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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 min-
iaturized footprint is needed for the implementation of portable, field-based analytical tools for rapid and 
reliable 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 reli-
able trace detection: 

1. High resolution (100x that of conventional sensor technologies); 
2. Transduction efficiency (efficient on-chip actuation and sensing of vibration in ultra-low volume 

nanomechanical structures with a unique combination of electrical, mechanical, and optical prop-
erties); 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 
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implementation of a new generation of 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. Pentaerythritol tetranitrate (PETN), Cyclotrimethylenetrinitramine (RDX), and Trinitrotoluene 
(TNT)), 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-
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 op-
eration for unattended sensors deployed to detect infrequent but time critical events (such as forest fires, 
earthquakes, territory intrusion, chemical warfare threats, etc.).

B. 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 on 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 results 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.  
On the other hand, spectroscopy based optical sensors such as IR detectors have also been utilized for chem-
ical sensing thanks to their non-invasive 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).
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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). The core element 
of the proposed technology is a Graphene-Aluminum Nitride (G-AlN) NEMS resonant multi-transducer de-
tector 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 existing sensor technolo-
gies is related to the unique combination of extremely-high sensitivity to external perturbations (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 devel-
opment challenges, enabling the implementation of a new generation of trace detectors that provide near 
real-time detection, high sensitivity, and high specificity for a targeted group of explosives (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.

Figure 1: Schematic representation (not to scale) of the envisioned sensing technology platform.

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R2: Trace & Vapor Sensors 

Project R2-B.3



C. Major Contributions

C.1. Related Work Conducted Before Year 5:

C.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 [14]. 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 
materials (which eliminates the loading effects of the IR absorber conventionally integrated on top of the 
thermal detector) [15]. The achievement of high IR absorptance in NEMS resonant structures with reduced 
volume and improved electromechanical performance addresses one of the most fundamental challenges 
in the NEMS field, and could potentially lead to the development of fast (~ms) and high resolution (Noise 
Equivalent Power ~ 1 pW/Hz1/2, Noise Equivalent Temperature Difference ~ 1 mK) uncooled IR detectors 
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 transduc-
tion of the analyte-induced variations in the electrical conductivity of the graphene electrode employed to 
excite mechanical vibration in an AlN NEMS resonator [16]. Analyte-induced variations in the graphene elec-
trode conductivity can be efficiently detected by monitoring the corresponding induced variations in the de-
vice vibration amplitude without the need of direct electrical probing of the graphene sensing layer. 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.

C.1.b. 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) [17] (see Fig. 2). With this approach, the IR radiation is absorbed by means of plas-
monic resonances whose frequencies/wavelengths are lithographically defined by the lateral dimensions of 
the patterned 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 selec-
tive 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: 
nitrogen monoxide (NO) molecules are characterized by absorption in the 5-5.7 μm spectral range and car-
bon monoxide (CO) molecules exhibit two adjacent absorption peaks located in the 4.4-5 μm spectral range 
[18] (see Fig. 3). 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 [17, 19, 20], 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%).
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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 
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. 4). Moreover, an excellent thermal isolation (~1.6×10 6 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.

Figure 2: (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.

Figure 3: (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.

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R2: Trace & Vapor Sensors 

Project R2-B.3



C.1.c. 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 [21]. The unprecedented performance of 
such batch-microfabricated and lithographically-defined ultra-thin absorbers paves the way for the develop-
ment of new classes of plasmonically-enhanced multi-spectral sensing and imaging microsystems for non-in-
vasive 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). This localized plasmonic 
resonance in the MIM absorbers, if sufficient intrinsic material loss is present, turns the incident electromag-
netic wave energy into heat, realizing near-perfect, narrowband absorption.
Different 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 ar-
rays 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 b). At the same time, the axial XY-symmetry of the cross-type nanostructure 
and the vertical field confinement in the sub-wavelength thickness of the structure guarantee angle and po-
larization insensitivity (see Fig. 5a).

