the metallized gratings employs
similar methods and instrumentation as previously re-
ported.’** An IR absorbing layer is developed by sputtering
200 nm of silicon nitride (SizN,) onto the SPP grating layers;
IR absorption in the thermal 8—14 ym spectral band is verified
by Fourier transform infrared (FTIR) spectroscopic measure-
ment in attenuated total internal reflection (ATR) (Thermo-
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Figure 1. Thermo-optic detection of LWIR radiation measures
temperature dependent visible light transmission or reflection from
an IR absorbing system (a). For SPR, the resonance shift induced by
an IR absorbing dielectric interface can be resolved spectrally or
angularly. The temperature difference ATz is maintained by
thermal isolation where heat is lost to environment T, by substrate
conduction and the radiative background. Measurement setup (b) with
thermal imaging relay system (blue) and visible readout optical
components (gray). Both paths are coincident upon an IR sensitive
silicon nitride thin film which is patterned onto a holographically
exposed, developed, and metallized grating as the device under test
(DUT, see Supporting Information, Figure 2 for implemented setup).
As in panel c, light polarized in the plane of incidence (transverse
magnetic, TM) couples into surface plasmon polaritons (SPP), while
light polarized perpendicularly (transverse electricc, TE) does not
couple. Two resonant absorptions are visible, indicating that multiple
grating orders satisfy the grating assisted phase matching for SPR
excitation.

Fisher Nicolet). By ellipsometric measurement, the refractive
index of the silicon nitride layer was measured to be
approximately 1.91 for 632.8 nm wavelength light.

Figure lc shows the reflected intensity for TM and TE
polarizations. Because the incidence angle of the readout light is
fixed in this configuration, refractive index changes in the
absorbing layer are detected as spectral shifts of the resonant
band owing to changes in the phase matching condition at the
fixed angle. In spectral readout generalized to Figure 1a, the use
of broadband SPP resonance interrogation provides a large
dynamic range defined by spectrometer and source spectral
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Figure 2. Thermo-optic SPP resonance blue-shift induced by absorption of IR light from thermal source (a) and red-shift toward the baseline after
shutter closure (b). This spectral shift is differentially observed by subtracting the measured baseline resonance spectrum from the shifted spectra;
greater spectral shift results in less overlap and higher peak contrast. For a blue-shifted resonance, the differential spectrum minimum is present in
wavelengths shorter than the peak wavelength of the subtracted baseline resonance. Upon cooling, the shifted spectrum red-shifts toward baseline
conditions, and the peak contrast diminishes as the cooling spectrum overlaps the baseline. (c) Time response of the SPP sensor on a bulk substrate
and for an identical sensor diced to the dimensions of the imaged source such that the imaged radiant exitance is closely matched to the delimited
sensor dimension. For the delimited sensor (red), a significant increase in the steady state thermal shift is observed compared to the bulk sensor
(blue), indicative of a decrease in the thermal heat conductance, while the proportionally smaller increase in the time constant owes to the reduced
size of the film as well as the smaller heat capacity. The characteristic time constant of the detector is measured upon opening the shutter after

heating the thermal source to its steady state (green).

range,”” allowing for the fixed setup to accommodate the
selection of IR sensitive materials with different refractive
indices without experimental setup variation. For the silicon
nitride film refractive index, the grating eq 2 can be solved to
show that, at the fixed incidence angle, the positive second
order evanescent diffraction mode is phase matched to the SPP
resonance. Hence, increases in the dielectric refractive index
serve to blue-shift the spectral SPR resonance.

Optical paths for thermal infrared signal and visible optical
readout were made coincident onto the SPR sensor area by
aligning the visible image of the thermal source and the readout
light onto the same area. As the thermal radiation was incident
upon the sensor substrate at a more extreme angle, detectable
scatter radiation did not couple into the visible readout path.
This independence was verified by continuous spectrometer
readings without the readout beam with source alternately
shuttered and exposed and without detectable perturbation to
the measured readout spectrum.

