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II. PROJECT DESCRIPTION

A. Project Overview

The development of a new technology platform capable of performing multiple chemical analyses in a minia-
turized footprint is needed for the implementation of portable, field-based analytical tools for rapid and re-
liable trace detection. A new multi-functional detector technology, which is the subject of this report,  would 
enable a low-cost, portable, and high-performance trace detection platform. This project addresses the three 
most important challenges associated with the development of miniaturized nanoelectromechanical systems 
(NEMS) sensors suitable for the implementation of portable, field-based analytical tools for rapid and reliable 
trace detection: (1) high resolution: 100x that of conventional sensor technologies; (2) transduction efficien-
cy: efficient on-chip actuation and sensing of vibration in ultra-low volume nanomechanical structures with 
a unique combination of electrical, mechanical, and optical properties; and (3) selectivity: selective detection 
of a targeted group of chemicals with very low false positive and false negative rates. 
The aims of this project include:
• The development of multi-spectral and room temperature infrared (IR) thermal detectors that can far

exceed the state-of-the-art performance of uncooled IR sensors, and rival those utilizing the bulky, heavy,
expensive, and inconvenient cryogenically cooled semiconductor photodetectors in terms of detection
speed and resolution; Time Constant, τ ≈ μs-ms, Noise Equivalent Power, NEP ≈ pW/Hz1/2, Noise Equiva-
lent Temperature Difference, NETD ≈ mK.

• The implementation of portable, field-based analytical tools for rapid and reliable trace detection.
• The heterogeneous integration of this multi-spectral detector technology with state-of-the-art Quantum

Cascade Lasers (QCLs) will lead to disruptive improvement in field-deployable systems for IR signature
detection and imaging.

• Our technology overcomes fundamental scientific and engineering development challenges, enabling
the implementation of a new generation of multi-spectral uncooled IR detectors that provide near re-
al-time detection, high sensitivity, and high specificity for a targeted group of explosives IR spectral signa-
tures (e.g. pentaerythritol tetranitrate (PETN), cyclotrimethylenetrinitramine (RDX), and trinitrotoluene
(TNT)), and resulting in very low false-positive and false-negative rates.

• By leveraging a technology developed in the PI’s lab under the DARPA N-Zero program, we plan to demon-
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strate IR digitizing microsystems that can remain dormant, with near-zero power consumption, until 
awakened by specific IR spectral signatures associated with a threat. These completely passive digitizing 
IR sensor microsystems can harvest the energy contained in a specific IR spectral signature (i.e. IR emis-
sion peaks of energetic materials) to produce a digitized output bit capable of waking up short-duty cycle 
powered electronics for further signal analysis and communications. The implementation of sensors that 
consume power only when useful information is present will result in a nearly unlimited duration of 
operation for unattended sensors that are deployed to detect infrequent but time critical events (such as 
forest fires, earthquakes, territory intrusions, chemical warfare threats, etc.).

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The biennial reviewers stated that the PI was relatively new to the field of explosives trace detection, and that 
the devices being researched were in the development phase and needed to be tested on true materials and 
in realistic conditions.
In response to this, vacuum testing capabilities were implemented in the PI’s lab. A radio frequency (RF) vac-
uum probe station with IR testing capabilities was purchased in Year 4. Wafer level testing of the fabricated 
IR detector prototypes in a vacuum environment was exploited to demonstrate the actual thermal detection 
capabilities of the proposed technology and to compare it with the other existing technologies; uncooled IR 
detectors are in a vacuum package when used in the field. 
Addressing the need for testing of the materials in realistic conditions, the Owlstone Vapor Generator (OVG-
4) will be purchased in Year 5 and used to perform testing on true materials such as PETN, RDX, and TNT. 
The OVG-4 Vapor Generator is a compact, cost-effective calibration gas system which can generate National 
Institute of Standards and Technology (NIST) traceable, precise, repeatable, and accurate concentrations of 
chemicals and calibration gas standards as well as gas mixtures representative of realistic operative condi-
tions. Also, a calibrated black body source with filter wheel will be used as an IR source for explosive signa-
ture detection experiments.