Figure 4: (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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C.1.d. Ultra-fast NEMS IR Detectors Based on 50 nm Thick AIN 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 
improved by scaling the device volume while simultaneously maintaining high values of quality factor (Q) 
and transduction efficiency [22, 23]. In fact, thermal detectors based on 50 nm thick AlN NPRs have been 
reported by our group [24], showing two orders of magnitude improvement in the figure of merit compared 
to previous 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 [22] are employed instead of conventional AlN and metal anchors used in [23] to 
introduce 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 [23, 24] (see Fig. 7), but also increases the 
thermal resistance (Rth) by ~2 orders of magnitude (due to smaller cross-sectional area of the anchors) (see 
Table 1), resulting in a high-performance IR detector with both high resolution (NEP ~466 pW/Hz1/2) and fast 
detection speed (τ ~164 µs) (see Fig. 8).
Moreover, a record small detector with an area of 20×22 μm2 (comparable to the ones of state-of-the-art mi-
crobolometers) and high performance (NEP ~656 pW/Hz1/2, τ ~80µs) is experimentally demonstrated thanks 
to the high quality factor preserved by the new anchoring scheme and the ultra-thin AlN employed (see Fig. 
6) [25]. It is worth noting that the capability of trading response time for higher resolution 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 structures are capable of efficiently absorbing short- to mid-wavelength IR (η 

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 three gases (CO2, CO, and NO), and 
the corresponding cross-type absorption spectra matching each infrared signature. FWHM <230nm allows for a supe-
rior spectral selectivity, leading to a reliable chemical detection of closely-located infrared signatures.
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~47%, for blackbody radiation at 625 °C) without any additional absorbers. These experimental results sug-
gest the great potential of the AlN NEMS IR detectors for the implementation of high performance IR cameras.

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; and (e) A 3D schematic representation of the AlN NPR with nanoscale metallic (Al) 
anchors.

Figure 7: Measured admittance curves and MBVD fitting of the (a) 28×30 µm2 and (b) 20×22 µm2 devices; and (c) mea-
sured 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.
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C.2. Work Conducted in Year 5:

C.2.a. Spectroscopic Chemical Sensing Based on Narrowband MEMS Resonant Infrared Detectors 

Screening for hazardous materials in airports, public places, and government facilities is important to home-
land security. The development of technology for fast standoff detection of highly explosive materials (HEMs) 
with high accuracy is decisive in early identification of terrorist threats. The implementation of chemical 
analysis methods based on molecular spectroscopy coupled to advance multivariate statistical methods to 
obtain chemical information from the spectrum is a powerful tool to detect chemicals at low concentrations, 
from gases and vapors to liquids and solids [26, 27]. The HEMs detection is based on their unique chemical 
signatures envelopes of their infrared (IR) absorption spectrum, be it via NO2, peroxide, or any other chem-
ical group marker. The molecules need to be exposed to a source of IR radiation, and a detector is used to 
quantify the intensity transmitted through these molecules in the spectral bands of interest.
The state-of-the-art IR spectroscopy technology (i.e. Fourier-transform infrared spectrometers) relies on so-
phisticated optical accessories, delicate motorized moving parts, and cooled IR detectors to acquire high 
resolution spectra. As a result, they are bulky, expensive, power hungry, and highly susceptible to movement, 
which makes them not suitable for fast screening of chemicals outside of lab environment. Therefore, to 
develop portable and low-cost chemical detection equipment based on IR spectroscopy requires a scheme 
intrinsically insensitive to movement, uncooled and high-resolution IR detectors, and a readily available 

