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Abstract

Micro-optical components — like lenses, diffraction gratings, and photon sieves find many
applications in optoelectronics devices such as display, scanners, imaging, and information
storage. In this thesis, we describe the design, fabrication and characterization of the micro-optical
components fabricated by laser processing method and using Zemax ray-tracing simulations,

measurement of optical beam profile, surface morphology and optical transmission efficiencies.

Plano-concave micro lenses were fabricated using a 355 nm wavelength pulsed picosecond
laser and CW CO- lasers. The plano-convex lenses were fabricated by picosecond laser micro
patterning followed by reshaping the patterned area using a CO2 laser melting. Plano-concave,
plano-convex and cylindrical lenses were fabricated, and their performance in terms of light
transmission efficiency, focal length, and beam divergences was characterized. A comparative

study of the micro lenses fabricated by different technique was also carried out.

Diffraction gratings were micro machined of about 10 pum period in sapphire using a 355
nm wavelength nanosecond pulsed laser and high NA objective lens. The fabricated gratings were
characterized in terms of diffracted beam profile, optical diffraction efficiency, surface
morphology, and depth profile of gratings when the laser was focused on the top surface and also
at the bottom surface of the sapphire sample. We also demonstrate the fabrication of a photon
sieve, a planar diffractive optical lens based on diffraction phenomenon on a sapphire substrate for

operation at 632 nm wavelength, and characterized the output beam profile of the focused beam.

Microscale (200um) glass sealing was achieved using a 1070 nm wavelength CW laser by
melting glass frit between glass plates at room temperature. The optical transmission and strength

of the glass bond was investigated and compared to the conventional furnace glass sealing process.



In summary, improved methods to fabricate micro-optical components with low cost, large

area, and low process times have been demonstrated with laser processing.
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1. Introduction

As imaging systems are getting extremely miniaturized, the need for high-efficiency micro-
optical elements is growing. This has drawn a lot of attention from researchers in various fields to
find new techniques to fabricate micro-optical elements such as micro lenses, diffraction gratings,
photon sieves, and micro scale hermetic sealing for optoelectronic applications. Recently, high-
power lasers have been used for the fabrication of micro-optical elements on optically transparent
materials such as fused silica, sapphire, and borosilicate glass. Lasers can provide high
temperatures at localized regions for the short-pulsed duration for surface patterning or in

continuous wave (CW) mode to melt glass.

1.1 Micro-lens array

Micro-lens arrays (MLAS) consist of many miniature lenses, like an insect compound eye.
They have lower image resolution and sensitivity than macro lenses, so they are more suitable for
fiber coupling homogenizers, laser beam shaping, light field cameras, LED light management, 3D
integral imaging, and increasing efficiency in photovoltaics. Due to broad applications, several
MLA fabrication techniques have been developed, such as photolithography, surface tension-
based curing, direct laser writing, thermal reflow, and embossing. MLAs can be either plano-
concave or plano-convex lenses. Concave MLAs have previously been obtained using
femtosecond laser pulses on fused silica followed by hydrofluoric acid etching [1][2], but this
process takes 50 minutes to form concave lenses for 1 in2. Convex MLAs are less commonly
produced with laser techniques but have broader applications. Direct laser writing [3], can obtain
convex lens but they still suffer from 60 minute process times for 1 in?. Thermal reflow and micro

nozzle printing [4][5] use photoresist, UV curable polymers, and other low-temperature materials



to develop a convex lens. Template mold imprinting [6] uses masks and ball end mill to form a
lens that adds process steps, and the CMOS compatible process [7] and can generate high-quality

micro lenses but add fabrication costs and process time.

In this thesis, we describe a process for concave lens formation using a pulsed picosecond laser
and a COz laser as well as that uses a picosecond laser for surface patterning and a CO: laser to
reflow the fused silica to form convex lenses. The described process eliminates masks and wet
chemical etching. This fabrication process provides MLAs with high light transmission efficiency,
cost-effectiveness, and process times as low as a few minutes for 1 in? area. We also provide a
comparative study of the lens formed using individual COzand UV picosecond lasers and compare

surface morphology, surface profile, and beam characteristics with simulations.