C. State of the Art and Technical Approach

The performance of a sensor system for multiple analyte detection can be improved by increasing the amount 
of chemically orthogonal information acquired by the sensor [1]. This can be achieved by recording the ana-
lyte induced variations of several independent physical, chemical, and electrical quantities such as mass, IR 
absorption spectrum, and temperature. Chemical sensors composed of multiple transducer modules have 
already been proposed. For example, chemical sensors based on gravimetric sensors such as Quartz Crystal 
Microbalances (QCMs) [2-4], have shown significant advantages over other sensor technologies (conduc-
tance-based sensors, chem-FET or optical sensors [5-7]) since they use frequency as the output variable, 
which is one of the physical quantities that can be monitored with the highest accuracy [8]. Even though 
QCMs have been successfully employed as gravimetric sensors with limits of mass detection in the order of 
few nanograms, their large volume and inability to be directly integrated on silicon render them unattractive 
for the fabrication of sensor arrays composed of a large number of mechanical elements. NanoElectroMe-
chanical Systems (NEMS) beam resonators [9, 10] have also been exploited as transducers for the realization 
of extremely sensitive miniaturized gravimetric sensors. Although scaling the beam dimensions to smaller 
values inevitably yields a lower device mass and higher sensitivity, these enhancements are in most cases 
offset by the reduced stability and power handling of the nanomechanical device, which result in a limited 
gain in limit of detection or resolution [11], which is the minimum value of analyte concentration that can 
be detected and depends on both device sensitivity as well as signal to noise ratio. Furthermore, the greatly 
reduced dimensions of these beam resonators render their transduction extremely difficult, requiring the 
use of cumbersome, complex and power inefficient read-out techniques, and limit the area dedicated to the 
absorption of the analyte in the environment.  
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On the other hand, spectroscopy based optical sensors such as IR detectors have also been utilized for chem-
ical sensing thanks to their noninvasive nature and high selectivity. Among different IR sensing technologies, 
i.e. microbolometers, pyroelectric detectors, and thermoelectric detectors, uncooled IR detectors based on 
MEMS resonators have emerged as one of the most promising technologies due to their unique advantages 
in terms of high sensitivity to external perturbation (extremely reduced overall volume) and low noise per-
formance (intrinsically high quality factor, Q). MEMS resonant IR detectors based on gallium nitride (GaN) 
[12] and quartz [13] piezoelectric resonators have been recently demonstrated and have shown promising 
performance. However, volume scaling, performance, cost and large scale production of these technologies 
are fundamentally limited by the lack of cost effective and low temperature deposition techniques capable of 
producing high quality piezoelectric quartz or GaN thin films on an arbitrary substrate (i.e. quartz and GaN 
thin-film production techniques are not compatible with conventional complementary metal oxide semicon-
ductor, CMOS, process).
In summary, when a compact, portable, and low-power system is desirable, the current available solutions, 
composed of a multitude of different transducers, will be cumbersome and inefficient. In this context, the 
design of a multi-transducer sensor capable of efficiently transducing different physical, chemical, and elec-
trical changes induced by a gas sample would be groundbreaking. 
We propose to develop an innovative, Nano-Electro-Opto-Mechanical (NEOM) sensing technology platform 
which integrates, in a small footprint, some of the fundamental chemical analyses typically performed in a 
laboratory, such as gravimetric analysis, IR spectroscopy, and thermal analysis (see Fig. 1 on the next page). 
The core element of the proposed technology is a Graphene-Aluminum Nitride (G-AlN) NEMS resonant 
multi-transducer detector coupled with an array of QCLs for chip-scale IR spectroscopy and integrated with 
a nano hot-plate for thermal analysis. The fundamental advantage of NEMS resonant sensors over other ex-
isting sensor technologies is related to the unique combination of extremely-high sensitivity to external per-
turbations (due to their very reduced dimensions) and ultra-low noise performance (due to the intrinsically 
high quality factor, Q, of such resonant systems). The proposed technology overcomes fundamental scientific 
and engineering development challenges, enabling the implementation of a new generation of trace detec-
tors that provide near real-time detection, high sensitivity, and high specificity for a targeted group of ex-
plosives (such as PETN, RDX and TNT), and resulting in very low false positive and false negative rates. Such 
disruptive improvement in field-deployable chemical sensor technology is made possible by key innovations 
made in gravimetric analysis, IR spectroscopy, and thermal analysis.
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D. Major Contributions