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 radia-
tion modulated at (a) 1 Hz and (b) 200 Hz by a mechanical chopper. The unchanged frequency shift with higher chop-
ping frequency (chopper limit) suggests a response time shorter than 5 ms.
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source of radiation. Nondispersive infrared (NDIR) sensor technology is a suitable option since it uses low-
cost IR lamp and bandpass filters to create monochromatic lights and a broadband IR detector to quantify 
the transmitted light at each spectral band. However, the requirement of using filters not only limits the spec-
tral resolution in this approach, but also prevents any further miniaturization of the device. In this context, 
quantum cascade lasers (QCLs) are an ideal candidate to replace broadband IR source and filters in terms of 
increasing the spectral resolution, but the use of QCLs also comes with higher cost and increased complexity 
of the system due to the need for synchronization between the source and the detector. Most recently, spec-
trally-selective microelectromechanical system (MEMS) resonant IR detectors [17] have been demonstrated 
showing ultralow noise equivalent power operating at ambient temperature and narrow absorption band-
width with lithographically-controlled tunability. Such an emerging uncooled IR detector technology effec-
tively integrates the function of a bandpass filter in the microscale device level and simultaneously achieves a 
higher performance compared to conventional uncooled detectors, which has a great potential to be used for 
IR spectroscopy with a broadband source. Thanks to the elimination of bulky filters, multiple detectors with 
different targeting wavelengths can be placed at the focal plane of an IR beam transmitted through a chemical 
sample to measure its absorption in the spectral bands of interest at the same time. Such an approach is par-
ticularly useful for fast and preliminary screening of explosive or toxic chemicals with known characteristic 
absorption peaks, which is a task typically requiring a compact and low-cost tool to fulfill on site. 
We have previously demonstrated uncooled MEMS resonant IR detectors with narrow bandwidth (full width 
at half maximum, FWHM ≤ 17%) and near-perfect IR absorption (η ≥ 92%) based on Aluminum Nitride (AlN) 
nano-plate resonators integrated with metal-insulator-metal plasmonic absorbers [21, 28]. In this work, we 
show that it is possible to use such a spectrally-selective IR detector for chemical sensing in liquid phase with 
a simple experimental setup including a blackbody and a liquid cell. In particular, we demonstrate the detec-
tion of the presence of a nitrile functional group in a binary mixture of liquids through transmission spec-
troscopy (Fig. 9). A set of samples with increasing concentration from 0.5% to 100% of benzonitrile mixed 
with hexane are used for calibration. The experiment shows a detectable range up to 61% and a minimum 
detectable concentration change of ~0.01% (Fig. 10).

