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ABSTRACT

Conventional mid-infrared (mid-IR) Fourier transform infrared (FT-IR) spectroscopic imaging systems employ an
incoherent globar source and achieve spectral contrast through interferometry. While this approach is suitable for many
general applications, recent advancements in broadly tunable external cavity Quantum Cascade Lasers (QCL) offer new
approaches to and new possibilities for mid-IR micro-spectroscopic imaging. While QCL-based devices have yet to
achieve the wide spectral range generally employed by spectroscopists for molecular analyses, they are starting to be
used for microscopy at discrete frequencies. Here, we present a discrete frequency IR (DFIR) microscope based on a
QCL source and explore its utility for mid-IR imaging. In our prototype instrument, spectral contrast is achieved by
tuning the QCL to bands in a narrow spectral region of interest. We demonstrate wide-field imaging employing a
128x128 pixel liquid nitrogen cooled mercury cadmium telluride (MCT) focal plane array (FPA) detector. The resulting
images demonstrate successful imaging as well as several unique features due to coherence effects from the laser source.
Here we discuss the effects of this coherence and compare our instrument to conventional mid-IR imaging
instrumentation.
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1. INTRODUCTION

Infrared (IR) spectroscopic microscopy is a widely-used technology for achieving chemical contrast at the micrometer
scale. Modern instrumentation combines mid-infrared vibrational spectroscopy, microscopy and wide-field detection'
and has been shown to have broad applications, including in polymer science,” cancer histopathology,’ drug diffusion
studies,’ analyses of trace gasses,” and tissue engineering.’ The basis of this approach relies on the property that many
functional groups in molecules have resonant frequencies in the mid-IR spectral range (2-14 pm). The absorption
spectrum is a chemical signature that contains contributions from each of the different functional groups constituting the
molecules and can be used to create contrast in the image thus providing direct material identification and alleviating the
need for external contrast agents or chemical dyes.

One approach to chemical imaging is Fourier transform infrared (FT-IR) spectroscopy. The powerful advantage of FT-IR
spectrometry for imaging is in the ability to multiplex signals via interferometry, which allows for the full intensity of
the source to be used at all wavelengths therefore resulting in a multi-fold advantage in sensitivity and resolving power
when compared to other methods of achieving spectral resolution.” FT-IR spectrometers typically employ a globar
thermal source which is simple, stable, and low cost. Its broadband emission profile has sufficient intensity for many
applications. The most recent improvements in IR spectroscopic imaging continue to be driven by the development of
larger format multiple-element linear and focal plane array (FPA) detectors, which require use in a careful manner.®
Dividing the total flux of a globar source over an increasing number of detector array elements is a system limitation;
therefore, higher flux sources have potential to offer major improvements in imaging performance. The use of a
synchrotron source,” for example, has enabled faster high-definition IR imaging compared to a laboratory setup.'’
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Quantum Cascade Lasers (QCL), first developed in the 1990s,'" are now becoming commercially available in a variety
of packaging options and wavelength regions. They are often designed as an external-cavity laser that utilizes an
adjustable grating for spectral selection of tunable discrete frequencies (DF).'> QCLs can emit extremely narrow spectral
line widths less than 0.01cm™ with wavelength dependent intensities averaging over 100mW, far exceeding that put out
by a globar source, while functioning at room temperature in a comparatively compact package."” Additionally, newer
QCL models are rapidly being developed with larger tunable ranges.'* QCLs have been reported in a variety of studies
investigating their use in IR spectroscopic analysis,>'*'™'® microscopy,'® and imaging.***'

While there are examples of using lasers for spectroscopic imaging, these are usually prevalent at either macro (> 1 mm)
or nanoscale (~ 10 nm) resolution. The ratio of the wavelength to feature size, hence, is either very large or very small in
these cases. Wide-field microscopic imaging in the mid-IR using a coherent laser source, where the feature sizes in the
image are approximately of the same order of magnitude as the wavelength, presents new challenges.'® While challenges
in understanding data in a microscope using an incoherent source have been recently addressed,”***** the spatial
coherence in using QCLs will require careful interpretation of the data. In particular, the introduction of interference
patterns that will appear as either laser speckle or edge fringing caused by the physical structures in the sample, need to
be carefully understood. Furthermore, the tunable range of a single QCL only covers a relatively small region of the mid-
IR spectrum. In order for meaningful spectroscopic analysis of tissues and other materials, multiple QCL units will be
needed to cover the spectral range typically utilized in FT-IR spectroscopy. Accuracy and stability in beam tuning and
power output will also be important areas of investigation. In this manuscript, we report on our initial efforts to
characterize and demonstrate the feasibility of QCL sources for discrete frequency infrared spectroscopy and
microscopy.

