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II. PROJECT DESCRIPTION

A. Overview and Signi icance 

The overall goal of this project is to develop technology to enhance the ALERT research programs by pro-
viding lower cost, wide-bandwidth, mid-infrared (MIR, λ=4-12 μm) laser sources and developing MIR la-
ser-based imaging technology for the detection of trace explosives. ALERT projects are already exploring the 
MIR region of the spectrum and identifying features unique to explosives, and ALERT industrial partners are 
producing commercial MIR laser arrays. However, these efforts are restricted by technological questions: 
(1) how do you perform sensitive spectroscopic imaging in a wavelength range that lacks robust and widely 
available focal plane arrays and optical components; and (2) how do you combine several high-cost laser 
chips into a single module for sensitive imaging and detection? This project seeks to answer these questions 
through novel semiconductor fabrication techniques and laser-scanning/coded aperture imaging technol-
ogy. This will enhance ongoing ALERT efforts be enabling higher resolution imaging technology to detect 
signatures characterized by other ALERT thrusts, provide a technology to enhance the commercial offerings 
of ALERT industrial partners and provide new spectroscopic tools that could be useful to the security en-
terprise as well as other ields where MIR technology is employed, such as medical diagnostics, industrial 
process control, environmental monitoring and pharmaceutical process analytical technology.
The MIR region of the electromagnetic spectrum contains unique absorption “ ingerprints” corresponding to 
vibrational modes of molecules. ALERT projects led by Hernández (R3-C), Hoffman (R2-C.3), Rinaldi (R2-B.3) 
and ALERT industrial collaborator, EOS Photonics, are using mid-infrared light to identify molecular inger-
prints corresponding to trace amounts of explosives. For example, two MIR lasers tuned to relevant on-and-
off resonant wavelengths (e.g., 1348 cm-1 on and 1370 cm-1 off resonance for TNT) can be used to measure the 
differential absorption of light between those two frequencies attributed to the presence of an explosive. The 
ability to detect explosives with MIR light is limited by the availability of high-performance MIR laser sources 
and imaging platforms. MIR lasers, especially lasers that can identify many unique explosives simultaneously, 
are very expensive. Additionally, imaging platforms are dif icult to produce since few MIR “cameras” exist (or 
are very expensive).
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This project develops technology that will make it cheaper to produce laser systems that can identify multi-
ple explosives at the same time, as well as a complementary imaging platform. Thus, this project serves as a 
translation layer between fundamental spectroscopic characterization and deployable detection platforms. 
This is done through two complimentary efforts: (1) the development of an MIR spectroscopic imaging plat-
form that overcomes the technical limitations in MIR imaging and a lack of cost-sensitive MIR imaging devic-
es; and (2) the integration of low-cost, and highly robust devices geometries with new MIR imaging platforms 
to form a single integrated wide-bandwidth single-output-port high-power-spectral-density sources.
Sensitive MIR spectroscopic detection platforms have been limited due to a lack of strong signal-to-back-
ground detection. This is due to the common use of larger spectroscopy systems (i.e., Fourier transform in-
frared spectrometers, FTIR), which have low power-spectral-density at a given wavelength, as well as a lack 
of MIR imaging systems that require large-area sampling. Thus, systems attempt to detect a narrow trace 
explosive spectral bandwidth and small sample size amongst an excessively large spectrometer bandwidth 
and beam spot size. We address these challenges by employing laser spectroscopic and spatial frequency 
multiplexed imaging to obtain high power spectral density and high resolution imaging, respectively.
To obtain high power spectral density and high resolution imaging, a high spectral power density light source, 
such as a laser, must be employed. Quantum cascade lasers (QCLs) are ideal devices for MIR imaging; how-
ever, widely tunable QCLs require external cavity tuning and are, thus, susceptible to mode-hopping insta-
bilities and mechanical failure, which severely limits performance. EOS Photonics has overcome these issues 
by developing QCL arrays where each device in the array has a unique output wavelength. To maintain high 
signal-to-background contrast with small trace samples on substrates, high resolution imaging is required. 
In these imaging systems, however, each of the lasers in the array must follow the same beam path, which is 
not possible from laser waveguide arrays. This project also develops integrated wide-bandwidth single-out-
put-port high-power-spectral-density sources by developing new micro-fabrication techniques to build a 
system which combines the light out of several expensive MIR lasers together into an inexpensive silicon 
based chip. The light can then be used for imaging or possibly for detection of explosives in small quantities.
Both of these technologies form an integrated MIR explosives imaging platform unlike any that is currently 
available. Additionally, this platform is modular and can be extended for rapid development of further ad-
vanced screening and detection systems.