Upon thermal IR absorption by the transducer silicon nitride
film, the surface plasmon resonance spectral peak could be
observed to shift, indicating a refractive index change due to the
heating in the infrared absorbing nitride cladding film. The shift
was quantified by taking a baseline spectrum with the thermal
source removed and subtracting it from subsequently obtained
spectra over time; the absolute difference in the two peaks of
maximum and minimum spectral intensity represents the
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differential shift in the surface plasmon resonance, similar to
a previously described method (see Supporting Information for
a more detailed description of the method).” As the sensor
substrate is exposed to the thermal source, the imaged infrared
radiation is absorbed by the SPP resonance-supporting
dielectric layer, inducing heating at the interface and
throughout the bulk film. This temperature increase can be
observed in Figure 2a as a blue-shift in resonance coupling
wavelength, indicative of a positive thermo-optic effect in the
dielectric interface coefficient €, as dictated by both SPP
resonance and momentum matching eqs 2 and 3. Similarly,
switching off the thermal source results in a decrease in radiant
flux upon the sensor, and a cooling red-shift can be observed in
Figure 2b as the source and substrate thermalize to the
environment. Illustrated in Figure 2c, the characteristic first
order time response to heating can be observed. After a period
of sustained exposure to the thermal source, the spectral blue-
shift of the resonant input wavelength was observed to
asymptotically cease; the equilibrium spectral shift from the
baseline and rise time then characterize the substrate for the
imaged source.

For each bulk and diced sample, the thermal source was
brought from room temperature to steady state with the shutter
open and imaged continuously onto the detector substrate.
Compared with the sensor on the bulk substrate, the diced
sample showed a significantly larger thermo-optic shift (blue

DOI: 10.1021/acsami.6b 14054
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Figure 3. Nanoimprint fabrication process (a) begins with a Au-metallized borosilicate substrate for the spinning (1) and imprinting (2) of a bilayer
AR-UVP/PMMA polymer stack. Cr mask transfer by liftoff (3) is performed for direct RIE etching into the gold for (4) subsequent deposition of
500 nm IR sensitive parylene-C in a furnace. (b) The gold film grating has a 600 nm periodicity with 30 nm depth modulation and 50% duty cycle, as

measured by AFM.

and red curves in Figure 2c). Because the imaged source
occupies only a fraction of the area of the bulk sample,
delimiting the sensor area to dimensions that fall within the
bounds of the thermal source image significantly reduces the
heat conductance to the substrate while retaining the net
radiant exitance delivered to the substrate; pursuant to eq 3,
this yields a larger thermo-optic shift. While the reduced
thermal contact to the mount generally yields a larger time
constant, the sensor delimitation also decreases the heat
capacity of the silicon nitride film, and only a 22% increase in
the time constant is observed. Finally, the rise time of the
igniter thermal source itself was accounted for by allowing the
source to ramp for 10 min with the shutter closed and
subsequently opening the shutter for imaging. Measuring the
diced sensor response, the time constant, now restricted to the
intrinsic device properties, is reduced by a factor of 2.75, from
9.4 to 2.8 min, shown in the green curve of Figure 2c.

