
High 90% efficiency Bragg gratings
formed in fused silica by femtosecond

Gauss-Bessel laser beams

Mindaugas Mikutis,1,2 Tadas Kudrius,1,2 Gintas Šlekys,1
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Abstract: Direct laser write of volume Bragg gratings with diffraction
efficiency (absolute)∼90% is demonstrated using Gauss-Bessel laser
beams in fused silica glass. Axial multiplexing of∼ 90µm long segments
of modified optical material was demonstrated and thick Bragg gratings of
aspect ratiodepth/period≈234 were achieved with periodd = 1.5 µm.
Typical fabrication scanning speeds were up to 50 mm/s for gratings with
cross sections up to five millimeters made within 1 h time. Potential
applications of high efficiency Bragg gratings in a low nonlinearity medium
such as silica are discussed.
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1. Introduction

Volume Bragg gratings (VBG) are particular type of phase-gratings embedded in to the volume
of transparent material. In comparison with other diffraction gratings, VBG have additional
dimension of depth (thickness), that can rise diffraction efficiencies even up to theoreticallimit
of 100%.Due tothis property, VBG are widely used in many photonic applications, mostly in
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spectroscopic analysis of weak signals, femtosecond pulse compression, telecommunication [1]
and etc. As grating’s depth-to-period ratio has to be large, surfacerelief Bragg gratings arenot
common.Traditional grating recording technique relay on photosensivity of the transparent
material where interference pattern from UV cw-laser emission [2] or ultrashort laser pulses [3,
4] are recorded directly in the volume of the material. So far hardened gelatin polymer, photo-
thermo-refractive and various types of UV-sensitive phosphate glasses were used as a medium
for VBG recording [1, 2, 5].High diffraction efficiencies up to 80% have been demonstrated
by VBG in silica recorded through a phase mask [6] and by filamentation tracks [7].

The revelation that it is possible to modify any transparent material with ultrashort laser
pulses and to change its refractive index [8], expanded the choice of glasses suitable for VBG
recording asa photosensivity become not required. Fused silica SiO2 is a good candidate as
it is widely used, commerciallyaccessableglass with excellent optical properties. However, to
achieve modification in silicaastrong focusinginto asmall focal spot sizeis required to achieve
intensities close to dielectric breakdownfor direct laser writing(DLW). This complicates and
prolongs recording of large-area/volumestructures such as VBG due to the need of axial stitch-
ing of modified zones to achieve sufficient depth/period ratio. Filamentation can be utilized for
grating inscription [7], however, this process is rather nondeterministic and prevents optimiza-
tion of essential grating parameters. When dielectric breakdown is used to inscribe photonic
structures in glasses and crystals, strong scattering can occur even when features of tens-of-nm
are formed at the focus [9]. Thus, it would be very appealing to find a method to write free-
form 3D patterns of photomodification of the real part of refractive index, without inducing
additional absorption. In sol-gel resist such conditions have been recently demonstrated and
3D structuring without any photo-initiator can be achieved with the highest sub-wavelength
resolution [10].

Here we show that highly efficient (with anabsolute diffraction efficiency∼ 90%) VBGs can
be formed in fused silica without any post-processing or thermal treatment using femtosecond
Gauss- Bessel (GB) laser pulses. Axial stitching of focal regions of GB pulses was used to form
sub-1 mm traces of optical modification.VBG recorded with GB beams are compared with the
gratings formed with Gaussian beams.

2. Experimental

Direct laser writing of VBG was carried out with second harmonic (515 nm) of Yb:KGW
laser (“Pharos”, Light Conversion Ltd.) having a pulse duration of 170 fs (FWHM) and pulse
repetition rate of 200 kHz. Fused silica axicones (apex angles of 179◦ and 178◦) wereused to
transform Gaussian intoa GB beam. A near-IR transmitting microscope objective (Mitutoyo
Plan Apo NIR 50×) with numerical apertureNA= 0.42 was used in conjunction with plano-
convex focusing lens to forma demagnifying telescope that decreasedthe initial size of GB
beam by 75times. Resulted GB beam was imaged inside the sample. Fused silica glass sample
(Lithosil, Schott) with refraction index of 1.46, was mounted on high-precision 3D positioning
stages (Aerotech) and translated with respect tothe GB beam. A VBG recording sequence
wasfully automated (software SCA, Workshop of Photonics). Schematic representation of the
experimentis shownin Fig. 1.