B. State-of-the-Art and Technical Approach

This project is investigating two complimentary technical advancements: (1) on chip heterogeneous integra-
tion of widely disparate wavelength MIR lasers and (2) MIR coded aperture imaging technology.

B.1.  On chip heterogeneous integration of widely disparate wavelength MIR lasers

The most commonly used and commercially available semiconductor MIR light source is a QCL [1]. QCLs are 
made into widely tunable devices that can have large ranges over the entire absorption bands of explosives 
residues using external cavity (EC) feedback. These devices, known as EC-QCLs, select wavelength by rotat-
ing the incident angle of light on a diffraction grating. Such a system has been of particular interest, recently, 
to detect trace explosives residues on various targets [2–4]. These systems require moving parts and manual 
assembly; integration would be preferred for simplicity, lower cost and to improve mechanical reliability. 
Arrays of lasers can be fabricated in such a way that the lasing wavelength of adjacent lasers is slightly offset, 
thus producing a discretely tunable source by selectively turning on and off individual lasers [5]. This is the 
basis of the technology of EOS Photonics. These lasers have a lateral offset, and thus can use external free 
space optics to combine the beams into a single output [6]. External beam combining, while not requiring 
moving parts, requires free space optics and alignment, which adds complexity and renders the devices sus-
ceptible to mechanical instability.
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The technical approach we are employing is to combine laser arrays on a single chip and on separate chips 
into a single module using a novel inter-chip alignment and optical coupling technique.  In this technique, 
individual laser chips are fabricated with extending copper nodules. The chip with nodules is combined with 
similar chips to form a quasi-monolithic “quilt,” from which the name “Optical Quilt Packaging” (OQP) is de-
rived (see Fig. 1).

The proposed OQP leverages advances in electronic quilt packag-
ing, a novel technique developed at the University of Notre Dame 
(UND) for high speed electronic interconnections. Electronic quilt 
packaging integrates diverse electronic device technologies into 
a quasi-monolithic module by connecting separate die with solid 
metallic contacts along the vertical faces for both mechanical and 
electrical connection (see Fig. 2). Research at UND has demonstrat-
ed the world-record low inter-die insertion loss of less than 0.1 dB 
from 50 MHz to 100 GHz [7] with submicron alignment.