2. EXPERIMENTAL

2.1 Instrumentation
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Figure 1. Schematic of the QCL-based wide field imaging components configured in transmission mode

The instrument we have developed in-house is schematically illustrated in Figure 1. It uses a tunable QCL (Daylight
Solutions, San Diego, CA), operable in continuous wave (CW) or pulsed modes, with a frequency tuning range between
1570 to 1738 cm’, wavelength dependent power typically over 100 mW, and a laser linewidth of 0.003 cm™. Water
cooling maintains the laser at its optimal operating temperature of under 20° Celsius. The laser output is expanded to fill
the back aperture of the condenser via a series of optical elements. The optical system is comprised of a 0.56 NA
germanium glass alloy (Ge,sSb,Seqy) condenser and.an objective turret with interchangeable germanium glass alloy
lenses of numeric apertures of 0.56 and 0.85 (LightPath Technologies, Orlando, FL). This corresponds to effective FPA
pixel sizes of 2.5 um and 0.8 pm respectively. The lenses are coated with an anti-reflection coating (IR-3) that transmits
approximately 98% of the incident beam at the QCL’s center wavelength. Sample alignment and raster capabilities are
controlled with a precision microscope stage (Prior Scientific, Rockland, MA). The instrument is configured in
transmission mode with a liquid nitrogen cooled 128x128 pixel focal plane array (FPA) mercury cadmium telluride
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(MCT) detector (IRCameras, Santa Barbara Focal Plane, Santa Barbara, CA). A 0.5 NA reflective Schwarzschild
objective, oculars, and a CMOS camera were installed on the system for sample alignment.

2.2 Data Acquisition

To test the optical system, images were acquired for a USAF 1951 optical resolution target conforming to the MIL-STD-
150A standard. This target has been traditionally used to test the performance of imaging systems. The target was
patterned using SU-8 photoresist deposited at a thickness of 15 um and developed on a 2mm thick barium fluoride
(BaF,) substrate (International Crystal Laboratory, Garfield, NJ). The imaged patterns are the bars at group 5 element 1
which has a standardized bar width of 15.63 pm. Frames from the FPA were collected at 1610 Hz with an integration
time of 0.02 ms. The QCL was stepped through its entire frequency range from 1570 to 1738 cm™ in 0.5 cm™ steps, and
for each band, 1600 frames were recorded by the FPA and co-added to generate each image in the sequence. At each
wavenumber, the laser current was calibrated such that its detected power falls within the dynamic range of the FPA. The
same process was performed on a blank BaF, surface to create a background spectrum. At each wavenumber, a
background image was taken along with the target image. This was used to ratio out the spectral contributions from the
source, atmosphere, and other systematic elements in order to calculate the SU-8 absorbance spectrum. Absorbance was
then calculated by computing the negative base 10 logarithm of the target to background ratio.

Configuring the FPA and image acquisition was controlled by WinIR (IRCameras, Santa Barbara Focal Plane, Santa
Barbara, CA). The image sequences were then processed and visualized using custom scripts written in MATLAB (The
MathWorks, Nantucket, MA), ENVI (ITT Visual Information Solutions, Boulder, CO), and ImageJ] (National Institutes
of Health, Bethesda, MD).

The comparative FT-IR images were taken with a Varian 680-IR FT-IR spectrometer a 620-IR imaging microscope
equipped with a 0.5 NA reflective Schwarzschild objective (Agilent, Santa Clara, CA). The Varian system also uses a
liquid nitrogen cooled 128x128 pixel MCT FPA. The samples were measured at 2 cm™ spectral resolution with 32 co-
additions and the absorption spectrum was calculated based on a background frame obtained with a 128 co-additions.

3. RESULTS AND DISCUSSION

A comparison of images acquired with both the QCL and FT-IR imaging spectrometers are presented in figure 2. The
results were compared with images taken by a Varian FT-IR system at the same sample location illustrating the spatial
resolution of both systems at 1608 cm™. For this image the QCL based system used 0.56 NA germanium glass alloy
objective and a matching condenser, while the Varian was fitted with a 0.5 NA reflective Schwarzschild objective. The
image size over 128x128 pixels for the QCL instrument is approximately ~300 pm x 300 um in our designed system,
whereas the commercial system images an area of approx. ~ 700 um x 700 pm.

As expected from a coherent source, features at the edges of the bars are especially apparent in the QCL images. The
edge intensity at this wavenumber is roughly twice that of the actual SU-8 absorbance measurement from the center of
the bar. This is likely due to multiple reflections and scattering from the structures in the sample, which is significantly
more pronounced when using a spatially coherent source. In contrast, the absorbance profile is relatively flat across the
entire width of the bar in the FT-IR image. With the use of a coherent source, fringing is visible in the background as
well. Observing the 1710 cm™ and 1650 cm™ column images of Figure 4a, a broad semi-circular pattern is visible in the
top right quadrant of the image. Additional finer fringe structures are present especially in the lower left quadrant. The
magnitudes of these fluctuations are wavelength dependent.