An important feature ofthefabrication algorithm wasa precise synchronization of the stage
movementand beam shutter to help achieve constant spatial overlap of pulses during sample
translation. This was achieved by timing the opening and closing of the shutter during accelera-
tion and deceleration periods of the tables. This allowed formation ofall gratings with constant
exposure conditions. Stage traveling speeds were in range from 1 to 160 mm/s. However, the
recording was aimed at the maximum speed which was optimized for stage acceleration, decel-
eration and grating dimensions.
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Fig. 1. (a) Schematics of experimental setup for GB beam generation and its downsizing
by a telescope. Plano-convex lens with focal lengthf1 is used together withNA= 0.42
objectivelens of afocal length f2 to producea conjugated image of GB beam inside the
volume of fused silica sample (f2/ f1 ≃ t1/zt

max = 1/75). (b) Image of the GB beam in the
zt
max region (at the edge of the region) produced withanaxicon havingthe179◦ apex angle.

Scale bar is 5µm.

For comparison, VBGs were also recorded with Gaussian beams, by focusing laser radiation
directly into the volume of the sample withthe sameNA= 0.42 objective. In this setup we
usedafundamental laser radiationwavelengthλ =1030 nm. The spot size 2w0 and axial extent

2zR of the Gaussian beam are defined by 2w0 =
4λ f
πD M2 and 2zR =

πw2
0

2λ , whereM2 = 1.2 is the
quality factor of the used laser beam,D denotesthebeam diameter (3.2 mm at 1/e2 level) andf
stands for the focal length of the objective. Herew0 andzR are beam waist radius and Rayleigh
length, respectively. For used objective the focal spot was 2w0 = 1.7 µm and 2zR = 4.5 µm,
respectively.

The GB pulse can be described by its central core diameterρ0, and the axial extent of the
”non-diffracting” zonezt

max. These parameters are expressed bythefollowing formulas [11]:

ρ0 =
1.2024λ
π sin(α0)

, (1)

zt
max=

w0 cos(α0)

sin(α0)
, (2)

whereα0 = α(nax−n0)/n0 with n0 andnax being refractive indexes of the ambient and axicon,
respectively; andα is axicon’s half-angle measured in respect of its base (in our case 0.5◦ for the
179◦-apex cone axicon). One would find that for ideal 1/75 demagnificationρ0 = 0.66µm and
zmax = 116µm (Fig. 1). As can be seen, the axial extent of GB beam is by an orderlarger than
that of theGaussian beam whilethewaist diameter remains almost the same. It is noteworthy
that the Eqs. (1) and (2) are valid only for an ideal axicon.For DLW, the relevant parameter
was the demagnified track lengtht1 or the length of non-diffracting zonezmax in silica.

3. Diffraction properties of VBG

Diffraction properties oftheVBG’s are analyzed bythecoupled wave model devised by H. Ko-
gelnik [12]. According to the model, VBG can reach the highest efficiency operating only at
the Bragg diffraction conditions, that can be expressed as:

mλ/n= 2dsin(θB); (3)

whereθB is the Bragg angle,d is the period of the grating,λ is the wavelength of diffracted
beam, andn is therefractive index of material where diffraction takes place (Fig. 2). It is easy
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(a) (b)

Fig. 2. (a) Schematics of the VBG recorded with GB laser beam. Several layers (N1 to
Nn) of zmax depth gratings are stitched together to form one thick grating with overall
thicknesst. Grating period isd and diffraction is caused bya homogeneous modulation of
therefractive index∆n, inducedby femtosecond laser pulses. When incident beam satisfies
theBragg condition (θinc = θB = |θdi f |= |θ ∗

B|), diffraction efficiencies up to 100% could
be achieved. (b)Optical images of fused silica sample with VBGs formed by Gaussian and
Gauss-Bessel (GB) ultra short laserpulsesat different energies, scanning velocities, and
having different grating depths.

to see, that Bragg condition can be derived froma classical diffraction equation implying that
incident and diffracted beam angles have the same absolute values. Foraparticular grating and
single wavelength there exist several Bragg angles connected through the integerm in Eq. (3);
however, the condition that incident and diffracted beam angles have to be the same can be
satisfied only once, thus energy interchange takes place only between two beams: diffracted
and undiffracted (no higher diffraction orders are analyzed inthecoupled wave model).

