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We report on what we believe are the first volume Bragg grat-
ings written inside bulk multicomponent fluoride glasses.
The gratings inscribed with tightly focused infrared (IR)-
femtosecond pulses in combination with the phase-mask
technique exhibit refractive index modulations of up to
5 x 10™* with reflectivities up to 90% at a wavelength near
2.8 pum. Such highly compact and narrowband filters could
have a significant impact on numerous high-end applica-
tions from the UV to the mid-IR. © 2020 Optical Society of
America
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Volume Bragg gratings (VBGs) have gained growing interest
over the last decades mainly as wavelength-stabilization ele-
ments for laser diodes as well as beam combiners for high-power
lasers [1,2]. So far, VBGs have been realized based on the photo-
inscription of either photo-thermo-refractive glasses with UV
light [3] or also various other materials by using femtosecond
(fs) laser pulses [4—7]. This last technique is especially interest-
ing as it enables a confined and precise grating implementation
into a broad range of non-photosensitive materials due to
nonlinear absorption processes that are triggered in the focal
volume [8]. To induce the required refractive index modulation,
the simplest approach is by means of a microscope objective
where an array of separated lines inscribed one after the other is
implemented inside the bulk. With this technique, VBGs have
been implemented into various materials such as fused silica
[4], borosilicate [5], PMMA [6], and chalcogenide glasses [7]
showing high diffraction efficiencies. However, the period of
these gratings is usually in the range of a few microns, which
is not desirable for VBGs that work in reflection in the range
of the near-infrared and the short wavelength part of the mid-
infrared (mid-IR). Above all, these gratings generally exhibit a
poor period stability and have, therefore, so far, only been used
as diffraction gratings [9]. These limitations can be overcome
with another convenient and widespread method, which uses a
two-beam interference pattern generated by a phase mask [10].
VBGs in fused silica with outstanding diffraction and reflection
efficiencies were fabricated using this technique [2,9].
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In recent years and in addition to the materials mentioned
above, multicomponent fluoride glasses have been attracting
more and more attention due to their large transparency win-
dow spanning from the UV to the mid-IR wavelength region
[11]. The latter portion of the spectrum is of high interest
for a wide range of applications in medicine, spectroscopy,
and security since it includes the fingerprint absorption of
numerous molecular gases. However, the implementation
of VBGs into bulk fluoride glasses represents a challenging
task due to the thermal properties of such glasses. Indeed,
in comparison to fused silica, they have a significantly lower
glass-transition temperature (265°C), a much larger thermal
expansion coefficient (200 x 1077 /K), and a lower thermal
diffusivity (2.4 x 1073 cm?/s). This can lead to thermal insta-
bilities when a tightly focused fs-laser beam interacts with the
fluoride glass [12]. Specifically in ZBLAN glass (abbreviation
for ZrF4—BaF,—LaF;—AlF;—NaF, the most common fluo-
ride glass composition), optical devices have been so far only
implemented into fibers in the form of fiber Bragg gratings
(FBGs) [13] or long-period fiber gratings (LPGs) [14]. An
approach to implement their counterpart, namely VBGs, into
fluoride bulk glasses is still missing most likely due to the strict
requirements on the period stability along with the challenges
of volume modifications mentioned above. Such components
working from the UV to the mid-IR wavelength region are
required for high-end applications such as pulse compres-
sion in mid-IR chirped-pulse amplification (CPA) systems or
wavelength filtering for hyperspectral imaging.

In this Letter, we report what we believe are the first fs-laser
inscribed VBGs in bulk fluoride glasses. The gratings described
in this contribution reveal good diffraction and reflection
efficiencies in the mid-IR region, and their spectra show good
agreement with numerical modeling. The gratings homo-
geneity and higher-order reflectivities are also investigated.
Finally, the influence of thermal annealing is analyzed.

For the VBG inscription process, we apply ultrashort laser
pulses (100 fs) and the scanning phase-mask technique to
obrtain a high period stability [9]. The 800 nm beam of a CPA
Ti:sapphire-laser (Spitfire, Spectra-Physics) with a diameter of
4.8 mm is focused by an acylindrical lens ( /' = 12 mm) through
a phase mask into the fluoride glass sample as illustrated in
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Fig.1. Illustration of the VBG inscription setup using a cylindrical
lens and the multilayer scanning phase-mask technique.