Figure 9: (a) Schematic illustration of transmission spectroscopy-based chemical sensing using spectrally-selective IR 
detectors and a broadband source. The transmission spectrum of the chemicals in the liquid solution shows specific 
spectral bands (λ1, λ2, λ3) where the transmission through the chemicals in the liquid cell is minimal. Each band can be 
a signature of a specific functional group which can be used to indicate its concentration. The absorption spectra of the 
detectors are designed to match these spectral bands. (b) Scanning electron microscope image of the AlN resonant IR 
detector with a plasmonic IR absorber integrated on top of the resonator. Lithographically-defined gold patches (with 
patch size 1.2 μm, and periodicity of 2.2 μm) define the absorption peak (~4.5μm in this work). Anchor width is scaled 
down to 5 μm.
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Absorption of specific wavelengths of IR radiation by chemicals depends on their constituent molecular bonds 
that have characteristic resonant modes of vibration at different wavelengths. For example, -C≡N has its 
characteristic stretching mode around 4.5 µm. When IR radiation matching this wavelength passes through 
a sample containing -C≡N bonds, the electromagnetic energy gets coupled to the vibrational resonant mode 
of the bond, resulting in reduced IR power exiting the sample at that wavelength. Thus, for a certain chemical 
bond and a fixed path length (0.108 mm in this work), the concentration can be determined by measuring 
the power transmitted through the sample. In this work we achieve this by using an AlN resonant IR detector 
with an integrated narrowband plasmonic IR absorber whose absorption wavelength is designed to match 
the targeted chemical bond’s resonance wavelength. In particular, as a proof of concept, we demonstrate our 
proposed sensor by measuring the IR detector’s response to varying concentrations of solutions containing 
the -C≡N bond. This bond is targeted since it is found in explosive materials such as dinitropentano nitrile 
(DNPD) and can be tested in a lab environment using safer and relatively non-toxic chemicals like benzo-
nitrile. For the experiments, different concentrations (by volume) of benzonitrile in a binary solution with 
hexane as the solvent are prepared. Hexane is chosen for its near-unity transmittance around the operation 
wavelength of 4.5 µm and its easy accessibility. 
The IR detector used in this work comprises an AlN nano plate resonator with a narrowband plasmonic IR 
absorber integrated on top of the resonator (Fig. 9). The absorber comprises a metal-insulator-metal (MIM) 
stack featuring polarization- and angle-independent absorption, narrow FWHM (<17%), and high absorption 
efficiency (>92%) at the center wavelength (4.7 µm): all of which are critical parameters for obtaining high 
performance of the proposed sensor. When IR radiation matching the absorption wavelength of the absorber 
is incident on the detector, the absorber efficiently confines the incident IR radiation in the sub-wavelength 
thickness of the structure, converting the electromagnetic energy into heat.
To test the sensor, the fabricated AlN nanoplate resonant IR detector is placed inside a vacuum chamber un-
der an IR-transparent calcium fluoride (CaF2) window with a calibrated broadband blackbody source posi-
tioned above (Fig. 10). An IR liquid transmission cell containing the solution of benzonitrile and hexane with 
known concentration is centered on the window above the detector. Chopped IR radiation (at 1 Hz) from the 
blackbody is used to irradiate the liquid sample and the transmitted radiation is then detected by the IR de-
tector as an induced Δf. The IR beam is aligned using converging CaF2 lenses to maximize the delivered power 
to the detector through the liquid cell.
The electromechanical characteristics of the resonant IR detector measured with a Vector Network Analyz-
er (VNA) show that despite the integration of the plasmonic absorber on top of the AlN nanoplate resona-
tor, a high electromechanical performance (Q ~1600 and kt² ~1.37 %) is achieved (Fig. 10b). Furthermore, 
improved thermal isolation (simulated Rth ~4.8×105 K/W in vacuum) of the resonant thermal detector is 
achieved by optimizing anchor geometry. The frequency noise spectral density fn of the device is extracted by 
monitoring the short-term (1 ms) frequency instability and found to be ~1.02 Hz/Hz1/2 with -20 dBm input 
RF power. The NEP is calculated to be ~463 pW/Hz1/2 by dividing fn by the responsivity (S=η.Rth.TCF.f0). All of 
these contribute to the demonstration of a narrowband (FWHM ~795 nm, ~17%) high-resolution (NEP) un-
cooled IR detector centered at 4.7 μm (offset from the target wavelength of 4.5 µm due to fabrication imper-
fections). It is worth noting that the FWHM of the plasmonic absorber can be further improved by employing 
cross-type absorbers as described in [21] for better rejection of noise from other wavelengths.
Fig. 10d shows the measured Δf of the detector in response to different concentrations of benzonitrile in 
hexane. Here, the VNA is set up to monitor the resonator’s admittance at 179.04 MHz where the high slope 
near resonance (at 178.95 MHz) (Fig. 10b) ensures maximum admittance shift when the curve shifts left on 
exposure to IR; this shift is due to the induced reduction in the resonance frequency (Δf). Using the value of 
slope around this frequency, the corresponding Δf is calculated. As shown in (Fig. 10d), there is a clear reduc-
tion in Δf as the concentration of benzonitrile is increased. This closely follows the predicted trend in relative 
IR power density (Fig. 10d) which was calculated for each concentration by integration of the blackbody’s, 
sample’s and absorber’s measured FTIR spectra. As expected, due to the exponential relation, concentration 
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changes at low concentrations (<4%) show a larger Δf. Using the slope at low concentrations (<4%) divided 
by the frequency noise spectral density, the minimum detectable concentration is calculated to be ~0.01%. Δf 
monotonically decreases up to 75% concentration, since beyond this, benzonitrile’s peak at 4.5 µm saturates 
(Fig. 10c) and IR transmittance is determined by hexane. The increase in transmitted power (and Δf) above 
75% as predicted by the power density curve, is due to the decrease in wide hexane absorption around 3.4μm 
which depends on the amount of C-H bonds. The maximum detectable concentration is limited to 61% since, 
Δf at 100% is the same as that at 61%, reliable measurements above 61% cannot be guaranteed.