B.2.  MIR spectroscopic imaging of trace explosives

To increase signal-to-background detection of trace samples of explosives, we will employ MIR spectroscopic 
imaging. MIR imaging arrays are prohibitively expensive, so we are exploring time and frequency multiplexed 
imaging with the laser modules developed in this project to improve speed (frame rate) and sensitivity (min-
imal detectable concentration) of differential re lection spectroscopy by replacing the relatively high-noise 
infrared detector array with a more sensitive (and less expensive) single element photodetector. MIR trace 
explosives imaging systems typically employ bolometer (i.e., thermal) or semiconductor detector (i.e., pho-
tonic) Focal Plan Arrays (FPAs). Bolometer-based FPAs can be prohibitively slow for many differential mea-
surement schemes of moving objects. Semiconductor detector arrays exhibit a wavelength dependence on 
the material; materials useful in the MIR tend to be prohibitively expensive for multipoint distributed sens-
ing. We propose increasing the speed (frame rate) and sensitivity (minimal detectable concentration) of MIR 
differential re lection spectroscopic imaging by replacing the relatively slow or expensive infrared detector 
array with a more sensitive and less expensive single element photodetector while intensity modulation mul-
tiplexing our differential measurement signal to acquire images at multiple wavelength simultaneously. Spa-
tial information is obtained by scanning the laser spot over the sample or by using a coded aperture scheme. 
The coded aperture is obtained by fabricating a linear spatial light modulator (SLM) where each point in the 
line is modulated at a distinct modulation frequency. High modulation rates are required to resolve multiple 
distinct points along the line. Commercially available linear SLMs with the required pixel numbers cannot 
modulate at such high speeds. Therefore, we created a free-space optical chopper [8] (see Fig. 3, top dashed 
box on the next page) that can modulate an array of point sources at MHz rates by scanning a line-focused 

Figure 1: Illustration of “Optical Quilt Packaging”.

Figure 2: SEM micrograph of interlocking 

quilt packaging nodule structure.
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laser beam over a small (10-20 μm period) mirror grating on a photolithography mask (see Fig. 3, right). Each 
horizontal line on the photolithography mask has a different spatial frequency. The re lected light is then des-
canned by the same scan mirror, and is imaged onto the sample by the line scanning microscope. Examples 
of raw and processed data from [8] are presented in Figure 4. This technology would allow for MIR spectro-
scopic imaging without needing MIR detector arrays. Trace explosives imaging and detection will allow for 
real-time standoff and targeted interrogation of objects of interest to give authorities accurate and speci ic 
information on the type and extent of possible threats.

Figure 3: Coded aperture MIR illumination scheme with CL: cylindrical lens; BS: beam splitter; SM: scan mirror; PD: pho-

todiode; PMT: photo-multiplier tube; and OL: objective lens. Inset: Illustration of the spatial light modulator.

Figure 4: Coded aperture data processing and image reconstruction. Original (a-top) and processed (b-bottom) data of 

a refl ection image of a 1951 Air Force test target. The smallest features are 2.2 μm x 11.0 μm. The inset of (a): raw data 

corresponding to three lines in the image. The sample was illuminated with a 780 nm laser and detected by a single Si 

photodiode.
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MIR spectroscopic imaging has been demonstrated to be a powerful tool for trace explosives detection by 
several groups (e.g., [4, 2, 3, 9]), including ALERT researcher Samuel Hernandez-Rivera (R3-C). Prof. Hernan-
dez-Rivera employs QCL systems that have been used to deliver high-spectral-energy-density radiation onto 
highly energetic materials (HEM) deposited on complex substrates. Through standard preprocessing (2nd 
derivative, standard normal variate, and multiplicative scatter correction) and principal component analysis 
(PCA) or linear regression analysis, PETN and TNT can be detected on wood, cardboard and aluminum sub-
strates. We leverage previous advances by employing the successful techniques within our imaging systems. 
Additionally, we explore extending these techniques to include polarimetric imaging [10] or elipsometry [9].
We will also participate in the R2 Trace Explosives Sensing test-bed at Purdue University by developing our 
imaging platform so that it is compatible with the new conveyer-belt test system. A line-scanning imaging 
system will interrogate targets passing through a ield. Performance (speed, resolution, sensitivity) will be 
evaluated; results will be used to further optimize system design.

C. Major Contributions

C.1.  Summary

This project has completed its second year. In the irst year, we received lower funding levels while students 
transitioned onto the project. Two students are involved in the project: Tahsin Ahmed has been working 
full-time since 1/2014 (1.5 years); and David Benirschke is a US domestic PhD student that was recruited to 
work on this project and started working full-time on this project on 6/2015. The project is supported both 
by ALERT funds, a graduate-student fellowship external to ALERT and internal support from the Notre Dame 
Center for Nanoscience and Technology.