Fig. 1. The phase mask with a uniform period of 1.9 um was
used to obtain a first-order reflection peak around a wavelength
of 2.8 pm. The undoped fluoride glass samples (Le Verre Fluoré
Inc.) were cut into pieces with dimensions of 3 x 3 x 10 mm,
and their faces were polished. While the lens is focusing in only
one direction, the phase mask is diffracting in the other, gener-
ating an interference pattern with half of the mask periodicity.
By translating the sample and the mask together underneath
the beam, the size of the grating can be extended to an almost
arbitrary size without causing significant stitching errors [9].
The VBG is inscribed over the desired volume thanks to a layer-
writing approach. The fs-beam is first focused at the bottom
position of the grating, and both the bulk and the phase mask
are translated exclusively along the y axis in order to inscribe
the first layer (see Fig. 1). Once the required width is covered,
the glass sample and the mask are moved down in z to focus the
beam slightly higher in the bulk, and the previous process is
repeated to inscribe a new layer. After writing a predetermined
number of layers, the glass sample and the phase mask can be
moved in the x direction to inscribe another VBG right next to
the first one and therefore obtain alonger VBG.

After thorough optimization tests, the final VBGs were
inscribed with a laser repetition rate of 100 Hz, a pulse energy
of 520 pJ, and with a double-pass exposure as it can induce
larger refractive-index modification amplitudes Anac [9]. Such
a low repetition rate was chosen, since poorer gratings were
obtained when the laser was operated at 1 kHz. Even though
this last repetition rate is generally known to not be in the heat-
accumulation regime in standard silicate glasses, we believe
that our current beam scanning technique used to obtain such
large Bragg structures does not allow us to scan the fs-beam fast
enough to limit detrimental heat accumulation effects in the
focal area of the fluoride glass samples [12]. A distance of 22 pm
was kept between each layer in order to ensure a smooth index
modulation over the grating’s height. The writing beam was
scanned at a speed of 0.6 mm/min along the y axis and over
the 2 mm width of the layers. That process was repeated for 67
layers to inscribe gratings over a height of 1.5 mm. A distance of
170 pwm was kept between the top surface and the last written
layer in order to prevent the focused beam from damaging the
bulk surface. Two final VBGs were written over lengths of 3
and 10 mm. This latter length was obtained by inscribing four
gratings next to each other in the same bulk sample, each spaced
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Fig.2. Setup for measuring the transmission spectrum of the VBGs.
Mid-IR, mid-infrared; SM, single-mode; VBG, volume Bragg grating;
OSA, optical spectrum analyzer.

by 2 mm in the x axis to ensure a sufficient overlap between
themselves.

The setup shown in Fig. 2 was then used to probe the VBGs’
different reflection orders. For that matter, we employed our
in-house-built all-fiber supercontinuum source covering the
wavelength range from 2 up to 4 pm to study the gratings’ first
diffraction order at normal incidence with regards to the fringe
plane. Higher diffraction orders were probed with a commercial
supercontinuum source (SuperK, NKT Photonics) covering from
0.5 up to 2.4 um. The broadband light of these characterization
sources is carried to the setup by means of a single-mode fiber. It
is then focused inside the glass bulk thanks to a set of two CaF,
lenses. Their focal lengths are chosen to obtain the smallest
beam possible while keeping a confocal parameter (twice the
Rayleigh range) at the wavelength of interest at least as long as
the probed VBG. Such a small beam area is desired since we
wanted to evaluate the Anyc homogeneity of the refractive-
index modulation amplitude over the grating’ cross section.
The sample was therefore positioned with a 3D translation
stage and a rotating stage to ensure an efficient alignmentand an
optimized coupling. The transmitted light is then refocused into
a single-mode fiber connected to an optical spectrum analyzer
(OSA). For the measurement of the VBGs’ first diffraction
order, a mid-IR OSA (4Q6376, Yokogawa) that spans from 1.5
to 3.4 |tm was used.