D.1. Work that relates to this project conducted before Year 4

D.1.a G-AlN NEMS resonators

In Year 3, we experimentally demonstrated the remarkable manner in which this atomically-thin conductor 
is able to mimic an ideal mass-less electrode, enabling piezoelectric NEMS devices to operate at theoretically 
“unloaded” frequency-limits with improved electromechanical performance and reduced volume over an 
unprecedented range of operating frequencies: 0.2 GHz < f0 < 2.6 GHz. This represents a spectacular trend 
inversion in the scaling of piezoelectric electromechanical resonators, opening up new possibilities for the 
implementation of NEMS systems with unprecedented performance. We also demonstrated that G-AlN NEMS 
resonators have intrinsically high sensitivity to IR radiation without the need for additional absorbing mate-
rials (which eliminates the loading effects of the IR absorber conventionally integrated on top of the thermal 
detector; see Fig. 2 on the next page). The achievement of high IR absorptance in NEMS resonant structures 
with reduced volume and improved electromechanical performance addresses one of the most fundamen-
tal challenges in the NEMS field, and can potentially lead to the development fast (~ms) and high resolution 
(Noise Equivalent Power ~ 1 pW/Hz1/2, Noise Equivalent Temperature Difference ~ 1 mK) uncooled IR de-
tectors suitable for the implementation of high performance, miniaturized, and power-efficient IR imaging 
systems. Furthermore, we demonstrated an innovative chemical sensing mechanism based on the effective 
transduction of the analyte-induced variations in the electrical conductivity of the graphene electrode em-
ployed to excite mechanical vibration in an AlN NEMS resonator. Analyte-induced variations in the graphene 
electrode conductivity can be efficiently detected by monitoring the corresponding induced variations in the 
device vibration amplitude without the need of direct electrical probing of the graphene sensing layer (see 
Fig. 3 on the next page). Thanks to this unique feature, two chemically orthogonal quantities, such as mass 
and charge of the analyte, can be simultaneously acquired by the proposed G-AlN NEMS resonant sensor.

Figure 1: Schematic representation (not to scale) of the envisioned sensing technology platform.
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D.1.b. Plasmonic piezoelectric NEMS resonant IR detector 

In Year 2, we demonstrated an initial prototype of an ultra-high resolution (~371 pW/Hz1/2) uncooled IR 
detector based on a high frequency (136 MHz) AlN piezoelectric resonant nano-plate completely released 
from the substrate and supported by two nanoscale Pt anchors. In Year 3, we demonstrated a new class 
of uncooled IR spectral sensors ideal for the implementation of low-cost handheld gas and fluid analyz-
ers, with potentially revolutionary applications in medical diagnostics, homeland security, and many oth-
er markets. In particular, we used a thin piezoelectric plasmonic metasurface to form the resonant body 
of a nanomechanical resonator with simultaneously-tailored optical and electromechanical properties. We  
experimentally demonstrated that it is possible to achieve high thermomechanical coupling between elec-

Figure 2: (a) Simulated absorption spectra of plasmonic absorbers and emission spectra of exhaust gas mixture from 
HITRAN database. (b) Measured absorption spectra of the fabricated devices. The inset shows the top view of the plas-
monic nanostructure along with critical dimensions.