C.2.  Year 2

C.2.a.  On chip heterogeneous integration of widely disparate wavelength MIR lasers

C.2.a.i.  Fabrication of OQP packaged modules

Ge-on-Si waveguide structures were coupled via OQP with a chip-
to-chip distance of ~10 μm. To reduce the chip-to-chip distance, a 
new design was proposed and Ge-on-Si waveguide OQP modules 
were fabricated and aligned via OQP with inter-chip distance, and 
was reduced from 10 μm to 4.6±1.1 μm and lateral misalignment of 
920±150 nm (see Fig. 5). Waveguide facets are prepared by deep 
reactive ion etching (DRIE), which at the same time releases the 
extended part of the Cu nodules used for the alignment. Cu nod-
ules show great stability in the etching process, with 50.2±0.7 μm in 
width (designed as 50 μm) and 52.9±0.7 μm spacing between nod-
ules (designed as 54 μm).

C.2.a.ii.  OQP characterization

To experimentally determine the optical coupling ef iciency of an aligned Ge-on-Si OQP chip, we used an FTIR 
system as the mid-infrared source of light. The FTIR has a broadband MIR global source and the emission 
coming out of it could be coherently guided from one of the side ports of the system. We used ZnSe plano-con-
vex lenses to focus the MIR beam to the facet of the Ge-on-Si waveguides. An image of the measurement set-
up is shown in Figure 3. A 3-axis manual translation stage was used to move the OQP sample so that the FTIR 
beam can be aligned properly to the facet of the waveguide. A mercury-cadmium-telluride (MCT) detector 

Figure 5: Separate Ge-on-Si waveguide 

chips aligned via OQP into a quasi-mono-

lithic integrated chip.
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was used to collect the light coming out of the other facet of the OQP chip, and the response of the detector 
was fed back to the FTIR system. The beam we used was a Gaussian, with a full width half maximum spot size 
of ~350 μm. To ensure we were only collecting coupled light, a 90 degree bend was incorporated in the Ge-
on-Si waveguide so scattered light and guided light exit the waveguide array perpendicular to each other. The 
bend loss has been modeled (see Fig. 6), and the device is currently under test to determine OQP coupling 
loss across arrays of waveguides.

C.2.b.  MIR spectroscopic imaging of trace explosives

We have recently begun MIR characterization and spectroscopic imaging of trace explosives samples. To be-
gin developing the MIR imaging system, we irst seek to optimize our system for peak sensitivity by perform-
ing MIR spectroscopic imaging using FTIR. Spectral analysis of the complete explosive (energetic material, 
binder and plasticizer) will yield the required laser spectra, tuning ranges, power spectral density and imag-
ing speeds for a required sensitivity and speci icity.
Trace samples (gloved thumbprints) of C4 (91% RDX) and Semtex-1A (76% PETN, 4.6% RDX) were deposit-
ed on bare car-body aluminum, car-body aluminum with car paint and clear coat and low-re lectivity plastic. 
Samples were provided by ALERT researcher Steve Beaudoin (R2-A.1 and D.1) at Purdue University. While 
the HEM components of C4 and Semtex (PETN and RDX) are commonly characterized in the MIR [4] on sim-
ilar substrates [11] and C4 is well characterized in laboratory settings [9], we seek to establish performance 
parameters of composite explosives on realistic substrates.
The experiment was set up so that the sample was illuminated at 45o by the FTIR and collected onto the MCT 
detector. Alignment was done by maximizing the output of the analog-to-digital converter (ADC) from the 
MCT. The sample used was C4 on a substrate of aluminum covered in automobile paint. The incoming beam 
from the FTIR was focused by a 1.5’’ lens to an elliptical spot with a major axis length of ~450 um and minor 
axis length of ~350 um. The FTIR spectrum was then obtained for the sample and normalized to bare alu-
minum.  Results are consistent with identical experiments previously published (see Fig. 7 on the next page) 
and is the irst step towards developing an imaging platform.