Diffraction efficiency, defined astheratio between diffracted and incident beam powers, can
beexpressed by the following formula:

η = sin2
[

π∆nt
λ cos(θB)

]

, (4)

here∆n is a magnitude of homogeneously modulated refractive index,t is the grating axial
extent (thickness). It easy to see that the product∆n× t determinestheVBG efficiency forthe
single wavelengthatBragg condition. As laser-induced variations of∆n in anon-photosensitive
material is somehow limited,the grating depth can be easily changed usinga multiplexing
procedure: stitching several layers of gratings on top of each otherby DLW technique.

Though VBG are designed to operate exactly at the Bragg condition (at theexact wavelength
and angle), its is common to define VBG’s spectral and angular bandwidth. Expressions defin-
ing diffraction efficiencies when grating is detuned fromtheBragg angle (∆θi) or wavelength
(∆λ ) arethefollowing [13]:

η(∆θi) =
sin2

[

πt
√

∆n2/(λ0cos(θB))2+(d∆θi)2
]

1+(λ0cos(θB)∆θi/d∆n)2 , (5)

η(∆λ ) =
sin2

[

πt
√

(∆n/λ0)2+(d−2∆λ/2n)2/cosθB

]

1+(d−2λ0∆λ/2n∆n)2 , (6)

here∆θi is thesmall change in angle (ascompared toθB) expressed in radians. It is important to
stress that these formulas are only valid for non-slanted gratings (for complete expressions see
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in Ref. [13]). Using these equations it is possible to definethespectral and angular bandwidth,
defined as Half Width at First Zero (HWFZ):

∆θ HWFZ
i =

√
3d

2t

√

4n2−λ 2
0d−2

4−λ 2
0d−2

; ∆λ HWFZ
0 =

√
3nd2cos(θB)

t
. (7)

As can be seen from these expressions, both bandwidths are inversely proportional tothegrating
thickness (t).

Diffraction efficiencies of all VBG’s demonstrated in this work were measured using HeNe
laserat 633 nm wavelength attheBragg condition. We estimatedtheefficiency by measuring
the total power of diffracted beam and compared it to the beam that freely passes through
the sample when grating is moved out of the beams path. In such configurationthe absolute
efficiency was evaluated andtheglass absorption and Fresnel reflection losses were eliminated
by definition. In order to evaluatethespectral bandwidth, a white light continuum (WLC) was
shone on the VBGs and spectrum of transmitted (undiffracted) beam was measured in order
to evaluate which spectral components were diffracted,henceabsent fromtheWLC spectrum.
The WLC was generated ina 2-mm-thick sapphire plate using 1.6µJ laser pulses at 25 kHz
repetition rate (at 1030 nm wavelength with 280 fs duration) and focused with aNA= 0.03
lens. Later,a 50 mm focal length lens was used for collimation oftheWLC onto VBG.

The samples of VBG formed in fused silicaare shownin Fig. 2(b). Smaller dimension grat-
ings at the top right corner (1×1 mm2 and smaller) were recorded with pure Gaussian beam,
while the larger (2× 2 mm2, 4× 4 mm2 and 6× 6 mm2) VBGs were formed with GB laser
beam. Sufficientthickness ofall gratings was achieved by axial multiplexing of the optical
modification tracks.