Coherence effects can be seen more clearly in Figure 3 with images taken with a 0.85 NA objective with an effective
pixel size 0.8 um. The image of the target at group 5 element 3, with expected bar widths of 12.41 pm shows fringes
contoured around the edges of the SU-8 on the sample. Here, we also imaged two 10 um polystyrene spheres placed in
close proximity to one another such that the interference pattern of the fringes could be observed. The theoretical concept
behind this phenomenon is that, every pixel on the detector receives signal contributions from not only the corresponding
pixel at the sample plane, but also pixels around it with a radius depending on the coherence area.'” These electric field
contributions interfere depending on phase and the result is seen as fluctuating intensities by the detector. Therefore,
while these fringes may appear as noise, they actually contain structural information about the sample. A complete
theoretical framework is required to understand the meaning and utility of this additional information provided by the
QCL system in order to separate absorbance data from structural data.
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Figure 2. Absorbance images at 1606 cm™ of a 1951 USAF resolution test chart (group 5, element 1) acquired by a a) QCL
based system with a germanium glass alloy objective with a 0.56 NA, and b) Varian FT-IR system with a 0.5 NA
Schwarzschild objective. SU-8 has an absorbance peak at this wavenumber as shown in Figure 5. The second row shows the
profile across the horizontal SU-8 bars as indicated by the vertical line in the images. These absorbance values have been
normalized in order to compare the images.
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Figure 3. Interference patterns due to the effects of a coherent source a) SU-8 patterned USAF 1951 resolution target (group
5 element 3), and b) 10 um diameter polystyrene spheres. The plots show the absorbance profile across the image in the
region as indicated by the line. The effective pixel size is 0.8 um making the field of view 102.4 um in each dimension.

The SU-8 photoresist has distinctive absorbance peaks at 1608 and 1580 cm™ while BaF, is transparent across the mid-
infrared wavelength range. Figure 4 shows images at each of these absorbance peaks as well as images at 1650 and 1710
cm” where the spectral profile is flat. The lighter shading at 1608 cm™, indicating higher absorbance, is clear especially
in the numeric five in both the QCL and FT-IR rows. Figure 5 shows the absorbance spectra measurements of SU-8 from
the numeric five on the sample. This span from 1570 to 1738 cm™ represents the tunable range of the QCL with the data
taken at 0.5 cm™ resolution. The FT-IR spectral data displayed here is only a subset of the full range (3850-0 cm™ at 2
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cm’ resolution). These measurements demonstrate that a QCL based system can recover the SU-8 spectrum at these
positions. However, we observe significantly more spectral noise.

Noise has a drastic impact on the signal to noise ratio (SNR) of the spectra and, consequently, on the quality of images
acquired which lowers spatial and spectral quality, imaging speed, and the types of measureable samples. A contributing
factor to noise comes from power fluctuations in the laser which have been measured up to 1.2 percent. Furthermore,
laser speckle in the images has been measured at approximately 5 to 6 percent, though the effect is expected to be
strongly sample-dependent. These issues become worse at the limits of the laser’s tunable range as well as at select
positions where atmospheric water absorption is strongest. These challenges must be addressed to make full use of the
QCL’s high flux advantage over the globar source used in FT-IR spectroscopy.

1580 cm™ 1608 cm™ 1650 cm™ 1710 cm™’

FT-IR
(b)

Figure 4. Absorbance images at select wavenumbers of a SU-8 patterned 1951 USAF resolution target (group 5, element 1)
acquired using a) a QCL system equipped with a 0.56 NA objective, and b) a Varian FT-IR system with a 0.5 NA objective.
The target consists of a SU-8 photoresist pattern on a BaF, substrate. SU-8 has absorbance peaks at 1580 cm™ and 1608 cm™
which can be seen by the lighter shading within the bars.
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Figure 5. Absorption spectra of SU-8 photoresist measured by a QCL system and Varian FT-IR system at 0.5 cm™ and
4 cm’! spectral resolutions respectively. The spectra were calculated from a 3x3 pixel averaged window from the data shown
above in Figure 4 and the values have been normalized for comparison.
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The QCL model used in this instrument has a tunable wavelength of 168 cm™ centered at 1650 cm™. This entire range
corresponds to just a single band (Amide 1) found in tissues. Therefore, this instrument is not equipped to perform tissue
diagnostics as imaging at multiple bands is required to provide contrast. The mid-infrared range spans roughly 4000 cm™
and multiple QCL devices would need to be multiplexed together for adequate coverage. Even then, a full range
measurement would not be feasible while FT-IR spectrometers are readily available. However, for sample diagnostics
and imaging purposes, most the spectral data taken is not actually used; only a few spectral bands are needed to provide
contrast.” In this case, however, an FT-IR spectrometer would first need to survey the spectrum and identify the spectral
bands of interest. Then, a few separate QCL devices will tune to these bands and provide the spectral contrast required.
Matching them to work in a seamless multiplexed configuration is an area of further development.

4. CONCLUSION

We have demonstrated the use of QCLs as a source for discrete frequency mid-infrared wide-field imaging. Their narrow
spectral linewidths tunable to wavenumbers and high intensity emissions have many advantages to the globar source
typically used in FT-IR spectroscopic imaging. The intrinsic properties of the QCL, especially the high spatial and
temporal coherence, generate images that contain both absorbance (chemical) data as well as structural information and
will require careful interpretation. The spatial resolution of the QCL system is competitive to that of a commercial FT-IR
instrument, although more development is required to improve the noise characteristics in the spectral data. The
advantage of a QCL based system lies with single wavelength measurements where it offers imaging speeds and
intensities far higher than what a FT-IR instrument can provide.
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