In conclusion, a narrowband resonant IR detector with an integrated plasmonic absorber tuned to 4.7 µm 
wavelength was fabricated for use in spectroscopic detection of nitriles (R-C≡N). Compared to previous 
works, the detector used here features 2X improved sensitivity to IR owing to optimized anchor geometry. 
The spectral selectivity enabled by the ultrathin plasmonic absorber with narrow bandwidth (FWHM ≤ 17%) 
and near-perfect IR absorption (η ≥ 92%) coupled with the high IR detection capability (NEP ~463 pW/
Hz1/2) of the AlN resonator was exploited for the first experimental demonstration of a filter-free spectro-
scopic chemical sensor based on uncooled AlN resonant IR detectors with a minimum concentration detec-
tion limit of <0.01%. Future work is aimed at fabricating arrays of such detectors targeting different wave-
lengths to realize a highly sensitive and compact NDIR chemical sensor that can perform fast measurement 
and identification of a variety of chemicals.

C.2.b. Low Cost Thin Film Encapsulation for AlN Resonators

Miniaturized micromechanical sensors are found in a wide variety of applications, such as smart mobile 
devices, automotive, healthcare, and environmental monitoring. Resonant sensors based on piezoelectric 
Aluminum Nitride (AlN) MEMS resonators have attracted a great deal of attention due to their unique advan-
tages of high sensitivity to external perturbation, low noise performance and CMOS compatibility. A variety 

Figure 10: (a) Experimental setup with IR source, liquid cell, converging CaF2 lens and detector inside a vacuum cham-
ber. The insets show measured FTIR transmission spectrum of the benzonitrile and measured FTIR spectrum of the fab-
ricated resonator showing an absorptance of ~70% at the target wavelength. (b) Measured admittance curve around 
resonance with modified Butterworth-Van Dyke model fitting results; operating point for tests is marked in red. TCF 
of the device was measured as 27.9 ppm/K. (c) Transmission spectra of samples containing pure benzonitrile and pure 
hexane using a ZnSe IR liquid cell measured using a FTIR spectrometer. The prominent trough around 4.5 μm is due 
to the stretching mode of the C≡N bond. (d) Measured frequency shift of the resonant IR detector on exposure to IR 
transmitted through increasing benzonitrile concentrations. The relative power density represents the expected trend 
of frequency shift to increasing concentration.
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of sensor applications have been demonstrated using AlN resonators, such as mass sensors, IR sensors and 
fingerprint scanners. More recently, researchers have used these structures with functional materials, such 
as Metal-Organic Framework (MOF) thin films or magnetoelastic materials for extremely sensitive gas or 
magnetic field detections.
In order to employ AlN resonators for sensing applications in fluidic environments such as calorimetric mea-
surement, in-vivo tissue characterization, or electro-magneto-brain activity detection, the biocompatible 
packaging remains a challenge. Wafer level thin film encapsulation has been demonstrated using polyimide 
material and a vapor HF (VHF) release approach, however, complicated process steps are required and HF 
would degrade the performance of the AlN resonator. In this project, we propose and experimentally demon-
strate a low-cost encapsulation process using bio-compatible material SU-8 on XeF2 released AlN resonators 
[28].
Figure 11 shows the microfabrication process flow. First, AlN contour mode resonators are fabricated on a 
high resistive Si substrate (ρ > 20000 Ω·cm) with a platinum (Pt) electrode on the bottom and an aluminum 
(Al) interdigital electrode (IDE) on the top. The thickness of AlN, Pt, and Al layers are 1 μm, 100 nm, and 100 
nm, respectively (Figures 11a-c). The resonating nanoplate releasing trench is patterned by mixed Cl2/BCl3 
gas (Figure 11d), and then a sacrificial amorphous silicon a-Si is deposited to fill the trench and patterned 
on top of active AlN resonator region (Figure 11e). Sputtered a-Si exhibits better adhesion and film quality 
compared to PECVD a-Si due to less hydrogen concentration and the low temperature deposition process. 
A PECVD SiO2 layer with thickness of approximately 2 μm is deposited to cover the device as the structural 
CAP layer and then small releasing holes are patterned thru the SiO2 CAP layer to access the a-Si (Figure 11f). 
Thus, when the AlN resonators are exposed to an XeF2 gas environment, all sputtered a-Si under the PECVD 
SiO2 layer and the single crystal silicon around the AlN trench region was  etched and the AlN resonators are 
released by a time-controlled isotropic etch (Figure 11g). After releasing etch, a 4~8 μm thick SU-8 layer is 
spin coated and slowly cured on the device to seal the releasing holes and encapsulate the AlN resonators 
(Figure 11h). The post SU-8 exposure bake must ramp up and ramp down slowly to avoid crack formation on 
relatively thick SU-8 film. Finally, probing pad vias are etched thru SU-8 and SiO2 layers for electrical access.
Figure 11i compares the data of one encapsulated AlN resonator without and with DI droplets to wet the 
device surface. The plots show the AlN contour mode resonator exhibits a similar quality factor of over 1150 
and a resonant frequency of approximately 961 MHz in both dry and wet environment, indicating the AlN 
resonator does not degrade significantly on such an SU-8 encapsulation process and a DI droplet wetting 
surface. Therefore, our developed AlN resonator devices with encapsulation can be employed as a sensing 
platform for in-vivo applications. Further testing was conducted by comparing the same AlN resonator in 
wet conditions with a DI droplet on the top surface after a long period. As indicated in Figure 11j, after nine 
months, the same encapsulated AlN resonator still exhibited a very similar characteristic. No significant res-
onance and quality factor drift was observed, although the impedance and antiresonance have a slight shift, 
which could be attributed to the inconsistent calibration. Such AlN resonators with high performance and 
biocompatible encapsulation could be used in calorimetric, in-vivo, or other fluidic environment character-
izations.
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C.2.c. Effects of Bottom Electrode Topography in AlN Nano Plate Resonators on Quality Factor