4. Results and discussion

4.1. Structural modifications of silica

Axial modification tracks left bythe GB laser beam in fused silica are shown in Fig. 3(a). It
is possible to evaluatea modified track length aftera single GB shot, which was 88±5 µm
for the axicon apex angle of 179◦. This value is slightly loweras expected due to existence
of a silica modification threshold, but comparable to the one estimated with Eq. (2). In order
to stitch several modified tracks, sample has to be moved byzmax/n in respect totheprevious
track. With high precision traveling stages this procedure is straightforward and it was possible
to achievea stitching accuracy down to±3 µm. It is noteworthy, such a high precision was
achieved since the spherical aberration, unavoidable for focusing of a Gaussian beam through
the air-silica boundary [14], is minimized due to the same front tilt of all rings of the GB beam
at the interfaceand each grating layer was comparable in length even afterN = 5 multiplexing
steps.Despite close packing of modified tracks eachoneis identical totheother (Fig 3(a)tracks
are separated by 2.5µm, but working gratings with periodd = 1 µm were alsoachieved).
Such close packing of tracks alsoshows that material modification is too weak to induce some
observable changes in GB beam propagation by neighboring tracks.

Figure 3(a) showsthat material modification in each modified track is not homogeneous:
there is a prominent dark central region surrounded by bright zones at the both sidesalongthe
track. Bright regionsarethe areas where material refractive index is increased (so called type-I
modification), wherethe dark regions aredueto the formation of scattering centers in fused
silica (the type-II modifications). Indeed, these two types of laser-induced modifications are
well known to exist in fused silicaanddepend on the laser pulse intensity [15]. By looking at
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Fig. 3. (a) An optical side-view image of modifications induced with the GB beam and their
axial stitching. Central part of the GB trace has intensity above the threshold appearance
of type-II modifications causing the scattering centers in fused silica (box enclosure). (b)
Axial and lateral intensity cross sections of the GB beammeasuredafter demagnifying
telescopein air. The GB in (a) and (b) were generated using an axicon with a178◦ apex
angle.

the measured axial energy distribution of GB beam (Fig. 3(b)) it is clear that central part has
twice as large intensityas compared withslopes, thus explaining theoccurrenceof two different
types of modification. It is important to reduce laser intensity down to the levels where onlythe
type-Imodification is dominant. This was achieved by decreasing laser pulse to 1µJ.The type-
II modification appears when laser energy isabove1.8µJ (for a single shot) or 1.2µJ (for a
multi-pulse irradiation).In the single shot case, induced type-II modifications do notexhibit
a form-birefringencecharacteristic to this typeof modification. The birefringence caused by
formation of regularly orientated nanogratings, develops only aftera multi-pulse irradiation.
Such modification behavior is well known and was reported earlier [16].

Filamentation of GB beam should be avoided during recording as it is known to produce
bead-like damage tracks along pulse propagation path [17]. The typical total pulse power was
Pp = Ep/tp ≃ 1 [µJ]/170 [fs] = 5.9 MW. Number of rings in GB beam can be evaluated by
Nr = Dsin(γ)/λ [18], whereγ is the angle of plane waves with the optical axis which can
be found from sin(α + γ) = naxsin(α). In our experimentNr ≃ 20. Then, the power per ring
is Pp/Nr ≃ 295 kW which is lower than the threshold of self-focusing for the Gaussian beam
which is∼ 1 MW in fused silica [19].

4.2. Characterization of volume Bragg gratings

Experimentally measured diffraction efficiency vs grating thickness is shown in Fig. 4. This
plot is useful not only for the estimation of correct VBG gratingthickness, but also for the eval-
uation of laser-induced refractive index modulation level,∆n, which is only unknown parameter
in VBG efficiency formula (Eq. (4)), as grating depth can be directly measured using optical
microscope [20]. By fittingthescaled efficiency formula to the experimental dataηexp= Aη ,
it is possible to evaluate∆n, hereA is a scaling factor.A qualitatively good theoretical fit was
achieved withA≃ 0.91 and∆n= 9.5×10−4 for VBG’s recorded with 1µJ laser pulses. Such
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Thickness was varied by changing multiplexing number fromN1 to N4. Single layer had
(t1 = 88µm thickness. Solid lines are theoretical curves calculated byηexp=Aη (Eq. ( 4)),
whereA ≈ 0.91. Gratings recorded with higher pulse energies have maximum efficiency
peak shifted to the left due to increased variation in refractive index∆n. Inset shows images
of diffracted WLC light at the same incident angle 8.3◦ from gratings with different number
of multiplexed layers. (b) Diffraction efficiencyvs grating thickness forVBG made witha
Gaussian beam. Grating period was 2µm, and single layer axial lengtht1 = 4.5 µm. Pulse
energy was 200 nJ, sample translation speedof 2 mm/s at 200 kHz repetition rate, focusing
by NA =0.42 objective. Diffraction depends on polarizations and p of the incident beam
due tostrong birefringence atthemodified zones. Solid lines represents theoretical curves
with parametersA≈ 0.72, ∆ns = 0.0013,∆np = 0.0029.