Figure 6: Normalized transmission for varying waveguide width.
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C.3.  Year 1

C.3.a.  On chip heterogeneous integration of widely disparate wavelength MIR lasers

C.3.a.i.  Fabrication process

In Year 1, we established the fabrication process for MIR OQP; a simpli ied wafer-scale fabrication low for 
alignment only is presented in Figure 8 on the next page. Deep wells formed at the die boundaries are illed 
with electroplated copper (see Fig. 8a-b). The copper overburden is removed via chemical mechanical pol-
ishing (CMP) (Fig. 8c). Ridge or rib waveguides are lithographically de ined and etched (Fig. 8d) and then 
die boundaries are de ined using deep reactive ion etching (DRIE) (Fig. 8e), exposing metallized contacts 
protruding from the edge facets (Fig. 8f). A second deep etch pattern forms narrow perforations along which 
subsequent die cleaving will occur, forming optically lat waveguide facets (Fig. 8g). Cleaving of waveguides 
is a commonly employed method for forming facets and we expect no special problems with carrying out this 
step. Use of perforations to guide the cleave line is not commonly done but is not unheard of [12] and has 
been done successfully at UND. The cleave line is positioned such that the nodules extend past the optical 
lats, enabling a nearly perfect coupling of the waveguides between sensor components. This is the central 

innovation of this proposal, and to our knowledge is unique to the UND process. 
Sensor die components can then be mated to each other for optical coupling and soldered for mechanical 
stability (see Fig. 8h). All processing steps are compatible with conventional semiconductor processing tech-
nologies that are already available at the Notre Dame Nanofabrication Facility (NDNF).

Figure 7: C4 on bare aluminum car door from this project (left) and screenshot of custom MIR explosives chemometric 

analysis and imaging tool developed by this project (right).
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Proof-of-concept devices on Si have been fabricated to determine minimum experimental tolerencing. Fig-
ure 9a shows a top-down view of two combined OQP modules. Lateral alignment between waveguides on 
separate chips results in a tolerance of ~ 1 micron. Processing Ge-on-Si waveguides and deep (> 50 micron) 
etched facets (Alcatel 601E inductively coupled plasma reactive ion etch (ICP-RIE)) has been demonstrated 
in Figures 9a and b.

C.3.a.ii.  OQP simulations 

Optical waveguide coupling requires precise lateral, vertical and axial alignment for high ef iciency coupling. 
Additionally, heterogeneous coupling between QCL waveguides and semiconductor rib waveguides with dif-
ferent mode geometries poses an additional challenge to direct waveguide coupling via OQP. To evaluate the 
proposed concept, estimate maximum coupling and develop a research strategy, OQP calculations were per-
formed using the inite-difference time-domain (FDTD) method [13]. This was achieved using MEEP, a freely 
available software package [14]. The results of these calculations are presented in [15] and summarized 
further herein.

Figure 8: Process fl ow for OQP: (a) defi ne trenches; (b) electroplate copper; (c) chemical mechanical polish (CMP) cop-

per; (d) lithographically defi ne and etch optical components; (e) expose nodules via DRIE; (f) place perforation for 

cleave with DRIE; (g) cleave to separate die; and (h) mechanically combine chips.

Figure 9: Example proof of concepts microfabricated OQP structures fabricated at UND. (a) Two separate OQP wave-

guide modules combined into a single quasi monolithic integrated device (see Fig. 3h for reference). (b) Front facet of 

a Si-on-Ge waveguide structure. (c) Demonstration of Si wafer surface (dark) and DRIE etched facets (light) with surface 

roughness << λ.
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C.3.a.iii. Dependence of waveguide coupling ef iciency on axial gap distance

