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l. INTRODUCTION AND SUMMARY OF ACCOMPLISHMENTS

This AFOSR grant, initiated by Dr. Howard R. Schlossberg in 2014, has been dedicated to the
pursuit of new sources of optical and UV/VUYV radiation and their applications. We are pleased to
report to AFOSR that the past five years of research have proven to be quite productive, yielding
several developments that appear to be of significant value to the Air Force. Highlights of this

research program include:

1. The conception and development of a laser whose output comprises literally thousands of
microlaser beams. In the far field, these beams combine to form a single beam of low
coherence and virtually no speckle. Such a laser has been pursued for decades by the optical
community and is ideal for high spatial and temporal resolution LIDAR.

2. The discovery and development of biomolecular lasers, including R-Phycoerythrin and
Flavin Mononucleotide. Both are compatible with human tissue and open the door to
microlasers suitable for biomedical diagnostics within the human body.

3. Demonstration of the first dynamic, 3D plasma photonic crystals and their operation in the
100-300 GHz region. These crystals have been shown to be well-suited for communications
in the mm-wave and THz spectral regions as dynamic filters, reflectors, and resonators for
large bandwidth, multichannel communications. We believe these devices will enable new
communications systems in this important spectral region.

4. The first observation of laser fractal modes. Such modes are fundamentally different from
the Gaussian modes on which lasers have invariably relied upon for decades.

5. Demonstration of lamp-driven photolithography at 172 nm. Features as small as 350 nm
have been fabricated in polymers with a VUV lamp developed with Illinois microplasma
technology.

6. Discovery and development of microplasma-assisted atomic layer deposition (MALD).

7. Efficient and scalable alkali-rare gas lasers in the 780-852 nm region have been developed.

In addition to these technical accomplishments, 29 U.S. and international patents have been
received during this grant. Every one of these patents acknowledges AFOSR as the sole supporter
of the results being patented. Finally, technical articles have been published in high quality journals

as a result of this grant. Once again, each article credits AFOSR as the source of support.
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1. BRIEF DESCRIPTION OF SEVERAL HIGHLIGHTS

In this section, a few of the highlights listed above are described briefly. Details regarding these
and other accomplishments can be found in the publications listed in Section I11.

A. Laser Resonator Emitting Fractal Modes and Multiple Beams

One of the major accomplishments realized in this research program is the demonstration of a
new form of laser resonator that is capable of emitting fractal laser modes and beams comprising
literally thousands of microlaser beams. The concept of embedding micro-refractive elements in
conventional laser resonators has been studied extensively throughout the duration of this grant
and has resulted in several entirely new resonator architectures. By pixelating the transverse plane
of a two-mirror optical resonator with arrays of microspheres or commercial microlenses (Fig. 1),
a single millimeter-scale cavity can produce hundreds or thousands of separate laser beams.
Hermite-Gaussian, Laguerre-Gaussian, and Ince-Gaussian transverse modes with indices ranging
from zero to more than 30 have been observed routinely. In addition, numerous “hybrid modes”
have been observed that have not been reported previously in the literature, presenting the
possibility of generating new modes that are well-suited for specific propagation, sensing, or

optical trapping applications.

Fig. 1. A variety of low- and high-order transverse modes obtained from Fabry-Pérot laser
resonators stabilized by microspheres (left) and a commercial lens array (right). The spheres can
be readily assembled into large arrays consisting of hundreds or thousands of individual beams.
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Instead of limiting experiments to only static, inanimate lenses, living cells were also used to
pixelate the optical resonator. Laser oscillation was observed when Chlamydomonas reinhardtii—
a single-cell, phototactic algae—stabilized a dual-chamber optical cavity after moving into the
active volume (Fig. 2). Because the laser resonant mode profile is sensitively dependent on
refractive index variations of the lens, real-time phase information of the organism can, in

principle, be extracted from information encoded in the laser emission spatial profile.

Fig. 2. C. reinhardtii algae acting as a stabilizing lens inside a dual-chamber laser cavity.

A key feature of this new laser resonator is that a Gaussian laser beam is generated at every
microsphere (or other refractive element) in the array situated within the laser resonator.
Consequently, beams produced by these optical cavities comprise literally thousands of microlaser
beams from a common aperture. Such a laser is much more than a laboratory curiosity, however,
because the phases of the individual microlaser beams vary randomly with respect to those of the
other microlasers. The result is that the composite laser beam is completely incoherent and, thus,
free of speckle. That is, this new optical source is a laser in every respect except that its phase
properties are those of an incoherent source. Many research groups have pursued the development
of a speckle-free laser sources for more than 5 decades. Unfortunately, all of these efforts have
been of limited success and many have relied on mechanical solutions. The laser developed under
this AFOSR grant allows for the degree of coherence of the composite beam to be varied
continuously by simply varying the number of microlaser beams contributing to the whole. Figure
3 is a photograph of the rotor in a turbomolecular vacuum pump that has been imaged with an
array of more than 2000 microlaser beams. The laser array was pumped by the ~8 ns pulses
produced by a frequency-doubled, Q-switched Nd:YAG laser. Although the pump is in operation
and rotating at more than 50,000 rpm, the image of Fig. 3 is free of motion blur and offers a spatial