refractive index increase isusualin fused silicadue to fast thermal quenching following alocal
absorption, heating and densification of the glassat hightemperatures; the most dense silica
is at 1500◦C [21]. If laser pule energy is increased by 20%,∆n increases up to 1.2× 10−3

according totheefficiencymeasurements.
Scaling factorA accounts for all factors that causes imperfections of VBG, mainly the an-

harmonicity of the refractive index modulation, induced scattering and absorption in the laser-
modified material. It is known that optical induced defects can be annealed, however, it can
influence the magnitude of∆n [22, 23] and it was not attempted in thisfirst study.

We utilized a WLC to characterize performance ofVBG asshownin theinset on Fig. 4(a).
The spectrumhasprominent dark stripes revealing that some wavelengthswere not diffracting.
This effectcan be explained by presence of non-homogeneousaxial modifications induced by
theGB beamalong the depth of the VBG tracks. When several layersarestitched together,a
secondary variation of∆n occurs. It is predicted bythecoupled wave theory, that if diffracted
beam undergoesanadditional phase change ofπ somewhere in the grating,theenergy transfer
reverses and diffracted beam starts to coupleto theun-diffractedoneuntil depletionis reached.
This effect is extensively used in Moiré-Bragg gratings [24].We put conjecture that dark regions
revealsspectral locations whereπ-shifts occurred. Thenumberof lines increased with number
of layers. SinceVBGs are designed for operation at the narrow spectrum and particular angle,
the darklines can be easily avoided.Improved stitching fabrication is expected to reduce this
unwanted effect and will be addressed in future experiments.

Spectral and angular bandwidths of the grating can be measuredfrom WLC spectrum of
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Fig. 5. (a) Spectral sensitivity of the VBG fixed at the 8.8◦ incidence angle. (b) Angular
sensitivity of the grating fixed at the 569 nm wavelength. The data were collected from a
normalized WLC spectrum of an undiffracted beam; thus y-scale is inverted. Solid lines
represent theoretical simulation according to Eq. (5) and Eq. (6), with model parameters:
t = 352µm, ∆n= 0.001,d = 1.5 µm. Additional peaks, with their side lobes are due to
quality of stitching between regions recorded at different depths as well as axial modulation
of refractive index (shaded region in (a)).

un-diffracted beam. These results are shown in Fig 5. Theoretical models described by Eqs. (5)
and (6) agree very well withthemeasured data. For a VBG which is 352µm-thick (or 4 layers
of axially multiplexed gratings) and has a period of 1.5 µm, at a 570 nm wavelength, one can
estimate the angular and spectral selectivity to be∆θ HWFZ

i = 0.31◦ and∆λ HWFZ
0 = 13.2 nm,

respectively according to Eq. (7).
An additional peak not predicted bytheBragg diffraction modelis recognizable in Fig. 5(a).

This peak could be a grating artifact, arising from minor layer stitching deviations inthetransfer
x-direction. Indeed, a small shift of∆x≃ 0.7µm can be seen between all stitched lines in Fig. 3.
The origin of this shift is a minute inclination angle of the GB beam in respect to the normal to
thesilica substrate.It alsodemonstrates a possibility to inscribe slanted gratings (notconsidered
here).