Transmission between a typical QCL ridge waveguide [16] and  a 
single mode, Ge-on-Si rib waveguide [17] was simulated for λ = 8 
μm light. The inter-chip separation varied from 0 (contact) to 10 
μm. Coupling ef iciency was de ined as the ratio of lux at the output 
of the Ge-on-Si waveguide normalized to that of a continuous QCL 
waveguide of length equal to that of the two waveguides combined. 
Simulations include re lections at all interfaces, modal mismatch 
between waveguides and beam divergence. The results of the cal-
culations are shown in Figure 10. Transmission, as a function of 
the inter-chip gap, shows a sharp decrease in coupling ef iciency 
as the waveguide separation increases from 0 to 2 μm. Please note 
that even with a gap of up to 4 μm, which we expect to be easily 
achieved, the worst loss will be 6 dB, a value that is at least as good 
as conventional off-chip coupling schemes that are sensitive to me-
chanical instabilities and require external free-space optics [18]. 
Coupling ef iciency can be further increased by illing any gap with a material that reduces the air-semicon-
ductor index of refraction mismatch. Arsenic trisul ide (As2S3) chalcogenide glass (index of refraction of ~2.4 
in the MIR [19]) is a popular optical material in the MIR  [20–25] and is compatible as a spin-on material. Cal-
culations show illing a 10 μm gap between a QCL and Ge-on-Si waveguide with As2S3 glass results in a 600% 
improvement in coupling ef iciency. As2S3 spin-on glass is compatible with the OQP process and provides a 
conformal coating on waveguides. Combining these two technologies yields high-ef iciency, direct coupling 
between two different waveguides on separate die.

C.3.a.iv. Dependence of the waveguide coupling ef iciency on the lateral/vertical alignment

Conventional QP offers the precise lateral alignment necessary for OQP. Calculations show that the lateral 
alignment tolerance between a QCL and silicon-on-insulator (SOI) waveguide may be as high as ~3-4 μm and 
should be similar for other types of waveguides. This is easily within the range of QP, which recent unpub-

lished results at UND have demonstrated alignment on the order of 
0.5 μm. Although the alignment tolerance of OQP is already accept-
able for the project, waveguide mode shaping can render the cou-
pling ef iciency less sensitive to alignment issues. For example, Fig-
ure 11 shows simulations of a λ = 8 μm QCL waveguide coupled to 
a Ge-on-Si ridge waveguide normalized to zero lateral offset. With 
no mode shaping, a lateral offset of ~2.5 μm would produce 1 dB 
of loss, while a horn-shaped geometry has a tolerance of 3.5 μm for 
1 dB of loss. Both are within the tolerance limits for sensors based 
on OQP, and waveguide mode shaping serves as a complementa-
ry strategy to decrease coupling loss. Vertical alignment is also 
crucial to high coupling ef iciency. Simulations show that vertical 
alignment tolerance must be < 2 μm for 1 dB insertion loss and is 
within the tolerance of precision polishing of the chip substrates or 
epi-down (i.e., “upside down”) packaging.

D. Milestones

The following milestones still need to be achieved for the project to reach its objectives.

Figure 10: Coupling effi  ciency versus gap 

distance from a λ=8 μm InP QCL to a Ge-

on-Si waveguide.

Figure 11: Coupling effi  ciency versus hori-

zontal misalignment for a λ=8 μm InP QCL 

to a Ge-on-Si waveguide.
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D.1.  On chip heterogeneous integration of widely disparate wavelength MIR lasers

1. Year 3: Demonstration of ef icient chip-to-chip coupling of passive MIR waveguide arrays.
2. Year 4: Demonstration of chip-to-chip coupling of MIR QC laser arrays (from EOS Photonics) to pas-

sive MIR beam combining arrays.
3. Year 4: Characterization of beam quality of integrated modules. Proof of concept demonstration as a 

single on-chip spectrometer suitable for trace explosives detection.
4. Year 5+: Development of translational toolkit for commercialization in collaboration with industrial 

partners Indiana Integrated Circuits (quilt packaging) and EOS Photonics (MIR laser manufacturer).