resolution of ~100 um. The characteristics of this imaging laser are far superior to those of past
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“speckle-free” sources (such as random lasers) and we recommend that this laser be employed for
imaging high speed phenomena of interest to the Air Force such as operating jet engines. With this
new tool, it may be possible to diagnose jet engines while in the field. That is, engines can be
observed under full operating load, allowing for mechanical stress or impending failure to be
observed directly without the need for removing the aircraft from service. Consequently, this laser
could significantly reduce the cost and time normally required for periodic inspection of jet

engines.

Fig. 3. Optical image of a turbomolecular vacuum pump, operating at 50,000 rpm and viewed from
a distance of 2.5 m. Notice the absence of motion-blur because this image was recorded with a
single, ~8 ns pulse from a speckle-free laser comprising more than 2000 microlasers.

B. Efficient Alkali-Rare Gas Lasers and Amplifiers Operating in the 780-852 nm Spectral
Region

Our laboratory has conducted spectroscopic studies of alkali-rare gas mixtures for a number of
years and, during this AFOSR grant, we have leveraged that experience to demonstrate a new
family of alkali-rare gas lasers that operate in the near-infrared region. For the sake of brevity,
Fig. 4 shows data for a Cs-Ar laser system normally pumped at 836.7 nm, the peak of the blue
satellite of the D2 line in Cs-Ar mixtures. This vapor-phase amplifier is pumped by the

photoassociation of Cs and Ar atomic pairs, and power is extracted efficiently from the
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electronically-excited, Cs-Ar* diatomic complex. The pump and probe beams are nanosecond
pulses with durations of 8 ns and the two beams are spatially and temporally overlapped. A Cs-Ar
cylindrical gas cell has a gain length of 10 cm and the pump and probe beams traverse the cell only
once. As shown in the gain spectrum on the right side in Fig. 4, optical amplification occurs over
~0.4 nm on the red wing of Cs D2 line. The broadening of the gain spectrum results from the
interatomic potential curves, not the result of pressure broadening of the resonance line which is
on the order of 0.01 nm (FWHM). The circular polarization of the pump and probe beam allows
the effective population inversion to be increased and, consequently, raises the gain by 20% even
after compensating for the loss by two quarter-wave plates. The curve on the right side in Figure
4 shows the amplifier efficiency versus pump energy. At the pump energy of 5 mJ, the optical-to-

optical efficiency reaches 28% and the corresponding total efficiency is 11 %.
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Fig. 4. (Left) Amplified probe pulse energy shown versus the pump pulse energy. (Right) The
gain spectrum exhibits a large bandwidth of over ~0.4 nm (160 GHz), and peaking at 852.2 nm.
It also shows the dependence of the amplified pulse energy on the light polarization.

C. Discovery and Development of Biomolecular Lasers

Another major accomplishment realized under this AFOSR program is the discovery and
development of biomolecular lasers, and particularly those that are compatible with human tissue.
The first laser investigated was flavin mononucleotide (FMN) which is a derivative of Vitamin Ba.
The FMN laser cavity consisted of a Fabry-Perot cavity with a mirror spacing of 375 um. This

cavity was pumped with a pulsed, frequency-tripled Nd:YAG laser. The spectrum for FMN in
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water with a pump energy density of 300 uJ/mm? is shown below in Figure 5. The FSR for the

optical cavity was 0.325 nm which is consistent with the cavity spacing.

T T T T T I I
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Fig. 5. Laser spectrum for FMN and water as the solvent. However, when the solvent for FMN is
changed to a 1:3 ratio of FMN/glycerol/water, a noticeable blue shift occurs in the spectrum as
shown in blue in Fig. 6 presented below. The red curve in Figure 6 is the FMN/water spectrum,
shown for reference. The FSR of the new solvent with FMN is 0.302 nm for n=1.42913 which is
the refractive index for this particular mixture of glycerol and water at room temperature.
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Fig. 6. Laser spectra for 1:3 solutions of FMN/glycerol/water (blue) and FMN/water (red). The
inset is a magnified portion of the spectra. It can be seen that the glycerol introduces transverse
mode structure due to the microbubbles in the new solution which act as microlenses. As a result,
the Hermite-Gaussian modes are no longer degenerate.
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The laser spectrum obtained from the fluorescent protein known as R-Phycoerythrin is shown in