The scientific studies have included MLAs fabricated using pulsed and CW CO: lasers,
picosecond laser [8], femtosecond laser and CO. laser [9], short-pulsed CO- laser [10], for the
fabrication of beam homogenizers [11], and cylindrical micro lens [12]. All of the previous studies
lack a comparative performance analysis between pulsed and CW lasers. In this study, fabricating
micro lenses by picosecond and CO: laser and combining picosecond micromachining with CO»
melting allows us to perform a detailed performance comparison study of various types of lasers

fabricated convex and concave micro lenses reported in the literature.

1.2 Laser micro-scale processing of sapphire for diffraction gratings and photon sieve
Diffractive optical elements (DOEs) such as gratings and photon sieves provide a planar
alternative to traditional refractive lenses. DOEs operate on the principle of optical diffraction and
interference. The diffractive property provides improved chromatic aberration reduction for a large
wavelength spectrum. Many applications like space telescopes [13], imaging systems [14], fiber

waveguide coupling[15], and optical interconnects [16] can use diffractive optical elements.
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Fabrication of DOEs is commonly done by lithography [17] but, this adds multiple process steps

involving masks, increasing costs, and is typically a very slow process.

Micromachining by lasers will eliminate all of the process steps like photoresist, chemical
etching, mask fabrication and provide large-area processing, and lowers the cost significantly.
High power and short pulse width lasers [18][19] have been used for material surface patterning.
Using higher NA objectives, the feature sizes in the order of hundred nanometers to tens of microns

have been achieved [20].

Photon sieves are designed similar to Fresnel zone plates where the zones consist of
circular pin holes. Compared to zone plate optics, photon sieves provide focal points with high
suppression of higher order maxima [21]. Photon sieves can be designed for certain wavelength
[22] and the focal position can be controlled by changing the pin hole diameter and pin hole

distribution.

In this thesis, we describe the process of micromachining sapphire using UV nanosecond
pulsed laser, and provide data on surface morphology, beam profiles for diffraction gratings and
photon sieve. We also compare the results when the direct laser ablation is performed on the top

surface and on the bottom surface, when the laser passing the sapphire material.

1.3 Micro sealing of glass

Hermetic encapsulation is a primary requirement for components and devices such as
energy-efficient windows, OLED displays, and organic solar cells (OSC). Generally, any device
or material that degrades due to interaction with the external environment over time (i.e., oxidation
or moisture) would benefit from hermetic sealing. Laser sintering of glass frit for sealing glass

plates has shown to be a more efficient process [23][24] [25]. The amount of thermal energy used



and processing time for laser sintering is a fraction of the conventional furnace process [26]. Glass
frits are generally produced in the form of glass pastes, which are a mixture of glass powder and
solvents, binders, or fillers. Using different oxides, the coefficient of thermal expansion (CTE) and
transition temperature (Tg) of the frit can be controlled. The localized melting from laser radiation
should generate enough thermal energy to reach the glass transition temperature and create a melt

pool for glass bonding.

Laser-assisted glass frit bonding has been reported by several researchers, Emami S. [23]
work was on soda-lime glass bonding using CW laser of wavelength 1070 nm with process
temperature of 120 °C. For devices that cannot withstand high processing temperatures, Lorenz N.
[27] reported bonding in air and vacuum using a 200 W CW laser of wavelength 940 nm and
preheating treatment of the glass frit. Logunov [28] work was on multiple glass types that were
bonded using 30 W CW laser of wavelength of 810 nm and CW laser power of 400 W of
wavelength 940 nm. Logunov reported results on stress measurements and the effect on bond
quality due to laser spot size, glass thickness, and sealing speed. Similarly, Fernando R. [25] and

Ivanou D K. [29] work was on glass frit sealing for dye-sensitized solar cells.

Usually, an external heating source is used to reduce thermal shocks in the glass substrates
during localized laser irradiation. The lack of uniform thermal stress can lead to cracks,
delamination, and failures in the seal between glass plates. Also, glass plates themselves can crack.
Borosilicate glass is desirable for large-scale applications as well as could eliminate the need for

preheating and hence is the main focus of this study.