D.2.  MIR spectroscopic imaging of trace explosives

1. Year 3: Microspectroscopic imaging of trace explosives using FTIR. PCA to determine spectral ranges 
for ef icient detection using laser-based system and establish preliminary con idence intervals, sen-
sitivity and speci icity using explosives samples on realistic substrates.

2. Year 3: Time multiplexed (laser scanning) and frequency multiplexed (spatial frequency scanning) 
imaging with QCL system using analysis established with FTIR studies. Incorporate frequency mul-
tiplexed microscopy [8] and/or spatial frequency modulation for imaging [26].

3. Year 4: Incorporation of OQP MIR laser modules with time and frequency multiplexed imaging sys-
tem.

4. Year 5: Development of ield testing of devices within ALERT.
5. Year 5+: Development of translational prototypes in collaboration with Tanner Research, EOS Pho-

tonics, Morpho Detection.

E. Future Plans

Over the next year, we will undertake the following research plan to achieve the above milestones.

E.1.  On chip heterogeneous integration of widely disparate wavelength MIR lasers

1. Regarding the demonstration of ef icient chip-to-chip coupling of passive MIR waveguide arrays, we 
will continue device characterization by coupling broadband MIR light from an FTIR and light from a 
λ~8 micron QC laser into a passive Ge-on-Si MIR waveguide. Coupling ef iciency will be determined 
by measuring the quality factor of the Fabry-Perot fringes produced at the OQP interface as well as 
comparing to identical waveguide structures without OQP.

2. For the demonstration of chip-to-chip coupling of MIR QC laser arrays to passive MIR beam combin-
ing arrays, the laser arrays provided by EOS Photonics will be packaged via OQP to Ge-on-Si wave-
guide arrays using fabrication techniques developed in this project. Beam quality will be character-
ized; new output facet geometries will be developed to optimize beam quality for trace explosives 
imaging (e.g., three-dimensional horn geometry). 

E.2.  MIR spectroscopic imaging of trace explosives

1. Regarding microspectroscopic imaging of trace explosives using FTIR, PCA will determine spectral 
ranges for ef icient detection using laser-based system and establish preliminary con idence inter-
vals, sensitivity and speci icity using explosive samples on realistic substrates. We will continue to 
employ hyperspectral microscopic imaging of trace explosives samples and perform previously es-
tablished analysis techniques to determine the PCA components most relevant to MIR hyperspectral 
imaging. 
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2. Time multiplexed (laser scanning) and frequency multiplexed (spatial frequency scanning) imaging 
with QC laser system using analysis established with FTIR studies will incorporate frequency mul-
tiplexed microscopy [8] and/or spatial frequency modulation for imaging [26]. We will build and 
characterize the spatial light modulation system described above to be used with a QCL. The QCL 
will be chosen to operate in the speci ied wavelength band from our preliminary studies and consis-
tent with previous literature and ALERT collaborator indings. We will test the MIR imaging system 
on spectroscopic markers (acetone, methanol) on substrates.

3. Preliminary test-bed imaging will occur in collaboration with Prof. Jeffery Rhodes (R2-B.2). Imaging 
systems will be designed for evaluation within the conveyer-belt test-bed. This con iguration will 
require a line-scan imaging while targets are translated normal to our illumination line.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

EE60568: “Fundamentals of Photonics” has been signi icantly reworked to include several lectures on the 
fundamentals of absorption spectroscopy, re lection based imaging and polarimetric imaging. Enrollment is 
now 15 graduate students from several departments including electrical engineering, mechanical and aero-
space engineering, chemical engineering and chemistry. Both ALERT students in this project and the students 
working with Prof. Anthony Hoffman (R2-C.3) have taken this course.

B. Interactions and Outreach to K-12, Community College, Minority Serving Instituion Students or Faculty

As part of the “National Robotics Week” event on April 27, 2015, at the University of Notre Dame, our group 
organized and ran an exhibit on infrared remote sensing and spectroscopy for each year of ALERT funding 
(see Fig 12). There, we made various musical instruments out of infrared range inders to demonstrate the 
concepts of infrared light and sensing to >500 middle school students and their parents.