AlN nano plate resonators (NPRs) have been extensively studied for the implementation of extremely sen-
sitive and miniaturized sensors such as uncooled infrared detectors, chemical sensors, and magnetometers, 
showing great potential for the realization of next generation integrated sensing platforms with multiple 
functionalities. In order to excite a high-order contour-extensional mode of vibration in the AlN piezoelectric 
layer, an interdigitated transducer (IDT) and a floating plate are typically employed as top and bottom elec-
trodes. In this case, it is preferable to use the unpatterned floating plate as the bottom electrode since the low 
temperature sputtering deposition yields higher quality polycrystalline AlN thin film with c-axis orientation 
on a flat surface. However, most of the proposed AlN resonant sensors rely on a functionalized top electrode, 
which is typically unpatterned or needs to be patterned differently than the shape of interdigitated electrode 
required for the excitation of acoustic resonance. Such design requirements result from the fact that the IDT 
has to be placed on the bottom of the AlN piezoelectric layer for resonant sensors based on AlN NPRs. On 
the other hand, a new class of AlN MEMS resonators that utilizes a pair of IDTs as both top and bottom elec-
trodes to excite cross-sectional Lamé mode of vibration has recently been proposed and demonstrated for 
the implementation of RF filters with lithographically tuned center frequency. It is worth noting that, a high 
quality factor guarantees a high performance for both resonator-based applications (i.e. low noise for sen-
sors and low insertion loss for filters). Therefore, it is important to investigate the effects of patterned bottom 
electrodes in AlN piezoelectric resonators on quality factor and optimization of the design and fabrication 
process.
Our recent work [23] showed ~5 times higher quality factors for AlN NPRs employing bottom plate electrodes 
compared to the ones with bottom interdigitated electrodes indicating that the deposition of ultra-thin AlN 
film (≤ 250 nm) on a plane electrode is essential for the implementation of resonators with high quality fac-
tors. In this work, we experimentally demonstrate that, with a carefully characterized fabrication process, it 
is possible to achieve high quality factors even when the bottom electrode is densely patterned as long as the 
edge of the electrode is tapered [30]. The work sets a stepping stone towards the development and optimiza-
tion of resonant sensors and RF filters based on AlN MEMS resonators with interdigitated bottom electrodes.