The transmission spectra around the first-order resonance of
the two VBGs are displayed in Figs. 3 and 4. Clear transmission
dips are observed around 2.836 pm as expected from the choice
of the phase-mask period by considering a refractive index of
~1.49 for fluoride glass near 2.8 pm. A 0.7 nm offset is observed
between the peak wavelengths of both VBGs, probably due
to a small angle difference between the probing beam and the
gratings’ fringes. The transmission spectra were normalized
according to a spectrum obtained by sending the beam through
the bulk but outside the grating region. As seen in Fig. 3, the
3-mm-long VBG exhibits a transmission dip of —5 dB at the
resonant wavelength, which was probed by sending a ~75 um-
diameter beam over the region of the VBG closer to the top
surface of its bulk. By fitting this spectrum with an in-house-
developed simulation tool for VBGs, we were able to infer a
peak Anpc of 5.1 x 10~%. Those simulations are based on the
model of rigorous coupled wave analysis [15]. In order to mimic
the experimental conditions as closely as possible, the Anac
envelope of the gratings is given by the intensity profile of the
fs-beam revealing a Gaussian-apodized profile with additional
modulations. This is accompanied by a small Gaussian defor-
mation of the average refractive index (Anpc). In addition, a
slight divergency of the probing beam is assumed to properly fit
the asymmetric shape of the spectrum. A slightly longer grating
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Fig. 3. Measured and simulated first-order transmission spectra of
the 3-mm-long VBG. For the simulations, Anac = 5.1 x 1074, and
Gaussian shapes for Azac and Anpc are assumed.
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Fig. 4. Measured and simulated first-order transmission spectra of
the 10-mm-long VBG. For the simulations, Anyc =3.2 x 1074, and
Gaussian shapes for Anac and Anpc are assumed.

length of 3.8 mm was also assumed. Since no commercial mid-
IR fiber couplers are available, the first-order peak reflectivity
of the VBG cannot be directly probed. However, its value can
be inferred from the dip of its transmission spectrum given the
good agreement between the simulations and the experimental
results and by assuming negligible photoinduced losses. Such
assumption is justified as no significant out-of-band losses were
observed on the normalized spectrum of Fig. 3 and since negli-
gible losses have also been previously reported for mid-IR FBGs
inscribed in fluoride glass fibers with the phase-mask technique
[16]. We can therefore assume from the —5 dB transmission dip
that this VBG has a first-order peak reflectivity of about 70%.
In the case of the 10-mm-long VBG’s spectrum shown in Fig. 4
exhibitinga —10 dB transmission dip, we can infer a peak reflec-
tivity of 90%. It was probed with a ~150 pm-diameter beam,
which was also sent on the VBG’s top layers. The FWHM of the
resonance is 1.1 nm and was measured with the highest OSA
resolution of 0.1 nm. From the fitting of that spectrum obtained
with the simulation code and by assuming a grating length of
8 mm, we calculated a peak Anac of 3.2 x 10~%. This value
is almost 40% lower than that calculated for the shorter VBG,
even if both VBGs were inscribed with the same inscription
parameters. Such a discrepancy could hint at a potential poor
Anac homogeneity over the VBGs’ cross section given that this
longer grating was probed with a much larger beam than for the
otherone.

The Anpc homogeneity was studied by measuring the first-
order transmission dip of the 10-mm-long VBG at different
positions over its cross section. The 3D translation stage shown
in Fig. 2 was used to move the sample along the z axis in order
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Fig. 5. First-order peak reflectivity of the 10-mm-long VBG mea-

sured at different height positions.

to measure the transmitted spectrum of the 150-pum-diameter
probing beam at different height positions inside the bulk. The
results summarized in Fig. 5 confirm that there is indeed a strong
grating-strength gradient in that axis. The peak reflectivity
evaluated from the transmission dip drops from 90% at the
top of the grating to 23% at a depth of 320 pum. It is especially
surprising given that a 1.5 mm scanning range was used for
the grating’s height during the inscription process. Such inho-
mogeneity can be explained by the spherical aberration at the
interface between air and the glass bulk. It distorts the focus
and consequently reduces the intensity at the focal point. This
effect becomes more important with increasing focal depth
inside the sample [17]. Thus, Anac is expected to decrease from
the top to the bottom layer. Taking the probe beam diameter
of 150 um into account, this means that Ansc does not only
depend on position but is also averaged over the probing beam
area. Therefore, the maximum value of photoinduced Anac
extrapolated from the transmission measurements is underesti-
mated. In the future, the VBGs” homogeneity could be greatly
improved by increasing the pulse energy for the bottom layers or
by precompensating the aberrations on the writing beam with a
spatial light modulator for instance [18]. Similar measurements
were also conducted to study the grating’s homogeneity over the
y axis. A significantly more uniform reflection efficiency with
a relative RMS deviation of 6% was observed along the whole
2 mm width of the VBG. It is worth noting that by improving
the gratings’ depth homogeneity and by further optimizing the
writing parameters, Anac of the order of 1 X 1073, as reported
in [13], could be obtained over the whole cross section of the
VBG. Those improvements along with larger grating lengths
will allow us to increase even more the peak reflectivity of the
resulting VBGs.