C. Other outcomes that relate to educational improvement or workforce development

Two PhD graduate students in electrical engineering are progressing towards graduation and are supported 
by this project. David Benirschke is a second-year, domestic PhD student speci ically recruited for this pro-
ject. Although he only joined the group a few months ago, he has taken on a leadership role in this project. He 
has coordinated acquiring trace explosive residue samples, developed and characterized MIR spectroscopic 
imaging platforms and has written chemometric analysis tools for MIR explosives imaging. He has devel-
oped a speci ic interest in tackling the dif icult technological challenges and has shown initiative developing 

Figure 12: National Robotics Week outreach event.
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his own solutions. Additionally, Tahsin Ahmed is a ifth-year PhD student developing expertise in photonics 
semiconductor fabrication and device characterization to develop optical sources for MIR spectroscopic im-
aging of explosives. By leveraging his expertise, the fabrication component project was accelerated.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. Detection of trace explosives on a variety of substrates. Detection of ilms less than 500 micron thick, 
on the order of few millimeter wide.

2. Development of electronically tunable, wide bandwidth, narrow spectral line sources for MIR im-
aging and sensing. Single output port span 100 wavenumbers in the MIR with sub 1 wavenumber 
resolution.

B. Potential for Transition 

End user applications include incorporation of both the laser module and imaging systems in a variety of 
screening locations. Portable (deployed with security personnel) and ixed device (e.g., integrated with docu-
ment scanners, cargo/luggage processing) are being developed to both quickly identify potential threats and 
to aid in the detailed diagnostic of potential threats.

C. Data and/or IP Acquisition Strategy

No outside data required; we have access to required IP.

D. Transition Pathway

Research will reach the end users through commercialization of both MIR laser sources (to be applied to 
several security enterprises, including gas detection, as in R2-C.3 led by Prof. Anthony Hoffman) as well as in 
the MIR imaging platform technology. We are currently collaborating with two commercialization partners 
that are in the defense and homeland security space: Indiana Integrated Circuits and EOS Photonics. Indiana 
Integrated Circuits is licensing the OQP technology and has submitted several DoD SBIR/STTR calls to further 
commercialize OQP for a variety of defense and security applications. We anticipate integration of OQP with 
EOS Photonics laser arrays for MIR characterization of explosives. Due to our existing partnerships, OQP MIR 
modules can be provided within a relatively short time frame (< 3 years) upon successful demonstration and 
characterization. Scanning imaging systems require more development and have additional technical risk, 
and thus require additional time before being available to end users (>5 years).

E. Customer Connections

• Indiana Integrated Circuits, LLC. Contact: President Jason Kulic. jason.kulick@indianaic.com. Monthly 
meetings.

• EOS Photonics. Contact: President Mark Witinski witinski@eosphotonics.com. Quarterly conference call
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V. PROJECT DOCUMENTATION

A. Other Presentations

1. Poster Sessions
a. Ahmed, Tahsin, et. al, “Optical Quilt Packaging for Integrated Hyperspectral Sources” Adv. Diag-

nostics and Therapeutics, (2015).

B. New and Existing Courses Developed and Student Enrollment

New or 

Existing

Course/Module/

Degree/Cert.

Title Description Student                    

Enrollment

Existing Course Fundamentals of 

Photonics

Graduate course in photonics, includ-

ing the fundamentals of absorption 

spectroscopy, refl ection based imag-

ing, and polarimetric imaging

15

C. Technology Transfer/Patents

1. Patent Applications Filed
a. “Method and Device for Highly Accurate, Self-aligned Inter-chip Optical Waveguide Coupling”, 

United States Utility Patent Applications S/N 14/158,079 and S/N 14/158,156; January 18, 
2015, licensed.
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