Figure 3: (a) Measured admittance curve (in vacuum ~ 1×10-5 Torr) and corresponding modified Butterworth-Van Dyke 
(MBVD) fitting results of a fabricated narrowband microelectromechanical (MEMS) resonant IR detector. (b) Measured 
frequency response of the device when exposed to the 4.5-μm IR radiation modulated at 1 Hz.
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tromagnetic and mechanical resonances in a single ultra-thin piezoelectric nano-plate. The combination of 
nanoplasmonic and piezoelectric resonances allowed the proposed device to selectively detect long-wave-
length infrared (LWIR) radiation with unprecedented electromechanical performance and thermal capabil-
ities. These attributes led to the demonstration of a fast, high resolution, uncooled IR detector with ~80% 
absorption for an optimized spectral bandwidth around 8.8 μm.

D.2. Work conducted in Year 4:

D.2.a. Narrowband MEMS resonant IR detectors

The integration of plasmonic structures in the design of AlN nano plate resonant thermal detectors has been 
recently proposed as a solution for achieving strong and narrowband absorption in such deeply subwave-
length thin resonant structures while maintaining high piezoelectric transduction and quality factor (hence 
low noise performance) [14]. With this approach, the IR radiation is absorbed by means of plasmonic res-
onances whose frequencies/wavelengths are lithographically defined by the lateral dimensions of the pat-
terned nanostructures. Therefore, multi-spectral narrowband IR detectors can be fabricated on the same 
substrate. The capability of fabricating arrays of high performance and miniaturized spectrally selective 
multi-color IR detectors is particularly appealing for IR spectroscopy-based standoff chemical detection. For 
example, the engine exhaust plumes of jets and vehicles contain several gases with emission spectra in the 
mid-wavelength infrared (3-8 μm, MWIR) range that can be used as specific signatures for detection: nitro-
gen monoxide (NO) molecules are characterized by absorption in the 5-5.7 μm spectral range and carbon 
monoxide (CO) molecules exhibit two adjacent absorption peaks located in the 4.4-5 μm spectral range [15] 
(see Fig. 4). In this context, narrowband (full width at half maximum, FWHM < 20%) IR detectors with a 
strong absorption (> 90%) in the MWIR range are highly desirable. Although a few prototypes of spectrally 
selective resonant thermal detectors have been demonstrated [14, 16, 17], none of them have shown IR ab-
sorption capabilities suitable for standoff chemical detection in the MWIR range (i.e. absorption > 90% with 
FWHM < 20%).

In Year 4, a new type of ultrathin plasmonic absorber that features narrow bandwidth (FWHM ≤ 17%) and 
near-perfect IR absorption (η ≥ 92%) was proposed (see Figs. 2 and 4) and exploited for the first demonstra-
tion of narrowband AlN resonant infrared detectors suitable for standoff chemical detection in the MWIR 
range. An ultrathin (230 nm) plasmonic absorber (three-layer stack composed of a ground metal plate, a thin 
dielectric and an array of gold patches) is integrated on top of an AlN nano plate resonator (NPR) and used to 
confine the impinging IR radiation (in a narrow bandwidth around the wavelength of interest) in the deep-
ly subwavelength NEMS structure, while simultaneously guaranteeing confinement of the radio frequency 

Figure 4: (a) Three-dimensional schematic illustration in layer view of the proposed narrowband MEMS resonant IR 
detector. The inset shows the material stack of the ultrathin plasmonic absorber. (b) SEM image of a fabricated narrow-
band MEMS resonant IR detector with narrow metallic anchors.
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transduction electric field across the thin piezoelectric transducer. Despite the integration of the ultrathin 
plasmonic absorber on top of the AlN NPR, high electromechanical performance (Q ~1600 and kt

2 >1.3%) 
is achieved (see Fig. 3). Moreover, an excellent thermal isolation (~1.6×106 K/W in vacuum) of the resonant 
thermal detector is achieved thanks to the use of carefully designed nanoscale (80 nm thick) metal anchors 
[18]. All these attributes lead to the demonstration of a narrowband (FWHM ~795 nm, ~17%) high-resolution 
(noise equivalent power, NEP ~130 pW/Hz1/2) uncooled IR detector tuned at 4.7 μm.

