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In this work we discuss volume phase gratings made in fused silica using high-repetition-rate femtosecond Yb:KGW laser
pulses. By exposing fused silica to focused femtosecond laser radiation, regions of modified refractive index were induced.
Exploiting this phenomenon gratings were fabricated in the bulk of fused silica by the direct laser writing technique. Gratings
with index change of 0.008 and diffraction efficiency of 57% were successfully manufactured using 300-fs laser pulses focused
in the fused silica with a 0.42 numerical aperture objective.
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1. Introduction Working in the regime of induced smooth refractive
index change, Volume Phase Gratings (VPGs) can be
By tightly focusing femtosecond laser radiation in- manufactured inside the transparent material. These
side the bulk of transparent material it is possible to gratings have some advantages compared with com-
induce highly localized structural changes with modi- mon amplitude or profile gratings. As described in the
fied optical properties. Depending on laser pulse inten-following section, the VPG efficiency strongly depends
sities these changes can manifest as uniform zones adn grating thickness and on the magnitude of refractive
modified refractive index |1], lead to birefringent zone index modification. However, the last parameter re-
formation [2,[3] or void-like structure creation if in- mains problematic, because the causes of the increase
tensities are above the material damage threshold [4]of refractive index change are still not clearly identi-
The key processes of this interaction are nonlinear mulfied. Thus, its value is hardly predictable and this has
tiphoton absorption followed by avalanche ionization prevented successful manufacturing of high efficiency
that takes place in the focused region. Other physi-diffractive gratings.
cal phenomena, like colour centre formation [5], par-  Traditionally, high efficiency VPGs are fabricated
ticipate complicating the full understanding of the ma- using holographic technology. During the two laser
terial changes. Nevertheless, the result is the deposibeam interference process, a generated grating pattern
tion of a significant fraction of the laser pulse energy is recorder in photosensitive material. The most pop-
within the small focal volume inside the dielectric ma- ular material used for such devices is DiChromated
terial. Ultrafast heating and rapid cooling under the Gelatin (DCG), which has a very high refractive in-
high stress initiates resolidification and densification of dex modulation propertyXrn up to 0.1), while retain-
affected zones thus forming regions with modified re- ing good transparency in a broad spectral range. With
fractive index [[6]. By moving the focus position in- this technology it is possible to form large area grat-
side the transparent material it is possible to fabricateings with spatial frequencies up to 6000 mhn Af-
various 3D photonic structures such as waveguides [1]ter the exposure, the gelatin is chemically treated and
diffractive componentg [7], data storage elemenls [4],sandwiched between glass plates for better robustness
and even, with the aid of chemical treatment, compli- and handling[[9]. A new and very promising material
cated microchannels][8]. for VPG fabrication is Photo-Thermo-Refractive (PTR)
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glass, which was developed and patented by a CREOL
team in the recent decade [10]. It is a silicate based
glass with silver, cerium, and fluorine doping. After
UV illumination and thermal treatment, it can exhibit a
refractive index change of up to 18. That change is
considerably smaller than for DCG, but it is more sta-
ble and frequencies up to 10000 mhrtan be reached.
Fused silica is one of the most popular material used
in optical systems; it is a widely available and reason-
ably inexpensive glass. The ability to change its refrac-
tive index after femtosecond laser irradiation allows
creation of structures that were only possible with the
abovementioned photosensitive materials. The holoig 1. schematics of transparent volume phase grating. The
graphic technique is not suitable for VPG fabrication equally spaced black stripes represent the region of sinusoidally
in pure fused silica as high laser intensities are re- modulated refractive index.
quired to reach the smooth refractive index modifica-
tlon 'reglme; however, the point by po_lnt Direct Laser by Kogelnik in 1969([14]. Here we give a short sum-
Writing (DLW) technique can be applied for success- mary of fundamentals of phase gratings based on Ko-
ful fabrication of such devices. This technique has ad-

. . gelnik’'s work.
vantages over the holographic method as any desire . . . . . .
) o . Depending on grating orientation and diffraction an-
patterns can be fabricated. However, it still looses in

. . ; gle, three main types of VPG exist: the reflecting
the manufacturing speed category that is very impor-> .~ * LT . . .
. . S grating is a grating in which incident and diffractive
tant for industrial applications.