2. Experimental
2.1 Fabrication

2.1.1 Micro lens array fabrication

A 355 nm wavelength picosecond laser was used to inscribe arrays on fused silica. The UV
picosecond laser was a Spectra-Physics IceFyre 355-30, operated at 350 kHz pulse repetition rate,
30 W average power, and 10 ps pulse width shown in figure 1. The laser beam was directed using
the Sino-Galvo SG7210 system. The sample inscribing velocity was set to 1000 mm/s. The COz
laser was used for both to form lens arrays or remelt fused silica after the picosecond laser. The
CO: laser was Senfeng SF1390i which is a continuous wave (CW) laser with 150 W average power
and 300 um spot size, shown in figure 2. A Newmark e-track XY stage with 100 mm/s speed was

used to form MLA on the fused silica.

Galvo

Figure 1: Picosecond laser setup.



Figure 2: COz laser experiment setup.

2.1.2 Laser micro patterning of sapphire

A 355 nm wavelength nanosecond pulsed laser was used to inscribe arrays on sapphire.
The UV nanosecond laser was a Coherent Matrix 355-8-50, operated at 30 kHz pulse repetition
rate, 8 W average power, and 20 ns pulse width shown in figure 3. High Dynamics PIMag®
linear XY stages with 100 mm/s speed were used, and the laser beam was directed using the
Sino-Galvo SG7210 system. The sample inscribing velocity was set to 100 mm/s. A 15X

Obijective lens with 0.28 NA from Edmund Optics was used to focus the laser beam.
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Figure 3: UV nanosecond pulsed laser setup.

2.1.3 Laser-assisted micro-glass vacuum sealing

Glass frit sealing steps involve glass frit and glass plate selection (ensuring both have
similar CTE), glass frit deposition, and laser sintering for sealing. In terms of laser processing
parameters such as the laser wavelength, laser spot diameter, spot overlap must be appropriately

selected.

Glass plates of type Scott B270 with glass transition temperature (Tg) of 542 °C and CTE
of 94 x 1077 /°C with size (25x25 mm?) and 1 mm thickness were used in this study. The glass frit
powder without any solvent or binder was optically transparent and was purchased from the AGC
company. The frit has a glass transition temperature Tg of 471 °C, CTE of 72 x 10 /°C, and an

average particle size of 2.2 um.

The glass frit was made into a paste using isopropyl alcohol (IPA), and a 100 um thick
layer was deposited using a doctor blade method on to bottom glass plate. The top glass was placed
onto the glass frit and left at room temperature for 15 min for the IPA to evaporate, as shown in
figure 4. The samples were laser sintered on the aluminum block, which acted as a passive heat

sink during the process. The laser used was a quasi-continuous wave (QCW) near-infrared laser
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of wavelength 1070 nm, 0.1 ms pulse width, and 200 um spot size. The laser peak power was 1500
W at 100% power. The laser spot scanning was controlled by Galvo with an F-theta lens (SL-
1064-112-160Q). To ensure proper melting without additional preheating, laser scanning was done
with the fast scan and multiple times following the circumference and traveling to the center as

shown in figure 5, and the experimental setup employed in this study is shown in figure 6.

-
IR laser IR laser
1 Glass Plate
Glass Frit | \/
i
| QOO L > Glass Plate —— ——

Stage Figure 5: Direction of laser scanning.

Figure 4: Schematic of the laser glass sealing

Beam
Expander

CW 1070 nm laser

Figure 6: IR laser setup with heatsink.



2.2 Characterization

Newport LBP2-HR-VI1S2 beam profiler, S302C thermal power sensor, and 5mW He-Ne,
632 nm wavelength laser, were used to characterize the transmission efficiency and beam profile
shown in figure 7. FEI Quanta 650 Scanning electron microscope (SEM) was used to obtain
surface morphology. Zemax software was used for ray tracing and beam profile simulations. The
optical transmission measurements were done using a Varian Cary 5E UV-Vis-NIR
spectrophotometer, and the wavelength sweep was from 300-1200 nm. The glass seal strength was

measured using a Nidec force gauge with the setup shown in figure 8.