Fig. 7 below. This biomolecule is a member of the phycobiliproteins, which are fluorescent protein

pigments from blue-green and red algae. When extracted from the algae, phycobiliproteins can

retain their high absorbance and fluorescence in solution due to the dense packing of

chromophores. In this laser system, the phycobiliprotein subunit lies inside the protein R-

phycoerythrin. This protein was placed inside a Fabry Perot cavity of spacing 777 pum and was

pumped by the second harmonic of a pulsed, nanosecond Nd:YAG laser. The pump energy density

threshold for this laser was ~197 pJ/mm? and the peak energy was about 27 nJ. The spectrum for

this laser is given in Figure 7 which clearly shows 112 longitudinal modes separated by 0.18 nm

when pumped with an energy density of ~600pJ/mm2. These results represent the first

demonstration of lasing from a fluorescent protein pigment.

Relative Intensity
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Fig. 7. R-phycoerythrin laser spectrum observed when the molecule is pumped at about three
times above threshold. The 0.18 nm mode spacing corresponds to the cavity length of 777 pum.
The inset is a low-resolution spectrum that does not show longitudinal mode structure.
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Similar experiments with Red Fluorescent Protein (RFP) yielded the extensive laser
spectrum shown in Fig. 8. Fluorescent proteins serve as an important tool in biology. Specifically,
these proteins play a significant role in bio-imaging and help understand the study of in vivo
biomolecular processes. Using a mCherry recombinant as the red fluorescent protein for the gain
media in a Fabry Perot cavity with a mirror separation of 740um and pumping it with a frequency
double pulsed nanosecond Nd:YAG laser, the spectrum of Fig. 8 was obtained. In this spectrum,
128 longitudinal modes were observed, and lasing threshold was measured to be about 200
pd/mm?. These findings contain the highest number (by far!) of the longitudinal modes observed

for any biological laser. The frequency comb in Fig. 8 can allow for monitoring protein

AL=0.21 nm

Relative Intensity

I | 1 |
626 632 638 644 650 656
Wavelength (nm)
biomolecular interactions.

Fig. 8. Laser spectrum for RFP in the 626 — 656 nm region. More than 120 longitudinal modes are
clearly observed.

D. FRET Laser Using Biotin-Streptavidin Bioconjugates
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Forster resonance energy transfer (FRET) was first demonstrated in the 1960s as a
spectroscopic ruler at the nanometer scale by measuring the energy transfer from a donor molecule
to an acceptor molecule. This approach was applied to the donor-acceptor pair biotin-streptavidin,
a conjugate system offering one of the strongest known non-covalent interactions. The laser cavity
used Cy3-Streptavidin and Cy5-Biotin as the gain medium with a ratio of 2.25 between the
acceptor and the donor. The protein-ligand pairs were placed in a Fabry-Perot cavity with a mirror
separation of 1.2 mm and were also pumped with a pulsed Nd:YAG laser at 532nm. The spectrum
for this is shown in black in Figure 9.

In order to reduce the acceptor-donor ratio, the Cy5-Biotin complex was replaced by
biotinylated gold nanoparticles and the acceptor-donor ratio was decreased to 10, This reduction
in the acceptor-donor ratio corresponds to a higher FRET efficiency. The laser spectrum for this
is shown in Fig. 9. As one can see, there is a red-shift in the lasing spectrum which is consistent
with the surface plasmon resonance peak of the 100 nm gold nanoparticles.

Xpump = 532

<«— Cy3-Cy5

- -

- Cy3-AuNP

Relative Intensity

AL

609 612 615 618

Wavelength(nm)
Fig. 9. Laser spectra for the biotin-streptavidin FRET laser. The replacement of Cy5 with gold
nanoparticles (AuNP) red shifts and attenuates the original lasing spectrum. Replacing Cy5 with
Au nanoparticles resulted in a decrease in the acceptor-donor ratio and an increase in the pump
threshold. The threshold energy for the Cy3-Cy5 was ~75 pd/mm? while the Cy3-AuNp threshold
pump energy density was ~115 pJ/mm?,
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E. Photolithography and Photopatterning at 172 nm

Perhaps the most significant achievement of this AFOSR program is the discovery and
commercialization of a novel photolithographic technique utilizing flat microplasma lamps
emitting 172 nm radiation. This process allows for low cost, high resolution patterning of most
known polymers such as PMMA, PDMS, polycarbonates and many others. Complex, 3D
structures having features sizes of ~350 nm and below can now be directly etched into polymers
using the demonstrated technique, and optical elements such as gratings, phase masks, and Fresnel
lenses are easily fabricated. Figures 10 and 11 (shown below) present images of a Fresnel lens and
a complex nanostructure, respectively, both of which were fabricated in a polymer surface with a
172 nm exposure system. This technology has now been commercialized through the formation of
a company known as Cygnus Photonics. Manufacturing began more than 1.5 years ago and

multiple units similar to that shown in Fig. 12 have been sold worldwide.
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Fig. 10. (a) Optical image in plan view of a Fresnel lens fabricated in a polymer by 172 nm
photolithography, and (b) laser confocal profilometer image of a section of the lens. The overall
diameter of the lens structure is 1 mm and its focal length is 50 mm.

