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Integration of Fresnel Zone Plates in the Bulk of Sapphire Crystal
by Femtosecond Laser Pulses
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The goal of this study was to integrate Fresnel zone plates with diameters up to 300 um in the
bulk of sapphire crystal by direct laser writing technique. These zone plates are intended to be inte-
grated directly into GaN LED substrate because of their potential to increase the light extraction ef-
ficiency of UV LED devices. For integration task a femtosecond (320 fs) high repetition rate
(100 kHz) Yb:KGW laser system was used together with high precision linear positioning stages.
By exposing sapphire to the focused femtosecond laser radiation, regions of modified refractive in-
dex were induced and required zone plates were patterned. The discussions about optimal fabrica-
tion parameters as well as focusing properties of fabricated zone plates are presented. It is shown
that sapphire can be a suitable material for microphotonic device integration: working zone plates
with diameters up to 300 um and diffraction efficiencies up to 23% were integrated below (80 um)

the sapphire surface.
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1. Introduction

Sapphire due to its excellent mechanical and optical
properties is widely used in optics, optoelectronic and mi-
croelectronic applications. Besides its wide use in high
power laser optics, sapphire gained interest as a good sub-
strate for growing gallium nitride (GaN) layers in light
emitting diode (LED) technologies [1]. Unfortunately, be-
cause of its hardness and chemical stability, it is difficult to
apply traditional machining methods and tools to sapphire
crystal, especially when precise machining is needed.
However, ultrafast lasers become a promising tool for mi-
cromachining all sorts of materials, including sapphire.
Cutting and micropatterning of sapphire surface is exten-
sively studied nowadays [2]. Moreover, with femtosecond
laser machining it is possible to integrate various photonic

devices directly into the bulk of transparent materials [3, 4].

This technology was successfully demonstrated in a wide
variety of glasses; however, the integration capabilities into
sapphire are not well documented. It is known that focused
femtosecond laser pulses can modify sapphire properties
[5], but this result is still waiting to be exploited.

Most of the reported studies, related to sapphire, focus
on the research of fundamental light-mater interaction.
These are the studies on the laser induced damage thresh-
old [6], surface ablation [7, 8], surface and in-bulk structur-
ing and crystal amorphisation [9, 10], etc. However, there
are almost no reports on the integration capabilities of vari-
ous photonic devices, such as a Fresnel zone plates, inside
sapphire. Moreover, most of the reported studies on the
fabrication of these plates, use fused silica [11-15], whereas
studies on the fabrication capabilities inside sapphire, to
our knowledge, haven‘t been reported.

In this work we attempted to integrate micro Fresnel
zone plates with diameters up to 300 pm in the volume of
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sapphire crystal by direct laser writing technique. By ex-
posing sapphire to focused femtosecond laser radiation,
regions of modified refractive index were induced and re-
quired Fresnel zone plates were patterned.

Fresnel plate consists of series of concentric discs
(Fresnel zones) which periodically alter light transmittance
properties. Boundaries of each disk can be approximated

by radii which are, ~,/ndf , where the integer n indicates

the n™ Fresnel zone, A is the operating wavelength and f is
the focal length [12]. If odd or even Fresnel zones are
blocked or induce sufficient phase change in transmitted
light, such zone plate has focusing property. The working
principle of a zone plate relies on the diffraction of light, i.
e. the incident monochromatic light is diffracted by the
periodically alternating zones and, depending on the di-
mensions of the zones, constructively interferes at a de-
signed focal point. Therefore, with direct laser writing it is
possible to selectively modify material optical properties,
by producing concentric disks with diameters r,—ry, r4- 73,
vevs P2n- Pant,... thus forming in the bulk integrated Fresnel
zone plate. Theoretical resolution of such plate is ex-
pressed as 0=1.22XAr ., Where Ary, is plate’s outermost
disk thickness.