Force
Gauge
Bonded by strong
adhesive
Glass
’_f. Melted
Glass Frit

Figure 8: Quantitative adhesion test setup.



3. Results

3.1 Micro lens array properties

3.1.1 Concave lens fabrication by CO, laser

Figure 9: SEM image of concave MLAs using CO:z2 laser. (A) Individual concave lenses.

(B) Concave lenses with random overlap.

We fabricated concave MLA on fused silica by CO> laser irradiation. A 300 um diameter lens
shown in figure 9(A) was fabricated using a laser power density of 43.6 kW/cmz2 and an exposure
time of 0.5 seconds. Due to the periodic nature and small diameter of the micro-lenses, optical
diffraction rings were observed in the image of the transmitted beam. To eliminate diffraction
effects, the micro lenses were spaced randomly, as shown in figure 9(B). The CO: laser-induced
melting and solidification reshaped the surface into a concave form. The depth and radius of
curvature of the formed concave lens depended upon laser fluence and irradiation time. An

increase of time or irradiation fluence produced a higher radius of curvature.

The optical transmission efficiency for the CO. laser formed concave MLA was measured
as 90.8%. The Zemax software simulations of beam profile at 5 mm, and 10 mm away from the
lens are shown in figure 10(A, B). The beam profile for the transmitted light through the CO>

formed concave lens was measured at 5 mm, and 10 mm distances from the MLA surface, and the
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results are shown in figure 10(C, D). As the Gaussian beam passes through the MLA, the beam
expands and homogenizes. The measured divergence angle on the X and Y axis was 6.13° and

8.04°, respectively.
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Figure 10: Simulated beam profile of Gaussian beam after passing through the CO:

-0.54 0 0.54 1.085

fabricated concave MLA at various distances from the lens (A) 5 mm, and (B) 10 mm.
Experimentally measured beam profile after passing through the CO2 concave MLA at

various distances from the lens (C) 5 mm, and (D) 10 mm.
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3.1.2 Concave lens fabrication by picosecond laser

The concave MLA was fabricated using a picosecond laser. A 25 um wide diameter lines
were fabricated using a laser energy density of 4.66 J/cm? shown in figure 11(A). The lenses were
spaced randomly to eliminate diffraction effects. The SEM image of these lenses is shown in figure

11(B).

Figure 11: SEM image of concave MLAs using picosecond laser. (A) Individual concave

lens. (B) Concave lenses with random overlap.

The optical transmission efficiency for picosecond laser formed concave MLA was measured as
85.2%. The simulations of transmitted beam profiles at various distances from the lens of 5 mm,
and 10 mm are shown in figure 12(A, B). The experimentally measured optical beam profile at 5
mm, and 10 mm are from the concave MLA surface are shown in figure 12(C, D). The measured

beam divergence angle on the X and Y axis was 11.99° and 15.09°, respectively.
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Figure 12: Simulated beam profile of Gaussian beam after passing through the picosecond
laser fabricated concave MLA at various distances from the lens (A) 5 mm, and (B) 10 mm.
Experimentally measured beam profile after passing through the picosecond laser

fabricated concave MLA at various distances from the lens (C) 5 mm, and (D) 10 mm.

3.1.3 Cylindrical lens fabrication by combining picosecond and CO: lasers

The cylindrical lens was fabricated by inscribing periodic lines with 50 um spacing to form
vertical structures using the picosecond laser, as shown in figure 13(A). The vertical structures
formed by the picosecond laser were remelted to form a cylindrical lens using the CO2 laser with

a power density of 25.2 kW/cm?, as shown in figure 13(B).