D.2.b. Ultra narrowband IR absorbers

The absorption bandwidth (FWHM) of spectrally selective IR detectors determines the spectral resolution 
when they are used for spectroscopy applications. Absorbers with narrower FWHM, ~5% at mid-IR range, 
would greatly improve the spectral resolution of our NEMS resonant IR detectors, hence the capability to 
identify more species of chemicals. In Year 4, we also demonstrated high absorptivity (η>91%) mid-IR ab-
sorbers with the narrowest absorption bandwidth reported to date (FWHM~225 nm, 4.29% at λ=5.23µm), 
while maintaining angle (θ=0~60°) and polarization insensitivity. The unprecedented performance of such 
batch-microfabricated and lithographically-defined ultra-thin absorbers paves the way for the development 
of new classes of plasmonically-enhanced multi-spectral sensing and imaging microsystems for non-invasive 
chemical sensing and IR spectral signature detection.
Metal-insulator-metal (MIM) IR absorbers typically consist of an array of subwavelength metal structures 
and a ground layer separated by a thin dielectric layer. The dipole resonance of the top metal nanostructures 
and its image current in the ground layer (forming a pair of anti-parallel currents with a subwavelength gap) 
efficiently confine impinging electric and magnetic waves, respectively (see Fig. 5 on the next page). This 
localized plasmonic resonance in the MIM absorbers, if sufficient intrinsic material loss is present, turns the 
incident electromagnetic wave energy into heat, realizing near-perfect, narrowband absorption.
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Differently from previous demonstrations based on arrays of densely arranged plasmonic nanostructures 
(i.e. squared patches or disks), this work investigates the use of sparsely arranged cross-type nanostructure 
arrays to sustain localized plasmonic resonances and achieve high Q-factor absorption in an ultra-thin MIM 
structure. Our proposed configuration minimizes capacitive coupling between neighboring plasmonic nano-
structures, enabling maximized field confinement within the top and bottom metal layers, while maintaining 
high absorptivity (see Fig. 5a and 5b). At the same time, the axial XY-symmetry of the cross-type nanostruc-
ture and the vertical field confinement in the sub-wavelength thickness of the structure guarantee angle and 
polarization insensitivity (see Fig. 5a).

Figure 5: (a) Absorption spectra of the simulated and measured cross-type MIM absorber, showing an excellent agree-
ment. The absorptivity of 84.7% with 225nm (4.29%) FWHM was measured at λ=5.23μm. The insets (a) and (b) show 
that the magnetic field and electric field confinement allow for a high Q absorption. The insets (c) and (d) show the 
cross-section schematic and a top-view SEM image of the absorber, respectively. The tested structure is of the follow-
ing dimensions: a=200nm; b=1.7μm; Γ=3.5μm. (b) Experimental demonstration of tunability of the cross-type absorb-
ers. The inset shows the scanning electron microscope (SEM) images of an overview and a unit cell cross structure of a 
fabricated plasmonic absorber array. Smooth edges with no lift-off residue are shown. The dimensions (a, b and Γ) of 
each cross-type absorber array were individually optimized. (c) Emission spectra of 3 gases (CO2, CO, and NO), and the 
corresponding cross-type absorption spectra matching each infrared signature. FWHM <230nm allows for a superior 
spectral selectivity, leading to a reliable chemical detection of closely-located infrared signatures.
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D.2.c. Ultra-fast NEMS IR detectors based on 50 nm thick AlN nano-plate resonators