Thermal IR SPR-Imaging. Having demonstrated the SPP
resonance sensitivity to thermal infrared absorption, a method
for multiplex division was sought. A well-reported advantage of
optical readout of IR detection is the parallelism afforded by
imaging the sensor array.”* By imaging the thermal source onto
the sensitive image plane, the spatial distribution of the infrared
radiance imaged across the array can be detected as the effects
of localized heat transfer on the optical properties of the
imager, as measured by a probing light source. In particular,
when an SPP resonance supporting substrate is illuminated by a
probe beam fixed in incidence near the resonant coupling angle
for the corresponding wavelength, the image in reflection shows
significant attenuation of light in regions of SPP resonance
coupling as compared to images at nonresonant angles;
refractive index changes in the dielectric support that shift
the coupling angle are measured as intensity shifts. This
technique, known as surface plasmon resonance imaging, is
routinely employed for the readout of immunoassays in
biosensing in which highly multiplexed sites for binding
kinetics must be rapidly observed in parallel.**
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Toward SPR resonance imaging, individual sensing sites as a
pixelation of the SPP resonant grating sensor were developed.
Formatted as pixelated elements, lateral design of the
patterning provides control over heat capacity and conductance
to maximize the signal for individual resolution elements as well
as control over the minimization of thermal cross-talk between
pixels. As the SPP resonant grating coupler requires
subwavelength resolution in fabrication as well as the available
throughput to pattern in an array format, it is desirable to
employ a fabrication process that allows for large scale
patterning with high resolution. A candidate for these criteria
is nanoimprint lithography, where a high resolution mold of the
desired negative pattern is impressed upon a thermo- or
photocurable plastic film which can be removed upon curing to
contain the designed pattern. When the resist is hosted by a
wafer substrate, traditional liftoff and etch steps can be
subsequently performed upon the imprinted pattern, allowing
for transfer of the pattern into the substrate itself. This
technique achieves resolution scales comparable to those of
electron-beam lithography and can repeatedly transfer patterns
from an electron-beam resolution mold to entire wafers,
amenable for rapid large scale patterning.

A nanoimprint process was developed for the thermal-IR
SPP resonant sensor pixels. The substrate used was prime grade
borosilicate glass; the choice of glass lowers the substrate
conductivity compared to that of silicon substrates, an
advantage to be claimed by forgoing electrical ROIC. The
substrate, with roughness <5 nm across, was solvent cleaned,
and a sequential 5 nm Ti adhesion layer and 200 nm Au film
was evaporated by electron-beam evaporation onto the
substrate for the eventual patterning of the supporting gold
gratings (Temescal BJD 1800). The substrate was then spin-
coated with 75 nm of PMMA with a 90 s soft bake at 180 °C
and 160 nm of AR-UVP imprint resist (Figure 3a-1). An
electron-beam patterned master mold with a 500 X 500 um?®
area of a one-dimensional SiO, grating with 1 pm depth and
600 nm periodicity with 50% duty cycle was fabricated and

DOI: 10.1021/acsami.6b14054
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transferred to a secondary polymeric stamp for imprinting into
the imprint resist. The stamp was imprinted into the resist by
hard contact through nanoimprint lithography tooling (EVG
aligner) and subsequently reactive ion etched (RIE) using CF,
and oxygen gases for respective top layer residue etch and
PMMA under layer etch with the top layer acting as a
polymeric mask (Oxford RIE P80) (Figure 3a-2). Following
this step, 30 nm of Cr was deposited by electron-beam metal
evaporation, and immersion in acetone for liftoff was performed
(Figure 3a-3). With the Cr pattern as an etch mask, RIE etch
was directly performed into the gold using a CHF; gas. Finally,
the Cr etch mask was removed by Cr etchant, which was
measured to be highly selective against Au and its adhesion
layer owing to the conformality of the Au film. Etch modulation
depth of 30 nm into the gold and periodicity of 600 nm with
50% duty cycle was verified by AFM measurements (Figure
3b).