The 3-mm-long VBG was then probed at the second reflec-
tion order. In this case, we used a 2 x 1 single-mode fiber
coupler to send the supercontinuum source’ beam to the char-
acterization setup of Fig. 2. The third branch of the coupler
was connected to an OSA (AQ6370C, Yokogawa) to obtain
the reflection spectrum shown in Fig. 6. It was normalized
according to the peak reflectivity inferred from the dip of its
transmission spectrum also displayed in Fig. 6. The baseline of
the reflection spectrum comes from the parasite reflections of
the free-space characterization setup. Still, a good agreement is
observed between the reflection and the transmission spectra
with regards to their FWHM and the wavelength positions of
their sidelobes. This tends to confirm the validity of calculating
the VBGs’ peak reflectivity directly from their transmission
dip as reported before. Those results also confirm that the
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Fig. 6.  Second-order transmission and reflectivity spectra of the
3-mm-long VBG.

phase-mask approach allows for the inscription of VBGs with
a very stable period along their length and that they can thus be
used as highly effective reflectors. An 83% reflectivity at a peak
wavelength of 1426 nm was obtained with a ~70 um-diameter
beam. The smaller baseline seen on the short-wavelength side of
the transmission spectrum is likely to come from a bad spectrum
normalization due to the free-space nature of the setup. This was
in fact not observed with the other diffraction orders’ spectra.
With the same VBG, a 70% third-order reflection peak was also
measured at 953 nm with a ~50 pum beam diameter suggesting
that even higher orders could be observed. These strong higher-
order diffraction peaks result from the nonsinusoidal refractive
index profile of the photoinduced gratings [19].

While the spectra shown in Figs. 3 and 4 were measured
six months after the inscription of the gratings, confirming
that they can maintain a strong diffraction efficiency on the
long-term basis, in addition we also analyzed the effect of ther-
mal annealing. Thermal stability of the fluoride glass VBGs
is indeed an important matter for any potential application.
Thus, we measured the peak Azac of a grating inscribed with
the optimized parameters described above, after annealing
it at different temperatures for 30 min. As seen in Fig. 7, the
induced Anac decreases by 70% from its initial value after a
thermal treatment at 200°C. Similar observations explained
by the low glass-transition temperature of fluoride glasses have
already been reported for FBGs [13] and LPGs [14] inscribed
in such material. Those measurements were conducted right
after the inscription of the VBG. The peak Anac values were
calculated by using the grating as a transmitting VBG and meas-
uring its diffraction efficiency of a He—Ne beam according to
Refs. [9,20] given that the mid-IR characterization setup was
not available at that time. Further thermal annealing tests are
under investigation to study the VBGs’ long-term stability.
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Fig. 7. Evolution of the VBG’s normalized Anac for different

annealing temperatures each held constant for 30 min.
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In summary, we have reported the first VBGs ever written
inside multicomponent fluoride glass. They were inscribed
in undoped bulks of that material with an IR-fs-beam and the
multilayer scanning phase-mask technique. That approach
circumvents stitching errors and allows for the writing of highly
effective VBGs. We were indeed able to infer from their trans-
mission spectra that the VBGs exhibited strong first-order
reflection peaks in the mid-IR. Despite a strong inhomogeneity
along the height of the inscribed VBGs, high reflectivity values
of 70% and 90% were obtained at a wavelength of 2.8 pm for
VBGs with lengths of 3 mm and 10 mm, respectively. Strong
higher-order reflections were also observed. This work enables
the use of VBGs in the mid-IR spectral region.
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