NEMS IR detectors based on AlN NPRs have shown great potential in replacing conventional microbolome-
ters for the next-generation high-performance uncooled IR detectors [2]. The performance of such resonant 
IR detectors in terms of thermal sensitivity, noise equivalent power (NEP) and response time (τ) can be im-
proved by scaling the device volume while simultaneously maintaining high values of quality factor (Q) and 
transduction efficiency [19]. In fact, thermal detectors based on 50 nm thick AlN NPRs have been reported 
by our group [20], showing two orders of magnitude improvement in the figure of merit compared to previ-
ous demonstrations (FoM=1/(NEP⋅τ)∝η⋅C0⋅TCF⋅Q/t2, where η, C0, TCF and t are the IR absorption coefficient, 
static electrical capacitance, temperature coefficient of frequency and thickness of the resonant structure, 
respectively). However, the smallest devices (28×30 µm2) in [20] show limited Q values below 300 (~1/4 of 
the ones of larger devices), making them less capable in applications that require high resolution (due to the 
increased noise). 
This issue is addressed in this work by mitigating anchor loss in such greatly scaled 50 nm thick AlN NPRs. 
Nanoscale metal anchors are employed instead of conventional AlN and metal anchors used in [20] to in-
troduce higher acoustic impedance mismatch between the resonant body and the anchors, and therefore 
reducing the energy loss through the anchors (see Fig. 6). Such optimization in anchors not only boosts the Q 
from less than 300 to 1157 for the same design of resonant body in [8] (see Fig. 7 on the next page), but also 
increases the thermal resistance (Rth) by ~2 orders of magnitude (due to smaller cross-sectional area of the 
anchors) (see Table 1 on the next page), resulting in a high-performance IR detector with both high resolu-
tion (NEP ~466 pW/Hz1/2) and fast detection speed (τ ~164 µs) (see Fig. 8 on the next page). 

Figure 6: SEM images of fabricated 50 nm AlN NPRs with lateral dimensions of (a) 28×30 µm2 and (b) 20×22 µm2. (c) 
A close-up view of the Al anchor. (d) A cross sectional view highlighting the 20 nm platinum (Pt) and 50 nm AlN thin 
films deposited on the silicon substrate. (e) A 3D schematic representation of the AlN NPR with nanoscale metallic (Al) 
anchors.
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Figure 7: Measured admittance curves and MBVD fitting of the (a) 28×30 µm2 and (b) 20×22 µm2 devices. (c)  
Measured temperature coefficient of frequency (TCF) of the 20×22 µm2 device. The high TCF is due to the relatively large  
temperature coefficient of Young’s modulus of the metal electrodes.

Table 1: Thermal properties of the IR detectors.

Figure 8: Measured frequency responses of the two different size devices when exposed to a 625°C blackbody  
radiation modulated at (a) 1 Hz and (b) 200 Hz by a mechanical chopper. The unchanged frequency shift with higher 
chopping frequency (chopper limit) suggests a response time shorter than 5 ms.
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Moreover, a record small detector (20×22 μm2, comparable to the ones of state-of-the-art microbolometers) 
with NEP ~656 pW/Hz1/2 and τ ~80µs is experimentally demonstrated thanks to the high Q (~902) preserved 
by the new anchoring scheme and the ultra-thin AlN employed (see Fig. 6b). It is worth noting that the ca-
pability of trading response time (τ=Rth⋅Cth, where Cth is the thermal capacitance of the detector) for high-
er resolution (NEP=fn/η⋅Rth⋅TCF⋅f0, where fn and f0 are the frequency noise spectral density and the center 
frequency of the resonant detector, respectively) by increasing the Rth is particularly important for such 
small-pixel devices due to the higher requirement in resolution (less delivered IR power for a smaller pixel 
area given a fixed power density). Furthermore, we experimentally demonstrate that the resonant struc-
tures are capable of efficiently absorbing short- to mid-wavelength IR (η ~47%, for blackbody radiation at  
625°C) without any additional absorbers. These experimental results suggest the great potential of the AlN 
NEMS IR detectors for the implementation of high performance IR cameras.