These zone plates are intended to be integrated directly
into GaN LED substrate: due to the fact that sapphire can
transmit UV wavelengths, the ability of a zone plate to fo-
cus this type of radiation and the fact that the largest vol-
ume of sapphire production is expected to be for substrates
for high brightness LED devices [16], it would be advanta-
geous to employ sapphire not only as a substrate but also as
a medium for integration of zone plates which could poten-
tially increase the light extraction efficiency of UV LED
devices.
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2. Experimental setup

For integration tasks we used an Yb:KGW based “Pha-
ros” laser system (“Light Conversion Ltd.”) as a femtosec-
ond laser source. This laser produces high intensity 320 fs
duration pulses with 1030 nm wavelength. Laser pulse rep-
etition rates up to 200 kHz were used. The setup of the ex-
periment is shown in Fig. 1. Laser pulses are first attenuat-
ed and then focused into the bulk of sapphire wafer with a
0.6-NA (numerical aperture) objective lens. The sapphire
sample was mounted on a 3-axis nanopositioning system
based on the “Aerotech ANT180” linear motion stages hav-
ing accuracy of 150 nm. By translating the sample perpen-
dicular to the laser beam in a spiral trajectory, regions of
modified refractive index were induced and required zone
plates were patterned.
The focusing properties of the manufactured zone plates
were investigated with a He - Ne laser having 0.8 mW av-
erage power and 633 nm wavelength; also white light LED
source was used for inspection. The testing setup for the
focusing properties of the manufactured zone plates is
shown in Fig. 2. Before hitting the sapphire sample, the
diameter of the He - Ne laser beam was expanded in order
to increase illumination homogeneity on the sample. The
intensity distribution of the diffracted beam was investigat-
ed by moving an imagining system consisting of a 10x ob-
jective, a tube lens and a CCD camera along the direction
of the laser beam propagation.
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Fig. 1. Manufacturing setup for the micro Fresnel zone plates:
femtosecond laser and 3 axis sample positioning system.

Lenses

Objective
: \
i

- >

Lens

gF

AN ) ,:;":;
".’ le-INe laser L 1 I | \
' > :|
' THORLAES J | i ,l‘

Spatial filter 430 pum | |. i
—p!
Ax

Fig. 2. Testing setup for the focusing properties of the zone plates,
integrated in the bulk of sapphire wafer.

3. Results

Writing pulse energy, pulse repetition rate and transla-
tion speed of the sample play major roles in creating uni-
formly-modified sapphire regions without obvious macro-
scopic damage. At first a series of plane diffractive gratings
were recorded with different laser pulse parameters (pulse
energy and laser repetition rate) in the bulk of sapphire in
order to investigate general behavior of laser induced mi-
cromodifications (Fig. 3.). Gratings dimensions were
200 pm x 200 um and each had 4 um period. A fixed sam-
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ple translation speed value of 300 um/s was used to ensure
that the manufacturing time of a single diffraction grating
wouldn‘t exceed 90 s.

The outcomes of the manufacturing process of diffrac-
tion gratings were inspected under the optical microscope
in phase contrast regime. It was determined that across all
tested pulse repetition rate range (25 kHz — 200 kHz), laser
pulse energy of 300 nJ (corresponding to 17 J/em® energy
fluence and 5 x 10" W/em® peak intensity) was sufficient
to form homogenous modified regions of sapphire without
any visual presence of microcracks or microfractures inside
the sapphire crystal. With lower pulse energies modifica-
tion tend to be inhomogeneous, while increasing the value
up to 900 nJ and beyond lead to the formation of macro-
scopic fractures. These results show that at tested laser rep-
etition rate range accumulation effects do not play major
role in modification creation. Therefore, we used pulse
repetition rate of 100 kHz as an optimal value.
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Fig. 3. The impact of the laser pulse energy and pulse repetition
rate on the visual uniformity and evenness of diffraction
gratings integrated in the bulk of sapphire. The dimen-
sions of 200 x 200 um and a period of 4 um for each dif-
fraction grating were chosen. Phase contrast microscopy
was used. The brightness of each photographed diffraction
grating differs due to the fact that for each grating differ-
ent automatic exposure and white balance values of the
CCD were used.