Several attempts to manufacture VPGs in pure fusecP €ams Cross the same surfgce, the transmitting grating
. s Is a grating for which the diffracted beam crosses the
silica by means of femtosecond laser radiation were

made during the last decade [11] 12]. However, thebaCk surface, and the grating is called prismatic if the

efficiencies of these devices hardly reached 30% duedlﬁrac'[ed beam exits the grating from a side surface.

to the problems described earlier. To our knowledge,As theory of all the gratings |s_th_e S'm"ff‘“ we analyse
: i ) -~ ’only the most common transmitting grating.
the VPGs made in pure fused silica and having high- " . .
L Such a transmitting grating formed in the bulk of the
est efficiencies (74.8%) were manufactured by Yamada : S .
. ; : . . sample is shown in Fig. 1. Black stripes here represent
et al. [13]. These gratings were fabricated using a fil-

. S . ; region of sinusoidally modulated refractive index. The
amentation process and modifying thick regions of the . . . .
. . modulation magnitude ig\n, the period of the grat-
sample. Yet such a technique prevents the precise con-

trol of the critical parameters of the grating (in par- Ing is d, and thg thickness is An quent be.amﬁnc
ticular the grating thickness) thus preventing its opti- enters the grating at angle. This z_ingle IS mea-
mization. Another drawback of this technique is slow sured between the normal of the grating and inci- .
fabrication speed, as it requires many hours to form adent beam. In this example, the normal of the grating

complete structure. In this work we demonstrate the"’.Ind normal of the sample front surface plate are iden-

possibility to manufacture VPGs with relatively high tical; however, in general they may differ (the detailed

efficiencies in less than an hour by employing high rep- analysis of EUCh gratings can be fou'nd_ln reference pa-
etition rate Yb:KGW laser pulses. pers [14, 15]). Note, that external incident angle be-

tween beam and the sample surface differs fram,
as the grating is created below the surface; the exter-
2. Volume phase gratings nal and interal angles are related by Snell's law. The

diffraction condition for this grating is the same as in
Volume phase gratings with high diffraction efficien- ordinary surface grating:

cies have become an important tool in optical systems,
especially in those where spectral and angular selectiv-
ity is essential. In contrast with amplitude or profile Nayd

gratings, diffraction in phase gratings is produced from here m is an integer corresponding to the order of
periodic modulation of the refractive index, created in diffraction, A is wavelengthn, is the refractive index
the bulk of transparent material. The VPGs theory is of the material, andyy;¢ is the diffracted beam angle.

usually described using a coupled wave model derived

mA

= sin Qipe — sin agir , (1)
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Using this equation the angles of all diffracted beams 100 NN -
(Igir) can be calculated. However, VPGs have addi- ,’ \ o+ + +An=0.005
tional dimension of thickness that is capable of control- . 8ot / Y A Il
ling the efficiency of diffracted beam of the particular > , \
order. That efficiency is determined by Bragg diffrac- & ¢l ' \
tion effects. The Bragg condition for a transparent grat- £ ! ‘\
ing is given by g ol ) b
B ! \

mB A = 2d sin jipc , (2) g I' . ‘\

Nay o 20/, ot \
heremp is an integer representing Bragg order. When 2 \\
the Bragg law is satisfied, incident and diffracted angles ol - : : :

0 10 20 30 40 50 60 70

are equalo;,. = agi. This angle is commonly re-
qualine dif g y Grating thickness, um

ferred to as the Bragg angle. The grating pericahd
the wavelength\ alone determine the angle at which (@)
Bragg condition is satisfied. The diffraction efficiency
of VPG in the Bragg condition is given by ad