The transmission efficiency for cylindrical MLA was measured as 86.7%. The simulations

of the optical transmitted beam profile at various distances from the lens of 5mm, and 10 mm are
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shown in figure 14(A, B). The experimentally measured beam profile of the transmitted beam at
various distances from the lens of 5 mm, and 10 mm and are shown in figure 14(C, D). The

measured beam divergence angle on the X and Y axis was 5.55° and 11.33° respectively.

cylindrical lenses after CO: laser melting.
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Figuré "14: Simulated béémmprléyi‘ilémof' ‘Gaussian beam after passing through the

cylindrical MLA at various distances from the lens (A) 5 mm, and (B) 10 mm.
Experimentally measured beam profile after passing through the cylindrical MLA at

various distances from the lens (C) 5 mm, and (D) 10 mm.

3.1.4 Convex lens fabrication by combining CO. and picosecond laser

The convex lens was fabricated by inscribing a perpendicular line array using a picosecond
laser to form square structures. The spacing between lines was 50 um. The pillar structures were
remelted using a CO; laser with a power density of 25.2 kW/cm? to form convex lenses. The SEM

image of the convex MLA is shown in figure 15.
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Figure 15: SEM image of (A) picosecond laser micromachined perpendicular line pattern.
(B) convex lenses after COz2 laser melting.
The measured transmission efficiency of convex MLA was 84.3%. The simulations of beam
profile after transmission through the lens at various distances from the lens of 5 mm, and 10 mm
are shown in figure 16(A, B). The experimentally measured beam profile at various distances from
the lens of 5 mm, and 10 mm are shown in figure 16(D, E). The measured beam divergence angle
on the X and Y axis was 13.35° and 15.56°, respectively. As the beam is passed through a convex

lens, the beam profile transforms into a square flat-top beam, as shown in figure 16(C, F).
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Figure 16: Simulated beam profile of Gaussian beam after passing through the convex

MLA at various distances from the lens (A) 5 mm, (B) 10 mm, and (C) flat top beam
profile after beam passes through MLA and convex lens. Experimentally measured
beam profile after passing through the convex MLA at various distances from the lens
(D) 5 mm, (E) 10 mm, (F) flat top beam profile after beam passes through MLA and

convex lens.
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Table 1. Comparison of lens parameter for various fabrication processes.

ps laser COg2 laser
ps+COz2 laser ps+CO2 laser
fabrication | fabrication
Parameter fabrication fabrication
(Concave (Concave
(Convex lens) | (Cylindrical lens)
lens) lens)

p-lens diameter (um) 55.94 421.94 63.74 24.39
p-lens height (um) 6.14 27.4 6.5 3.1
Measured Focal

-145.64 -1796.7 177.49 55.69
length (um)
Transmission

85.2 % 90.8 % 84.3 % 86.7 %
efficiency
Beam  divergence X:11.99 X:6.13 X:13.35 X:5.55
(degrees) Y: 15.09 Y: 8.04 Y: 15.56 Y:11.33
Fabrication time for

2 min 1 min 4 min 4 min
1-inch MLA

3.2 Laser micro patterning of sapphire

3.2.1 Fabrication of Diffraction gratings
Diffraction gratings patterns were micromachined on sapphire using nanosecond laser

passing through 0.28 NA objective lens. Diffraction angles can be calculated from,

d-sin® = m\

where, d is the line spacing, m is the order of maxima, A is the wavelength of the incident

light and © is the diffraction angle.
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Figure 17 shows patterned lines when the laser is focused on the top surface. The linewidth
measured was 4.47 um, and the line spacing was 6.38 um. Figure 18 shows the diffraction beam
pattern as He-Ne laser beam passes through the grating. The calculated and measured first order

diffraction angles were 3.12° and 2.26°, respectively.

Figure 17: SEM image of dlffractlon grating pattern when laser beam was focused on

the top surface.
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Figure 18: Diffraction grating beam profile for pattern fabrication on the top surface.

Figure 19 shows patterned lines as the laser beam is focused on the bottom surface. The
linewidth measured was 4.4 um, and the line spacing was 5.26 um. Figure 20 shows the diffraction
beam pattern as the He-Ne beam passes through the grating. The calculated and measured first

order diffraction angles were 3.7° and 3.4°, respectively.
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Figure 19: SEM image of diffraction grating pattern Whenlaser beam was focused on

the bottom surface.