Several layers of diffraction gratings on top of each
other were also manufactured in order to increase the over-
all axial thickness of modified region in the sapphire crys-
tal. A typical axial length of a single layer grating, recorded
with 300 nJ pulses and 0.6-NA objective lens is approxi-
mately 12 pm (Fig. 4). Stitching several layers of gratings
is possible in the sapphire, however axial shift of the layers
has to be slightly larger, otherwise stress induced mi-
crocracks develops in the crystal. This prevents formation
of continuously long modified regions in axial dimensions.
In Fig. 4 b) it is own a crack-free stitching of three layers
with separation of 14 pm between layers. It is known, that
the stacking of layers can highly increase the diffraction
efficiency of simple plane grating [17] as well as more
complex Fresnel plate [18].
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Fig. 4. Profile of 3 layers of diffraction gratings fabricated in the
bulk of sapphire. Separation between the center of the
layers is 20 pm (a) and 14 pm (b). It was determined that
the axial length of a modified region of sapphire for 300
nJ pulses focused with a 0.6-NA lens is approximately 12
pm.

Similar tendencies of the visual quality of the manufac-
tured photonic devices inside the bulk of sapphire are pre-
sent when Fresnel zone plates are fabricated. A 300 nJ
pulse energy ensured the production of crack-free zone
plates, while higher energies can lead to formation of micro
and macro cracks as can be seen in Fig. 5.

Sample translation speed also plays an important role in
recorded plate quality. When circular geometry object is
recorded with linear motion stages, tables have to be
moved in polygon pattern which includes many accelera-
tion/deceleration steps, leading to the developing of table
oscillations. Also in our setup, the inertia of the tables in
orthogonal directions was not the same (one table is
mounted on the other), thus at higher translation velocities
positioning accuracy, especially in one direction, worsens
when circular shape is drawn. This effect is indicated in Fig.
6. The maximum translation speed at which curved homo-
geneous microstructures were successfully recorded were
limited by the radius of the curved structure itself: i.e. by
decreasing the diameter of a zone plate from 260 um to 150
pm the threshold value of the translation velocity at which
microcracks started to form decreased from 600 pm/s to
400 um/s. Also stress-induced microcracks start to appear
along one diagonal of Fresnel plates as indicated in Fig. 6
b,d). Most prominent fracturing is observed at outer rings
which, we suppose, are caused by table oscillation reso-
nance. When circle radius increases, the distance between
polygon edges also increase which, given the constant line-
ar speed, decreases acceleration/deceleration rate. At par-
ticular writing conditions this rate can resonate with stage
self-oscillations highly amplifying them and reducing table
accuracy. Reduced accuracy increases additional pulse
overlap that results in sample overexposure and material
damage. This effect prevents the recording of Fresnel plates
with high velocity using linear stages.

Fig. 5. Possible outcomes of the manufacturing process: a) mac-
rocracks (1.2 pJ, 50 kHz, 200 um/s); b) microcracks (1 pJ,
50 kHz, 200 pm/s); c) a crack-free zone plate (300 nJ, 100
kHz, 200 pm/s).
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Several layers of Fresnel zone plates stacked on top of
each other were also formed in the bulk of sapphire crystal.
Despite the fact, that according to Fig. 4, manufactured
plane diffraction gratings didn’t manifest any visual signs
of microcrack formation with layer separation of 14 pum,
this result didn’t repeat itself when the same values of layer
separation was used for multi-layer Fresnel zone plate fab-
rication (all manufactured multilevel zone plates possessed
distinctive macrocracks that could be seen with a naked eye
(Fig. 7 a)). Successful fabrication of multilayered Fresnel
plates was possible when distance between the layers was
increased to 50 um (Fig. 7 b). This effect shows that curved
microstructures are more prone in inducing stress in the
sapphire.

(¢

Micreeracks

Microcracks
100 pm

Fig. 6. Searching for the optimal value of sample scanning speed
while retaining 300 nJ pulse energy and 100 kHz pulse
repetition rate. Zone plates having diameter of 260 pm
were recorded with a) 200 um/s and b) 600 pum/s transla-
tion velocity. Zone plates with 150 pm diameter were rec-
orded with ¢) 200 um/s and d) 400 pm/s velocity.

Fig. 7.

Multilayer Fresnel zone plates inside the bulk of sapphire:
a) 3 plates consisting of 3 layers stacked 10 um apart (top
view); b) single plate consisting of 3 layers 30 um apart
(top view).