120 |

) T Ant 100

mB/\ 2
AV (Qnavd>
In Kogelnik’s theory of VPG, the diffraction orders of
mp > 1 are neglected as small and are ignored. It
means that only two beams take part in the diffraction 20 -
process: incident beam and diffracted beam. 0 . : .
It is obvious that by choosing optimal design param- . 0.005 0.010 0.015 0020
eters it is theoretically possible to achieve diffraction An
efficiency equal to 100%. When the Bragg angle is out (b)
of tune, the overall efficiency decreases and has strongig. 2. (a) Diffraction efficiency dependence on grating thickness
polarization dependence [|16]. The most important pa-at v.arious.refractive index modglation levels; (b) depende.n.ce of
rameters that play key roles in grating efficiency are minimal thickness ofvol_um_e grating that produces 100% efficiency
. . . L on refractive index modulation level.
grating thickness and modulation of refractive index
An. Calculated diffraction efficiencies for various grat- 3. Experiment set-up
ing thicknesses, with different refractive index modu-
lation level, are shown in Fig. 2(a). As efficiency isa We used a Yb:KGW based “Pharos” laser system
pure sinusoidal function periodic in the produtt - ¢, (“Light Conversion Ltd.”) as femtosecond laser source.
for a givenAn value, only gratings with specific thick-  This laser produces high intensity pulses with 1030-nm
ness operate with 100% efficiency. The dependence ofvavelength, at 300-fs duration and variable frequency
the minimum thicknesg, of volume grating that pro- up to 300 kHz. Such an amplified system with high
duces 100% efficiency on refractive index modulation repetition rate helps to speed up the manufacturing by
level is plotted in Fig. 2(b). As seen from the figure several orders if compared to conventional Ti:sapphire
the minimum thicknesses range from several micronsbased systems working at 1 kHz rate. The optical
for high refractive index modulation level up to several set-up of the experiment is shown in Fig. 3. Laser
hundred microns for low level. If the minimum thick- pulses are first attenuated and then focused into the
ness is known then all other thicknesses that give 100%bulk of fused silica with a 0.42-NA lens. The sam-
diffraction efficiency will be at(2k + 1)t, thickness.  ple was mounted on a 3-axis “Aerotech” based nanopo-
Here k is any integer number. By varying this num- sitioning system (“AItSCA’, assembled by “Altechna
ber it is possible to adjust spectral width at which the Ltd.”). The schematic structure of the grating is shown
grating operates with high diffraction efficiency. in Fig. 4. While translating the sample perpendicular

@)

7 = sin
80 |-

60 -

40 |
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M2

YB:KGW FEMTOSECOND LASER
1030 nm @ 300 kHz
300fs

fused silica

Attenuation M1
system 3D NANOPOSITIONING
SYSTEM

Fig. 3. Schematic of optical set-up for VPG writingP andP correspond to face plate and polarizZdd—M3 are guiding mirrorsQ is the
objective. Laser beam diameter at objective is 3.6 mm.

and determines fabrication time for gratings produced
by the DLW technique. In our experiment, the sample
scanning speed was set to 3 frenwhich means that
each zone meant to be modified is affected by at least
100 pulses. Higher speeds lead to non-uniform distri-
bution of modified regions.

r2un;

Fig. 4. Schematic layout of fabricated volume phase gratings. 4. Results and discussion

to laser beam, a single line of modified refractive index ) ] ] ]
is created. By arranging such lines periodically, the de-  S¢€veral k1 mn¥ gratings with different thick-
sired grating structure is formed. Sufficient thickness N€SSes were fabricated using various writing powers.
of the VPG is created by fabricating several layers of I neir diffraction efficiencies are shown in Fig. 5(a).
gratings on top of each other with some spacing (in our 1 h€ efficiency was measured with 633 nm wavelength
case the spacing was chosen to ben8 which guar- &t angles _sqﬂsfymg Bragg condition thus giving the
antees that each layer slightly overlaps). Gratings werdighest efficiency value. It was found that the Bragg
formed in the bulk of fused silica 400m below the condition is satisfied at°9external angle (62after
sample’s surface. correction by Snell's law) for our 2:m-period grat-
Writing energy and scanning speed play major rolesing. This value coincides with the theoretical value
in creating uniform regions of modified refractive in- (€fficiency dependence on deviation from Bragg an-
dex. There exists a relatively tiny energy window in 9le is shown in Fig. 5(b)). The maximum diffraction
which a laser pulse is capable of modifying the mate- efficiency of 57% was observed with 633 nm wave-
rial without damaging it. That window depends on the length in a grating with 4xm thickness produced with
laser wavelength, pulse duration, focal geometry, and60 MW laser writing power. The measured overall ef-
the purity of the sample, and in most cases it has toficiency dependence of this grating on incident wave-
be found experimentally. In our case that window of length is shown in Fig. 6.
single pulse power densities was betweeh0& and By increasing (or decreasing) grating thickness the
310" W/cn?. Below the lower intensity no residual efficiency clearly drops. Thus it is safe to conclude
modification was observed and above the higher intenthat 45um thickness is an optimal thickness which pro-
sity the material was permanently damaged. Our grat-duces highest diffraction. By referring to Fig. 2(b), it
ings were fabricated using 40-75-mW average laseris also possible to evaluate the refractive index mod-
power (that corresponds to (1.5-2)'3 W/cm? power ulation level, which is 0.008. By increasing writ-
density for single pulse) at 300 kHz repetition rate. It ing power up to 75 mW the overall efficiency slightly
is also known that refractive index change undergoesdrops; however, maximum efficiency is observed at the
an accumulation effect even if pulse repetition rates aresame thickness. This suggests that by rising writing
not in the MHz rang€ [17]. As a result, scanning speedpower it is not possible to get higher levels of uniform
influences the magnitude of the refractive index changerefractive index modification as material damage starts
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@) Fig. 6. Diffraction efficiency dependence on incident wavelength
for a grating that is 4%m thick.