Because the detector sensitivity is dependent on the
magnitude of refractive index shift in the dielectric per unit
temperature shift generated by thermal infrared absorption, a
higher thermo-optic coefficient (TOC) was desired for the IR
absorption dielectric layer (Figure 3a-4). Polymers have been
reported for high coeflicients of linear thermal expansion
compared to glassy materials and possess comparably higher
thermo-optic shifts.”> Parylene-C is a polymer known for its
mechanical, thermal, and chemical stability, used often as a
protective coating for antifouling and biocompatibility
applications with excellent longevity.”>” Such a material is
desirable as a dielectric layer that can repeatedly transduce
small temperature changes through IR absorption without
suffering lifetime drift in the base refractive index or sensitivity
degradation by hardening. With the reported linear coeflicient
of thermal expansion to be 3.5 X 107> K™', an empirical
formula was used to calculate the TOC for parylene-C to be
—63 x 107° RIU °C!'7,*® about 2.5 higher than reported
measurements of silicon nitride thermo-optic coeflicient of 2.5
X 1075 RIU °C'".** Figure 4 shows the FTIR spectroscopy
analysis of parylene-C with absorption bands in the 7—14 um
region conducive to transduce the absorption of thermal IR
light to thermo-optic shifts measurable by SPP resonance.
Having characterized the IR absorptivity of parylene-C in the
band of interest, a parylene coater system (SDS PDS2010) at
15 mTorr chamber pressure was used to vaporize 1 g of
parylene-C dimer at 50 °C, converted into monomer by
pyrolysis at 550 °C and polymerized onto the fabricated SPR
grating-pixel for a conformal 530 nm parylene-C thin film
(Figure 3a, step 4).

To measure the imprinted IR sensitive SPP resonant pixels
developed by SPR imaging, a quasi-monochromatic collimated
LED source centered at 780 nm illuminates the grating at a
fixed angle of 24° with respect to the sensor surface normal and
is polarized in the plane of incidence as a TM wave (Figure Sa).
While the resonance angle can be calculated to be at 26.5°, the
implemented angle is slightly offset to maximize the shift
contrast dynamic range (i.e., biased at the maximum line shape
slope). In reflection, a CMOS camera (eCon See3Cam 12CU-
NIR) and f = 7.5 cm optic images the grating pixel. For the
thermal source, a separate arm is angled at approximately 45°,
and a 7—12 pm antireflection coated Ge filter is placed to block
out Si detector sensitive bands in the visible spectrum below
1.975 pm emitted from the thermal source that might
contaminate the sensor signal and provide a window for the
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Figure 4. FTIR spectroscopy of parylene-C was conducted in
attenuated total internal reflection (ATR) mode. Strong absorption
bands can be seen in the 8—14 ym spectral band, amenable for thermal
infrared detection. In conjunction with a high thermo-optic coefficient
and intrinsic thermal stability, the thermal band absorptivity of
parylene-C functions as the IR sensitive layer for SPR imaging. Strong
bands also exist in the extended 6—8 yum region, allowing for higher
temperature sources centered in this region to maintain high signal
contrast with limited saturation effects.

8—14 ym thermal IR band. The thermal source is imaged from
infinity onto the pixel by an f/2 ZnSe optic.

Two heating elements were used as thermal sources: in
addition to the nitride igniter previously described at
approximately 1600 K, a soldering iron measured by
thermocouple to be 423 K was also imaged. While optically
shuttered, the sources are allowed to reach thermal equilibrium
as the optical readout system obtains a baseline to acquire the
sensor noise figure o, the standard deviation. With a sufficient 1
min baseline at 20 fps averaged to 0.33 Hz sample acquisition,
the shutter is opened, and the measured intensity responses are
fit well to a first order differential equation time response.
Shown in Figure Sb, the signal response is normalized to the 3o
according to the obtained baseline, termed 1 response unit
(RU); the sensor measures the igniter response to be
approximately 26 RU, and the solder iron response is measured
to be approximately 3 RU. The fit extrapolated rise time
constant is 31 s with similar agreement for the fall time.

A plot showing the additional increase in thermal radiance of
an object over 293 K emitting in the 8—14 ym band is shown in
Figure 6, and the measured thermal sources are plotted
according to a unity emissivity. Because nonunity emissivities
emit lower spectral radiance, the band radiance from an ideal
blackbody at the same temperature is greater than or equivalent
to the nonideal radiance. Thus, the calculation based on ideal
emissivity presents an upper bound on the radiance emitted by
an object at the same temperature, and transitively, an upper
bound on the noise equivalent temperature difference (NETD).
The NETD is the temperature difference between an object
and the background necessary to induce a variation in the
detector equal to its noise, ie, lo. In our device, the
temperature difference in the imaged source compared to its
background required to induce a 0.33 RU sensor response can
be extrapolated to be NETD = 21.9 K.