E. Milestones

• In Year 4, the following project milestones were achieved: (1) demonstration and characterization of 
spectrally selective NEMS resonant IR detectors (NEP ~130 pW/Hz1/2); (2) characterization of detector 
responsivity in vacuum; (3) demonstration of a deeply subwavelength thin plasmonic absorber that fea-
tures narrow bandwidth (FWHM ≤ 5%) and near-perfect IR absorption (η ≥ 91%); and (4) demonstra-
tion and characterization of ultra-fast (τ ~80µs) NEMS IR detectors with pixel size comparable to state-
of-the-art microbolometers (20×22 μm2).

• In Year 5, detection of explosive IR spectral signatures will be demonstrated in order to reach the final 
project objective. 

F. Future Plans

• In Year 5, detection of explosive IR spectral signatures (e.g. PETN, RDX, and TNT). will be demonstrated. 
• The programmatic risks or obstacles and mitigation strategies are as follows:

 ○ Achievement of high IR absorption and spectral selectivity: Full-wave simulations indicate that prop-
er sizing of plasmonic nanostructures on the NEMS resonator will yield the desired IR absorption ef-
ficiency and improved spectral selectivity (FWHM < 5%). Plasmonic absorbers meeting the program 
requirements have been demonstrated. The absorbers demonstrated in Year 4 will be integrated with 
the NEMS detectors in Year 5 to demonstrate signature detection.

 ○ Achievement of high thermal isolation: By operating the device in a vacuum, the total thermal resis-
tance will be completely determined by the thermal conductance of the anchors and radiative effects. 
Our 3D Finite Element Method (FEM) simulations indicate that thermal resistance >106 K/W can be 
readily achieved in the vacuum. A vacuum RF probe station with IR testing capability was purchased 
and used in Year 4 to test devices in vacuum, meeting the expected performance metrics. 

 ○ Testing in realistic conditions: OVG-4 will be purchased in Year 5 and used to perform testing on true 
materials like PETN, RDX, and TNT. The OVG-4 vapor generator is a compact, cost-effective calibration 
gas system which can generate NIST traceable, precise, repeatable, and accurate concentrations of 
chemicals and calibration gas standards as well as gas mixtures representative of realistic operative 
conditions. A microbolometer vacuum packaging solution will be used in Year 5 to manufacture a 
complete device prototype for explosive IR signature detection. 

• The technology development during Year 5 will lead to the implementation of prototypes suitable for lab 
demonstrations to transition partners.
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III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

• A new uncooled multi-spectral IR detector technology, suitable for standoff chemical detection in the 
mid-wavelength infrared (3 - 8 μm, MWIR) range. (Most molecules of common explosives have a unique 
“fingerprint” in the MWIR spectral region that can be exploited for the detection and discrimination of a 
threat in the field).

• Heterogeneous integration of this multi-functional detector technology with state-of-the-art QCLs will 
enable the fabrication of ultra-miniaturized and power efficient frequency domain IR spectrometers, 
which will lead to disruptive improvement in field-deployable systems for trace detection and imaging.

B. Potential for Transition

• Multi-spectral uncooled IR detectors that provide near real-time detection, high sensitivity, and high 
specificity for a targeted group of explosives IR spectral signatures (e.g. PETN, RDX and (TNT), resulting 
in very low false-positive and false-negative rates. 

• IR digitizing microsystems that can remain dormant, with near-zero power consumption, until awakened 
by specific IR spectral signatures associated with a threat. These completely passive digitizing IR sensor 
microsystems can harvest the energy contained in a specific IR spectral signature (i.e. IR emission peaks 
of energetic materials) to produce a digitized output bit capable of waking up short-duty cycle powered 
electronics for further signal analysis and communications. 