60

ations during fabrication or sample impurity. It is pos-
50 | sible to cope with this problem by reducing laser writ-
ing power, however it will lead to smaller refractive in-
40 | dex modulation amplitude, thicker gratings, and longer
fabrication times. The second cause is non-sinusoidal
30k modulation of the refractive index change induced in
the material. Theoretical models of VPG describe the
sinusoidally modulated refractive index, however it is
hard to achieve such distribution using direct laser writ-
ol X ing technique as the modification profile after a single
. . . . . shot is rather complicated [18], which means that opti-
-30 20 -10 0 10 20 30 mal writing conditions should be found experimentally.
Deviation from Bragg angle, mrad This suggests that even higher performance of the grat-
(b) ing could be achieved by parameter optimization.

20 -

Diffraction efficiency, %

Fig. 5. Diffraction efficiency dependence (a) on the grating thick-
ness with different writing powers and (b) on the detuning from 5 Conclusions
the Bragg angle. Bragg angle was %.Efficiency was measured

with 633 nm He-Ne laser, comparing the intensities of diffracted  \Ae have demonstrated that with a Yb:KGW based
and incident beams. femtosecond laser system it is possible to create local

to appear, increasing scattering level and lowering thestructures with smoothly modified refractive index in
overall grating efficiency. When writing power is low, the fused silica. The maximum magnitude of the re-
the modulation level is also lower, so for 40 mW the fractive index change was evaluated to be 0.008. Using
level is lower than 0.005 (the precise value was notthe direct laser writing technique, volume phase grat-
found as the minimum thickness of highest efficiency ings with diffraction efficiencies up to 57% were fab-
was not determined in this experiment). The manu-ficated in the fused silica showing the potential of this
facturing time of the VPG depends on the number of technology for microfabrication of dielectric material.
grating layers; a singlexd1 mn¥ layer is fabricated in

less tha_n 3 mi_nutes, though %ﬁ-thickness gratings Acknowledgements

are fabricated in less than 45 minutes.
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DIFRAKCINIY ELEMENTY GAMYBA LYDYTAME KVARCE, NAUDOJANT DIDELIO
PASIKARTOJIMO DAZNIO Yb:KGV LAZERIO FEMTOSEKUNDINIUS IMPULSUS

D. Paipulas, V. KudriaSov, K. KurSelis, M. Malinauskas, V. Sirutkaitis

Vilniaus universiteto Lazeriniy tyrimy centras, Vilnius, Lietuva

tos turies fazires gardeds ir iSmatuoti ju difrakciniai efektyvu-
mai. Nustatyti optimal us lazeés spinduliugts parametrai, ku-

irasymo galimyles lydytame kvarce, naudojant didelio pasikarto- "€MSs esant pasiekiamas didziausias (iki 57%) efektyvumas. Eks-
jimo daznio femtosekundinius lazerinius impulsus, gautus Yh:KGV Perimentiskai nustatytos difrakcinio efektyvumo priklausoggyb
lazerine sistema. Veikiant ultratrumpaja spinduliuote, lydytame Nuo gardeés storio ir apsk&iuotos optimalios storio vezs. |ver-
kvarce galima sukurti modifikuoto 1UZio rodiklio sritis. Naudojan- tintas maksimalus I'uZio rodiklio modifikacijos gylis, gautas foku-
tis Siuo reikiniu, tiesioginio lazerinio jra8ymo budu buvo sukur- suojant 300 fs trukies impulsus 0,42 skaitmergis apert uros lesiu,
kuris siekia 0,008.
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