Gratings made with Gaussian laser beam also show relatively high diffraction efficiencies
(Fig. 4(b)), however,a stronger focusing leads to the formation of only type-II modifica-
tions that have intrinsic birefringence. Thus,the diffraction efficiency becomes polarization-
dependant.TheVBGs made from type-II modifications can have smaller depths astheinduced
refractive index variation is three times largerascompared totheGB case.However, this does
not help to reduce fabrication time as smalleraxial lengthof modificationrequires higher level
of multiplexingN > 20. A sample translation speed has to be low in order to achieve type-II
modification with minimal scattering [20] which prolongs recording even further and makes it
impractical.

The highest achieved diffraction efficiency recorded with GB beamachievedwas 89%
at 633 nm wavelengthand is among the best demonstrated in silica [6, 7]. A VBG depth
was 352µm (formed by 4 layers) and periodwas 1.5 µm, hence the gratingaspect ratio
depth/period= 234. Its lateral size was 6× 6 mm2, which took less than an hour to record
with ultra-short GB laser pulses. No thermal post-processing was applied. This shows potential
to reach very high diffraction efficiency in pure silica by direct laser writing. Interestingly, the

#190655 - $15.00 USD Received 16 May 2013; revised 30 Jul 2013; accepted 29 Aug 2013; published 10 Oct 2013
(C) 2013 OSA 1 November 2013 | Vol. 3,  No. 11 | DOI:10.1364/OME.3.001862 | OPTICAL MATERIALS EXPRESS  1870



efficiency of the Bragg grating was same for thes− and p−polarizations. This indicates that
there was no nano-ripples formed at the laser affected regions which is typical for the laser
induced damages by focused Gaussian beam [15]. It can be shown that atthenear-breakdown
conditionsa strong ionization occurs via nano-sphere to nano-plane formation which can be
simulated by electrostatic approximation [25]and causes the formation of nano-gratings re-
sponsible for the form birefringence. The photo-modified GB traces in silica with augmented
refractive index can be nano-porous and at the same time denser [26], hence, not exerting stress
on the neighboring regions. This explainsthe absence of birefringence due to stress and/or
form-birefringencein our case. The smallest period gratings recorded by axial multiplexingof
N = 5 layers with GB beams was 1µm.
5. Conclusionand outlook

Diffraction Bragg gratings with efficiency∼ 90% have been demonstrated by direct laser writ-
ing with GB laser pulses. Axial multiplexing of up toN = 4 layers was necessary to maxi-
mize diffraction efficiency. Strongly dispersive gratings with period of 1.5µm were success-
fully recorded within 1 h timespanover the footprint areas 6× 6 mm2. Stitching of gratings
axially by the direct write approach demonstrated here proves to be more efficient as com-
pared with a write-and-stretch approach attempted in polymers [27].Fabrication of a fully
functional optical device performing at a high∼ 90% efficiency inside 6× 6× 0.35 mm3

volume within 1 hour shows the state-of-the-art of fs-DLW. It performs at industrial require-
ments for the nanofabrication throughput,T, predicted by the Tennant’s law [28], which for
planar-2D lithography based proceduresR= 2.3× T0.2; hereT is in [µm2/hour] at resolu-
tion, R [nm]. If rescaled for the 3D nanofabrication case considering the same scaling, one can
projectR= 2.3×T0.3

3D whereT3D [µm3/h]. The resolution of fabricated VBGR∼ 1 µm and the
throughput ofT3D ∼ 109 µm3/h are closely following the Tennant’s prediction for an industrial
application.

Femtosecond GB beams can be used for recording extended tracesof optical damage inside
transparent dielectrics [29], can ablate tens-of-micrometers long channels of only few microns
in diameter in glass in a single shot [30] and has increasing range of applications beyond laser
fabrication as discussed in recent review [31].VBGs of high diffraction efficiency recorded over
large areas can find applications as spectral and angular filters together with optical lanterns
used for pupil-remapping in astro-physical applications [32]. Among other applications where
fs-DLW with GB beams can be used are high-power lasers directly written in active glasses [33]
and wet etching of laser fabricated patterns [34].
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