Figure 11: (a-h) Micro fabrication process flow of SU-8 encapsulated AlN resonators; (i) characterization of encapsulat-
ed AlN resonator results without DI droplet on the surface (dry) and with a small DI droplet on the surface (wet); and (j) 
characterization results of the same encapsulated AlN resonator (wet) with a duration of nine months apart.
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Over 40 devices (20 for each configuration) were fabricated on the  same type of high resistivity Si wafer. It 
is worth noting that, a carefully characterized lift-off process using lift-off resist was employed to avoid any 
fencing in the bottom electrode. A tapered edge with an angle of ~50º was verified through SEM imaging 
after the patterning of bottom electrode (Fig. 12). All the fabricated devices were tested at room tempera-
ture and atmospheric pressure in an RF probe station and their electrical responses were measured by a 
network analyzer. The result shows that despite the use of relatively thick (70 nm) bottom IDE, high quality 
factors (~1200) comparable to the ones of reference devices with bottom plates can be achieved in 200 nm 
AlN NPRs (Fig. 12). The fact that the quality factors achieved in this work are significantly higher than the 
previous work [23] for the same type of devices suggests that the smoothly transitioned topography of the 
bottom electrode, more specifically, the tapered edge of the patterned interdigitated electrode is crucial for 
the implementation of such resonators with high quality factors. The result also shows that although the 
quality factor is dependent on the width of anchor (due to the anchor loss), the devices with a bottom IDE 
are characterized with ~7% lower quality factors for all anchor dimensions compared to the devices with a 
bottom plate electrode.

Figure 12: (a) False-colored SEM image showing the cross-section of a 200 nm thick AlN film deposited on the tapered 
edge of a 70 nm thick Pt electrode. No crack or void is formed in the AlN layer during the growth thanks to the smooth-
ly transitioned topography of the bottom electrode. (b) and (c) Cross-sectional SEM images of a completed AlN NPR 
showing the thickness profile in one-pitch length of all three layers: top gold plate, AlN, and bottom Pt IDE. (d) Com-
parison of the average values of quality factor between the two electrode configurations. The data from our previous 
work [23] is included to show the effectiveness of the improved edge profile of bottom electrode. The upper and lower 
insets show cross-sectional SEM images of 200 nm thick AlN film deposited on bottom electrodes with and without a 
fence on their edges, respectively. The AlN grown on the fence clearly show a void at the substrate/AlN interface and 
not well aligned crystal orientation.
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D. Milestones  

In Year 5, the following project milestones were achieved: (1) demonstration of spectrally selective NEMS 
resonant IR detectors for transmission spectroscopy based chemical sensing. In particular, we demonstrated 
the detection of the presence of nitrile functional group in a binary mixture of liquids through transmission 
spectroscopy. A set of samples with increasing concentration from 0.5% to 100% of benzonitrile mixed with 
hexane were used for calibration. The experiment showed a detectable range up to 75% and a minimum de-
tectable concentration change of ~0.01%; (2) demonstration of biocompatible encapsulation of AlN MEMS 
resonators that could greatly expand the application scenarios of the sensor technology developed in this 
project in fluidic or intra-body environment. (3) demonstration of effects of bottom electrode topography 
in AlN nano plate resonators on quality factor. The findings potentially lead to increased performance of the 
sensor technology developed in this project.