Figure 20: Diffraction grating beam profile for pattern fabrication on the bottom surface.

3.2.2 Fabrication of photon sieve

The photon sieve was patterned on sapphire using nanosecond laser passing through 0.28
NA objective lens. Figure 21 shows SEM image of the photon sieve. Figure 22 (A) shows the
beam profile of He-Ne laser and figure 22(B) shows beam profile at 77 mm after passing through

the photon sieve showing the focused beam.
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profile after passing through the photon sieve, 77 mm from the photon sieve surface.
The 632nm wavelength CW laser beam FWHM was 425 um. The resulting focal point FWHM
and focusing efficiency were 112 um and 24.5%, respectively.
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3.3 Micro scale laser-assisted glass vacuum sealing

Two sintering methods were studied with different laser processing parameters, and the results
were compared with the conventional furnace process. Laser parameters with 200 um spot size
were set with 50 mm/s scan speed with 0.05 mm line spacing (TEST A). The second run was done
with a laser spot size of 200 pm, a scan speed of 200 mm/s, and a line overlap of 0.01 mm (TEST

B); this increased the spot overlap between lines.

Conventional glass sealing was done in a furnace, and the temperature cycle used is shown in
figure 23. A 100 um thick glass frit layer was deposited using the doctor blade method onto a glass
plate, and the temperature was raised to 250 °C and held for 1 hour to remove solvent from the frit.
The temperature was further raised to the transition temperature of the glass frit to 500 °C and held

for 5 hours, and finally, it was cooled at a rate of 10 °C/min.
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Figure 23: Temperature cycle for glass furnace melting.
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Figure 24 shows the optical transmission measurements for TEST A and TEST B, along
with the sample images. The reflection and scattering losses from glass to melted frit led to lower
transmission values. TEST A has 10 % transparency in the visible region due to incomplete overlap
between laser lines. TEST B has higher transmission 24 %, due to higher laser spot overlap
ensuring complete frit melting. Figure 25 (a, b) show an optical image of the furnace melted frit
and of TEST B sample, respectively. The trapped air pockets within the frit melt can be seen,
which caused light scattering and hence the lowering of the optical transmission. The line overlap

does not appear to be sufficient.
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Figure 24: Optical Transmission measurement for () TEST A and (b)TEST b.

The glass seal strength was measured for samples with laser sealing and furnace methods,
and the results are shown in figure 26. The seal strength between the two tests is close to 25 kN/m?.
At the same time, the seal strength by furnace was much higher at 78 MN/m?2. This preliminary
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study demonstrates the transparent glass frit sealing using laser melting process to control thermal

stress during the melting process, and crack-free samples were obtained.

Figure 25: Optical image of laser melted glass frit for (A) furnace melted glass

fritand (B) TEST B sample.

24



27000
1 " 26000 "
26000 i
25000 4 H 25000 1
25000 1 : 4
724000 | = 5424000 .
= i = H
23000 - %zsom . ]
= ] . g
2 22000 1 . - 222000 .
Z . : & :
L0y ! 210004 "
20000 - . i
1 ] [ 20000 -
190004 1 - ]
T T T T T 1 19000 T T T T T
42 43 H 45 46 47 48 57 58 50 60 o 61 62
Laser power % Laser power %

Figure 26: Seal strength measurements for (a) TEST A and (b)TEST B.
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4. Conclusions and Future Work

4.1 Conclusions

Firstly, we successfully fabricated concave MLA by picosecond laser ablation and also by CO-
laser as well as convex MLA by combining ps micromachining with CO> laser-induced melting
process. The fabricated MLASs had high light transmission efficiency of >84%. We simulated the
transmitted light beam profile for the MLAs at different distances from the lens using Zemax
software. A good agreement between the simulations and measurements was observed. The laser
fabrication process is faster, and can generate large area MLAS. The laser process can be applied
to other optical materials like sapphire, silicon, and Zinc selenide for the fabrication of micro

lenses.