Improvements upon the time constant are desirable, and the
effects of lateral thermal isolation for the pixel on the sensor
heat capacity were investigated. To implement this isolation,
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Figure S. Measurement setup for SPP resonance imaging detection of
a thermal source (a) consists of an infrared imaging path (blue) and a
visible readout path (red) with the two paths coincident on the
polymeric grating sensor (green). A thermal IR source reflective
housing is passed through a Ge window that filters out light below
1.97S pm and is imaged from infinity onto the device under test. The
readout arm begins with a collimated LED centered at 780 nm, which
is polarized in the plane of incidence and line-filtered for a 5 nm
bandwidth, incident on the DUT at 24.5° from the surface normal; the
reflection is imaged onto the CMOS imager (see Supporting
Information, Figure 3 for implemented setup). The absorption by a
single 500 X 500 um?” SPP resonant pixel is measured (b) in real time,
and any background fluctuations of the source are removed by a
nonresonant control region. Approximately 1 min of closed shutter
baseline is acquired for characterizing noise figures, and the shutter is
subsequently opened until steady state is reached, at which point the
shutter is closed and the DUT temperature returns to baseline.
Intensity units are normalized by the measured baseline noise power o
to response units such that 1 RU = 36. A soldering iron at 423 K and a
nitride igniter at 1600 K are measured.

approximately 0.5 pm wide and 1 pgm deep trenches were
milled by focused Ga ion beam along the S00 X 500 ym
perimeter of the pixel (FEI Scios DualBeam), as shown in
Figure 7a. Imaging the nitride igniter upon this modified
sample, the characteristic time constant was shown to decrease
by a factor of ~2 upon the pixel delimitation (Figure 7b).
When delimitations were set, the heat capacity was restricted to
the delimited pixel area in addition to a restriction on the lateral
heat conductance to nonresonant areas outside the grating pixel
dimensions, leading to a slight rise in the signal response and a
larger decrease in the device time response. Similar to isolation
techniques employed in bolometer design, simple etch steps
incorporated into grating pixel fabrication for the thermal-IR
SPR sensor can serve to control and improve the detector time
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ALB_M“m(T) above 293K
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Figure 6. For ideal radiators above room temperature, the net band
radiance difference in the 8—14 ym band over a 293 K blackbody is
calculated from the Planck law spectral distribution. The differential
radiance for the thermal sources measured are charted, and on the
basis of the detected thermal signal from the T = 423 K soldering iron
source, the noise equivalent temperature difference was calculated as
21.9 K, the object temperature with the proportional spectral radiance
to induce a measured noise equivalent to 0.33 RU (or o) signal
response.

1 um deep trench
milled with FIB

40 + (c)
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Figure 7. Focused ion beam etching about the perimeter of the 500 X
500 ym® thermal IR SPP resonant grating pixel (a) limits lateral heat
conductance from the heated pixel; etched trenches are marked in red.
For an approximately 1 um etch depth by FIB milling (b), a
characteristic time response of 16 s was observed for the limit of
detection, and a 1.93 factor decrease in the characteristic time response
was observed (c).

response and signal-to-noise ratio (SNR). This demonstration
shows that the response time can be dramatically improved
with careful consideration to the pixel size and delimitation
toward thermal isolation.

H CONCLUSION

A thermal infrared detection platform based on SPR imaging
was fabricated and measured. Nanoimprint lithography was
used to generate SPP resonant sensor elements in pixel format,
and parylene was demonstrated in its capacity as a thermo-optic
polymer. An inexpensive CMOS imager and LED were
employed to acquire readout of the thermal shift by SPR

DOI: 10.1021/acsami.6b 14054
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imaging. Through this system, characteristic sensitivity and
response times of the SPR thermal imaging sensor were
experimentally characterized, and delimitation of the pixel was
shown to be a design element capable of improving response
time.
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