C. Data and/or IP Acquisition Strategy

The PI holds intellectual property for the technology relevant to the project: United States Patent 9,419,583 
was awarded on August 16, 2016; United States Patent 9,425,765 was awarded on August 23, 2016. These 
two patents include claims related to the NEMS technology developed under this program.

D. Transition Pathway 

• Potential commercialization partners (Pendar Technologies, Analog Devices, and Boeing) have already 
been engaged to performance testing and transition development work.

• The PI holds intellectual property of the technology relevant to the project. 
• Prototypes of the technology are being fabricated at Northeastern University for use and testing.
• The proof of concept will be shared with the identified potential customers to explore technology tran-

sition: the Department of Homeland Security (DHS), the Defense Advanced Research Projects Agency 
(DARPA), Analog Devices, Inc., Qualcomm, Pendar Technologies, Boeing, and Avago.

E. Customer Connections

• DHS
• DARPA Microsystems Technology Office, Troy Olsson, Dev Palmer
• Air Force Office of Science Research, Kenneth Goretta, Gernot Pomrenke, and Harold Weinstok
• Analog Devices, Inc.
• Qualcomm
• RF Micro Devices, Inc.
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• Pendar Technologies 
• Avago
• Apple
• Google

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. 2017 Spring semester course: Nano and Micro Fabrication 

2. Training to Professionals or Others
a. PhD student training

B. Peer Reviewed Conference Proceedings

1. Z. Qian, S. Kang, V. Rajaram and M. Rinaldi. “Narrowband MEMS Resonant Infrared Detectors based 
on Ultrathin Perfect Plasmonic Absorbers.” Proceedings of the IEEE Sensors 2016 Conference, Orlan-
do, FL, Oct. 30 – Nov. 2, 2016, pp. 1-3. [Nominated for Best Student Paper Award]

2. S. Kang, Z. Qian, V. Rajaram, A. Alu, and M. Rinaldi. “Ultra Narrowband Infrared Absorbers for Om-
ni-Directional and Polarization Insensitive Multi-Sepctral Sensing Microsystems.” Proceedings of 
the 19th International Conference on Solid-State Sensors, Actuators and Microsystems (Transducers 
2017), Kaohsiung, Taiwan, June 18-22, 2017, in press.

C. Other Presentations 

1. Seminars
a. Matteo Rinaldi. “Paradigm Shift in MEMS toward Multi-Functional and Near-Zero Power Inte-

grated Microsystems.” Columbia University, Department of Electrical Engineering, New York, NY, 
February 28, 2017. Invited seminar.

b. Matteo Rinaldi. “Paradigm Shift in MEMS toward Multi-Functional and Near-Zero Power Inte-
grated Microsystems.” University of Pennsylvania, Department of Electrical and Systems Engi-
neering, Philadelphia, PA, October 4, 2016. Invited seminar.

2. Other
a. Matteo Rinaldi. “MEMS Sensors and Wireless Communication Devices for IoT.” IEEE 25th Inter-

national Conference on Computer Communication and Networks (ICCCN 2016), Waikoloa, HI, Au-
gust 1, 2016. Invited panel talk.

b. Matteo Rinaldi. “Aluminum Nitride Piezoelectric MEMS for Advanced Sensing and Wireless Com-
munications.” Analog Devices, Norwood, MA, July 15, 2016. Invited talk.

D. Student Theses or Dissertations Produced from This Project

1. Zhenyun Qian. “Micro and Nano Electromechanical Systems for Near-Zero Power Infrared Detec-
tion.” PhD dissertation, Northeastern University, Department of Electrical and Computer Engineer-
ing. April 2017.
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E. Technology Transfer/Patents

1. Patents Awarded
a. M. Rinaldi, C. Cassella, Z. Qian, Y. Hui “Nano- and Micro-Electromechanical Resonators,” United 

States Patent 9,419,583, August 16 2016. 
b. M. Rinaldi, Z. Qian, Y. Hui “Nano- and Micro-Electromechanical Resonators,” United States Patent 

9,425,765, August 23 2016.
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