Secondly, we successfully fabricated diffraction gratings in sapphire by nanosecond pulsed
laser ablation and measured the beam profile. A good agreement was observed between the
calculated and measured diffraction angle for gratings fabricated on top and bottom surfaces. We
also fabricated a photon sieve designed for 632.8 nm wavelength and studied the beam profile at

the focal point.

Finally, we have demonstrated laser sealing of glass plates using localized laser melting of
optically transparent and low-melting temperature (471 °C) glass frit without heating of glass
plates. The glass plate bond strength value of 25000 N/m? was achieved, and optical transmission

was 24 %.
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4.2 Future Work

4.2.1 Micro-lens
Although the MLAs have high transmission efficiencies, they can be further improved by
eliminating defects at the lens corners. Reducing the lens sizes and patterning a Fresnel lens can

provide lenses with much less radius of curvature and improve optical transmission efficiencies.

4.2.2 Micro-patterning

The current laser beam size can be used to fabricate optical devices in the IR range.
Using a higher NA objective, the gratings for the visible wavelengths can be realized. Using
current software, devices can be designed for visible and infrared spectrum. we can model and
fabricate photonic devices.

4.2.3 Micro-sealing

The lower optical transmission and bond strength can be improved by using lower glass
transition temperature (Tg) and transparent frit as from the results, we can observe better optical
and physical properties when the frit has more time to melt and flow before solidification. Lower
temperature requires less laser power to melt and eliminate any decomposition of the oxides and
lowering air pockets in the seal. Reducing the frit size through the ball milling process can also

have better results as smaller particles can be more densely packed, reducing air pockets.
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Appendix: Publications

A. Fabrication and Comparative Study of Micro-Lenses Obtained by Solid State Pico-
Second and CW CO2 Laser.
Narayana Raju Gottumukkala!, Caleb Barnes, and Mool C. Gupta!

!Department of Electrical and Computer Engineering, University of Virginia, Charlottesville,
VA 22904, USA

Email: mgupta@virginia.edu

Abstract

We report on fabricating plano-convex and cylindrical micro-lens array on fused silica by
patterned micro-machining using a 355 nm wavelength picosecond pulsed laser and reshaping
using a CW CO2 laser. We also fabricate plano-concave micro-lens array using picosecond pulsed
laser and CW CO- laser. We report the results on the surface morphology, optical transmission
efficiency, laser beam profile of transmitted light passing through the micro-lens, and transforming
arbitrary laser beam shape into a flat-top beam. Furthermore, we compare results with
commercially available micro-lenses fabricated by lithography process and discuss the advantage
of our fast and repeatable technique. We have also performed a comparative performance study of

plano-concave micro-lenses obtained by individual picosecond and CO> lasers.

Manuscript under preparation for submission to Journal of Applied Optics
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B. Fabrication and Optical Analysis of Diffractive Optical Elements by Nanosecond
Pulsed Laser
Narayana Raju Gottumukkala, and Mool C. Gupta®

!Department of Electrical and Computer Engineering, University of Virginia, Charlottesville,
VA 22904, USA

Email: mgupta@virginia.edu

Abstract

We demonstrate micro machining of sapphire for diffractive optical elements fabrication
using a 355 nm wavelength nanosecond pulsed laser. We report results on diffraction gratings
using laser processing on sapphire producing 50% duty cycle with 4.6 um line widths, respectively.
We also demonstrate the design, fabrication and characterization of photon sieve with 24.5%

transmission efficiency.

Manuscript under preparation for submission to Journal of Applied Optics
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C. Glass Sealing by CW Laser Melting of Low Temperature Frit

Narayana Raju Gottumukkala, and Mool C. Gupta®
!Department of Electrical and Computer Engineering, University of Virginia, Charlottesville,
VA 22904, USA

Email: mgupta@virginia.edu

Abstract

Experimental results are presented on glass sealing by a continuous wave 1070 nm
wavelength laser at room temperature. The seal was accomplished by using laser radiation to pass
through top glass plate and melting the glass frit deposited on the bottom glass plate. The optical
transmission of the sealed glass plate was 23.5 %. The bond strength between the glass plates was

measured as 25000 N/m?.

Manuscript under preparation for submission to Journal of Applied Optics
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