Fig. 11. Confocal laser profilometer scan of a complex nanostructure fabricated in the surface of
an acrylic sheet by multiple exposures of the polymer surface with 172 nm radiation. Obtaining
this structure required the rotation and translation of a single mask between exposures.

Fig. 12. Photograph of a compact 172 nm exposure system for fabricating patterned polymer films
on Si. This system is currently being manufactured by Cygnus Photonics of Champaign, IL, a
company formed as a result of this AFOSR program.

F. Microplasma-Assisted Atomic Layer Deposition (MALD)
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The last highlight of this AFOSR program that will be described here is the demonstration of
a new process for depositing nanoscale films by Atomic Layer Deposition (ALD). Figure 13 shows
diagrams of microplasma arrays that have been developed for the purpose of dissociating the
precursors responsible for film growth. Experiments to date have focused on the growth of
aluminum oxide when trimethylaluminum (TMA) and oxygen serve as precursors, and Fig. 14
presents scanning electron micrographs (SEMs) of alumina films grown onto patterned substrates.
Conformal films are grown on the side-walls of steep trenches, even for FIB-fabricated trenches
more than 3 um in depth. Figure 15 shows cross-sectional TEM images of the Si/silicon
oxide/alumina interface for films grown at 50 °C and with an 800 °C post-anneal process.

(a) (b)

Gas Inlet l Dielectric  Top Electrode

Microcavity Array ~ ALOs

iExhaust l

[ ]

Y,
(I
[

Substrate

Fig. 13. Diagrams of the 50 x 20 microcavity plasma array and enclosure: (a) Diagram of the
assembled array structure, showing the precursor inlet tube at top, and the exhaust exiting
downward. A quartz window allows for the fluorescence from the microplasmas to be observed,;
(b) Cutaway view of the array structure (not to scale), illustrating the fabrication of the square
microcavities in nanoporous Al2Oz and the array pitch of 1 mm:; (c) Cross-sectional diagram of the
array, indicating the flow of the O2 precursor.

Because of the low film growth temperatures accessible with the MALD process, it is possible to
grow high quality films onto low temperature substrates. Figure 16 shows photographs of arrays
of gallium-oxide (Ga203) photodetectors fabricated on the polymer PET. The arrays are
undergoing electrical tests in a probe station, and Fig. 17 presents several of the measurements of
the photoresponse of the detectors, measured at several wavelengths in the deep-UV spectral

region. The result of these studies is that the MALD-grown UV photodetectors have characteristics
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(responsivity, dark noise, etc.) superior to those of detectors based on films grown by conventional
ALD.

(b)

Fig. 14. Scanning electron microscopy (SEM) images of Al203 nanofilms grown onto periodic
ridges and trenches in Si substrates. (a) SEM image of ~ 15 nm thick Al20s film, grown onto the
surface of a Si(100) wafer as well as into two adjacent trenches, and viewed slightly off the axis
of the resulting ridge; (b) End-on view of a single Si ridge onto which a 100 + 0.8 nm-thick alumina
film has been deposited at 50 °C by MALD; (c) Low resolution electron micrograph of a portion
of an FIB-machined series of tapered trenches fabricated in Si. A ~ 32 nm-thick Al203 film has
been grown onto this periodic structure; (d) Expanded view of the surface of one ridge from (c),
indicating the Al20s3 film thickness; (e) and (f) Magnified SEM views of two progressively-deeper
portions of one trench in panel (c).
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Fig. 15. (a) Cross-sectional TEM image of an amorphous Ga20s3 thin film grown on Si; (b) TEM
of a polycrystalline f—Ga20s3 thin film grown on Si with a post-anneal at 800 °C.

Fig. 16. Photographs of flexible DUV photodetector arrays with a convex/concave curvature,
undergoing testing in a probe station. The substrate is PET (plastic).
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Fig. 17. (a) 1-V characteristics of metal/Ga2Os/metal (MSM) film structures, designed for DUV
photodetectors, in the dark, and under 365 nm, 254 nm and 222 nm light irradiation; (b) Time-
dependent photoresponse of the MSM structure based a-Ga203/Si films under 222 nm UV
illumination with 2.5 s on/off period (b) Time dependent photoresponse of a-Ga203/PET based
MSM structure under 222 nm UV illumination with 2.5 s on/off period. (c) Measurement of

photodetector performance under 222 nm illumination before and after bending the photodetector
with a bending radius of 5 mm.
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