Various arrangements of zone plates up to 3 layers and
diameters ranging from 150 um to 300 um and focal
lengths from 500 pm to 3 mm were formed in sapphire
crystal and their focusing properties were investigated.
Fresnel plate focusing effect was clearly present when
samples were irradiated with collimated white light source
as can be seen in Fig. 8. One can see that zone plates show
light focusing behavior event when they are interleaved
with each other (such plate system is also shown in Fig. 5
¢)). By illuminating these plates with a He — Ne laser and
measuring its intensity at the theoretical focus position (Fig.
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9) and the reference position (surface of plate) light focus-
ing efficiencies were evaluated. Measured efficiencies, and
focal spot diameters (@ FWHM) of manufactured zone
plates are shown in Fig.10 and Fig.11 respectively. Lowest
efficiencies were achieved with zone plates designed to
work at small focal distance (0.5 mm), while for longer
focal lengths efficiencies tended to increase reaching val-
ues even up to 23% at multilayer configuration. The outer-
most Fresnel zone number of 300 pm-diameter grating was
14 in our experiments, thus for 0.5 mm focal length plate
theoretical resolution was 2.1 um (Ar4.3=1.7 pm). For
longer focal lengths the theoretical resolutions are:
O1mm=2.9 um; Srm=4.1 pm, 83, =5.1 um. Measured reso-
lutions were slightly larger, but comparable to theoretic
value and have correlation with efficiency data.

4. Discussion

For infinitely large ideal amplitude-type zone plate
maximum theoretical diffraction efficiencies do not exceed
10.1% [19]. Relatively high focusing efficiencies achieved
in our experiment show that zone plates integrated in sap-
phire is of phase-type. This conclusion is supported by a
fact, that efficiency can be increased with multilayering
strategy. The buildup of phase shift can be attributed to the
change of refractive index at laser affected areas. It is
known that crystal amorphization and void-like structures
with sharp decrease in refractive index can develop under
intense femtosecond irradiation [20], also the appearance of
stress-induced birefringence near modified regions tend to
increase refractive index which rises overall refractive in-
dex modulation [21].

The smallest feature recorded in bulk sapphire with 0.6-
NA objective was ~ 1 um in diameter, and this limits re-
coding of higher order Fresnel zones, also such resolution
prevents formation of high-NA Fresnel zone plates because
in this case submicrometric modification control is required.
This explains low diffraction efficiencies for short focal
length plates, and multilayering do not add any benefit to
plate performance. When distances between Fresnel zone
plates becomes greater (plates with longer focal lengths)
multilayering can boost the performance, however there
exist optimal stacking parameters (number of layers, over-
lapping distance) that show best performance. As layer
stacking cannot be homogeneous, appearing axial modula-
tion of refractive index and unknown actual modification
amplitude complicates theoretical evaluation of most opti-
mal Fresnel zone plates.

@ IISO pm

Fig. 8. Light focusing effect of various arrangements of zone
plates integrated into the bulk of sapphire with collimated
white light (LED). Image was taken by imaging the focal
position of Fresnel plate (0.4 m) with microscope objec-

tive on CCD camera.
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Fig. 9. One-dimensional (a) and two-dimensional (b) light inten-
sity distribution at the focal plane of a 2-layer Fresnel
zone plate inside the bulk of sapphire. The layers of the
zone plate are 50 um apart. The zone plates diameter are
300 pm, the focal length is 2 mm.
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Fig. 11. The focused spot size at the theoretical focal plane of

manufactured plates. All plates had diameter of 300 um.

5. Conclusions

In summary, it was demonstrated that sapphire can be a
suitable material for microphotonic device integration. By
exposing sapphire to focused femtosecond laser radiation,
working zone plates with diameters up to 300 pm were
integrated below (80 um) the sapphire surface. By employ-
ing optimal laser radiation and fabrication parameters
(300 nJ pulse energy, 100 kHz repetition rate and transla-
tion speed up to 400 pum/s) patterned zone plates showed
no visual sign of cracks or micro fractures inside the sap-
phire crystal even when they overlapped. Quick testing
reveals the fact that manufactured zone plates exhibit light
focusing properties as expected. Diffraction efficiencies up
to 23% were reached. However, closer inspection of these
focusing properties and optimization of the manufacturing
process is still needed in order to apply this technology for
sapphire substrates used in LED manufacturing.
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