E. Future Plans (Year 6)  

Although we have demonstrated IR detectors suitable for the detection of explosives, we have not tested the 
devices for gas sensing applications yet. Therefore, we plan to use our devices for transmission spectrum 
and concentration measurement of different gases of interest in Year 6. We expect to achieve sub-ppm level 
of resolution for carbon monoxide (CO) gas (the natural concentration of CO in air is around 0.2 ppm, and 
that amount is not harmful to humans). Vacuum packaging is another important aspect of our IR detectors 
since the ultra-high resolution can only be achieved in low-pressure (< 10 mTorr) environments (to eliminate 
the heat transfer through the air). Therefore, we plan to work with a MEMS packaging company to demon-
strate vacuum-packaged prototypes (~ 1 mTorr) for potential field-testing outside of a lab environment. The 
success of completing these two research tasks is crucial in improving the technology readiness level for a 
seamless transition. 
The obstacle for the demonstration of gas sensing capabilities of our IR detectors is the incomplete exper-
imental setup for the test, especially the missing gas source. We plan to purchase the Owlstone Vapor Gen-
erator (OVG-4), provided Year 6 funding is available, to perform testing on true explosives such as 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. On the other hand, the risks 
for vacuum packaging are in the achievement of a low-temperature packaging process that is compatible 
with our devices and the potential electrical parasitics associated with the package that may negatively affect 
the very high frequency (VHF) operation and readout. We have previously worked with a leading microbo-
lometer packaging company (INO, Canada) which offers packaging services with relatively low temperature 
(~170°C). We plan to retain them for the packaging of our resonant IR detectors. We will integrate the MEMS 
IR detectors and CMOS readout circuit in the same vacuum package to minimize the effect from the parasitics 
associated with the package.

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 
MWIR range. (The engine exhaust plumes of jets and vehicles contain several gases with emission spectra 
in the MWIR range that can be used as specific signatures for detection.)

• 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.
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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 
(awarded on August 16, 2016) and United States Patent 9,425,765 (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 and Dev Palmer
• Air Force Office of Science Research: Kenneth Goretta, Gernot Pomrenke, and Harold Weinstok
• Analog Devices, Inc.
• Qualcomm
• RF Micro Devices, Inc.
• Pendar Technologies 
• Avago
• Apple
• Google
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IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. 2017 Fall semester course: MEMS
b. 2018 Spring semester course: Nano and Micro Fabrication

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

B. Peer Reviewed Conference Proceedings

1. Qian, Z., Rajaram, V., Kang, S., & Rinaldi, M. “NEMS Infrared Detectors based on High Quality Factor 50 
nm Thick AlN Nano-Plate Resonators.” Proceedings of the 2017 European Frequency and Time Forum 
& International Frequency Control Symposium (IFCS-EFTF 2017), Besancon, France, July 9–13, 2017. 
In press. [Nominated for Best Student Paper Award].

2. Wu, T., Qian, Z., & Rinaldi, M. “Low Cost Thin Film Encapsulation for AlN Resonators.” Proceedings of 
the 31st IEEE International Conference on Micro Electro Mechanical Systems (MEMS 2018), Belfast, 
UK, January 21-25 2018, pp. 1024-1027.

3. Qian, Z., & Rinaldi, M. “Effects of Bottom Electrode Topography in AlN Nano Plate Resonators on 
Quality Factor”, Proceedings of the 2018 IEEE International Frequency Control Symposium (IFCS 
2018), Olympic Valley, CA, May 21-24, 2018. In press. 

Pending-
1. Calisgan, S.D.,Villanueva Lopez, V., Rajaram, V., Qian, Z., Kang, S., Hernandez-Rivera, S.P., & Rinaldi, M. 

“Spectroscopic Chemical Sensing Based on Narrowband MEMS Resonant Infrared Detectors.” IEEE 
Sensors 2018 Conference. Submitted for review.
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C. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

Existing Course Nano and Micro 
Fabrication

This course provides an overview of 
integrated circuit micro/nano fabrica-
tion technology from the viewpoint of a 
process engineer. Students will fabricate 
micro and nanoscale devices in integrat-
ed lab sessions. The course focuses on 
the physics and technology of integrated 
circuit fabrication in the lecture portion 
of the course, while students face actual 
micro and nano fabrication challenges in 
the lab portion.

35

Existing Course Introduction to 
Microelectrome-
chanical Systems 
(MEMS)

This course introduces microelectrome-
chanical systems including principles of 
sensing and actuation, microfabrication 
technology for MEMS, noise concepts, 
and packaging techniques. It covers a 
wide range of disciplines, from electronics 
to mechanics, material properties, micro-
fabrication technology, electromagnetics, 
and optics. Students will study several 
classes of devices including sensors and 
RF components. The last third of the se-
mester will be largely devoted to design 
projects, involving design of MEMS devic-
es to specifications in a realistic fabrica-
tion process.

35
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