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Abstract
Multiphoton absorption via ultrafast laser focusing is the only technology that allows a three-dimensional structural
modification of transparent materials. However, the magnitude of the refractive index change is rather limited,
preventing the technology from being a tool of choice for the manufacture of compact photonic integrated circuits.
We propose to address this issue by employing a femtosecond-laser-induced electronic band-gap shift (FLIBGS), which
has an exponential impact on the refractive index change for propagating wavelengths approaching the material
electronic resonance, as predicted by the Kramers–Kronig relations. Supported by theoretical calculations, based on a
modified Sellmeier equation, the Tauc law, and waveguide bend loss calculations, we experimentally show that several
applications could take advantage of this phenomenon. First, we demonstrate waveguide bends down to a
submillimeter radius, which is of great interest for higher-density integration of fs-laser-written quantum and photonic
circuits. We also demonstrate that the refractive index contrast can be switched from negative to positive, allowing
direct waveguide inscription in crystals. Finally, the effect of the FLIBGS can compensate for the fs-laser-induced
negative refractive index change, resulting in a zero refractive index change at specific wavelengths, paving the way
for new invisibility applications.

Introduction
Femtosecond (fs) laser inscription in transparent

materials has unique advantages1,2. One of the most
relevant advantage is the micrometer-scale processing of
complex three-dimensional structures, owing to the
nonlinear nature of the laser absorption that precisely
confines structural changes to the focal volume. However,
a severe limitation of fs-laser inscription is related to the
relatively low photoinduced refractive index contrast that
is achievable3,4. In particular, the miniaturization of many
fs-laser-processed photonic devices is limited by the
minimum bend radius of waveguides, which in turn
depends on the magnitude of the induced refractive index
contrast. Another important limitation is the decrease in

the refractive index that occurs in most crystals5 and in a
wide variety of glasses6–8. In fact, many applications, such
as waveguide lasers9, electro-optic modulators10, and
frequency converters11, require multi-scan-depressed
cladding structures, which complicate or impede the
fabrication or their guiding circuits.
In most applications of photonics, the propagating

wavelengths are far from the material resonances to
minimize the optical losses; the fiber-optic communica-
tion window around 1550 nm in fused silica is a good
example. Away from resonances, the compaction and
rarefaction of the structural network (affecting the num-
ber of charged particles per volume unit) and other
mechanisms such as color centers, a change in the fictive
temperature, and defect-induced density changes largely
dominate the refractive index change in fs-laser-processed
photonic circuits1,6,12. However, for propagating
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wavelengths approaching the electronic resonance, we
show that the refractive index change exponentially
increases owing to a fs-laser-induced band-gap shift
(FLIBGS). For the first time, to the best of our knowledge,
the effect of the FLIBGS in transparent materials is stu-
died. Note that the propagating wavelengths are studied
near the resonance, which are not to be confused with the
wavelength used to process the material with the fs laser
(producing the FLIGBS) that is far from the resonance
(fixed at 795 nm in this work). For the remainder of the
paper, the stated wavelengths refer to light propagating in
the waveguides.
Using this FLIGBS phenomenon, we demonstrate that

the sign of the refractive index contrast can be inverted,
which allows for the direct inscription of smooth wave-
guides (i.e., type I-positive refractive index change) in
crystals. This type of inscription has several advantages
over structures based solely on the stress induced by
damage tracks traditionally inscribed in crystals5 or glas-
ses6–8 using high-energy laser pulses (i.e., the so-called
type III modifications13). Moreover, preliminary results
show potential invisibility applications. The opposition
between the fs-laser-induced negative refractive index
change and the positive refractive index change due to the
FLIBGS can result in a zero refractive index change at
specific wavelengths, which theoretically enable invisi-
bility. While invisibility cloaking has gained much atten-
tion in recent years14,15, mostly due to metamaterials16,17,
the FLIGBS mechanism demonstrates a new concept for
the direct fabrication of invisible structures, paving the
way for new invisibility applications. Finally, we demon-
strate a lower propagation loss in tightly curved wave-
guides mostly due to the high refractive index change
induced by the FLIBGS, which creates opportunities for
miniaturized devices. Supported by theoretical analysis,
we experimentally demonstrate waveguide bends with a
submillimeter radius of curvature, which is an important
improvement over the minimum 10-mm radius reported
previously3,18. It is somehow implicit that the use of the
FLIBGS results in a practical range of applications char-
acterized by a narrow spectral band near the resonance of
the material. Surprisingly, the FLIBGS affects the refrac-
tive index over a certain region beyond the absorption
edge bandwidth in the highly transparent region, which
extends the application range. Moreover, since electronic
bandgaps lying in the ultraviolet, visible, and infrared
regions can be found in different materials19, the FLIBGS
has great potential for the entire spectral band in
photonics.

Results
FLIBGS theory and experiment
The ultrafast laser-induced refractive index change of

transparent materials is a complex phenomenon that

relies on different physical processes. First, a physical
rearrangement of the structural network was observed1,20.
It is believed that the densification induced by various
complex phenomena, such as a fast temperature
change21,22 and plasma shock waves23,24, has a great
impact on the fs-laser-induced refractive index change.
Another process is related to the variation in the
absorption spectrum through the Kramers–Kronig rela-
tions25. Increased absorption due to photoinduced defects
such as color centers26,27 produced by self-trapped exci-
tons28 leads to a variation in the refractive index. Since
most of the defects can be annealed while a partial
refractive index change remains29, defects can only par-
tially explain the laser-induced refractive index change.
To date, no one has explicitly studied the effect of the

FLIBGS on the refractive index. A first way of
approaching this problem is via the Kramers–Kronig
relations, relating the refractive index to the absorption
coefficient α integrated over frequency:30

n ωð Þ ¼ 1þ π

c
}

Z þ1

0

α ω0ð Þ
ω02 � ω2

dω0 ð1Þ

where c is the speed of light, ω′ is the angular frequency
variable running through the whole integration range, and
℘ denotes the Cauchy principal value. Clearly, from this
relation, a change in the absorption α(ω′) curve will in
turn affect n(ω). To illustrate this effect, Fig . 1 shows the
transmission spectrum through a zinc selenide (ZnSe)
crystal with a thickness of d= 1 mm (gray curve,

Fig. 1 Left axis: refractive index of ZnSe as a function of the
propagating wavelength using the Sellmeier coefficient from ref. 33

(black curve). Potential effects of the fs-laser-induced variation in the
number of charged particles per volume unit (blue dashed curve) and
the FLIBGS (green dotted curve), based on Eq. 4. Right axis: ZnSe
transmission spectrum (gray curve). The double gray arrows show the
potential absorption variation in the FLIBGS window if a shift in the
absorption edge occurs (dashed gray curve)
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associated with the right axis). When a band-gap shift
occurs, the absorption edge (near the electronic reso-
nance) of the transmission spectrum shifts horizontally.
For illustrative purposes, a dashed gray curve has been
added to represent the shifted spectrum. At a wavelength
near the absorption edge (where the transmission slope is
significant, denoted by the FLIBGS window in Fig. 1), the
shift greatly affects the absorption (double gray arrows)
and thus the refractive index.
Equation 1 is not convenient to use experimentally since

it requires measurements over a very wide spectral band.
Alternatively, the Lorentz dispersion relation with the
Clausius–Mossotti form allows one to express the
refractive index in terms of the number of charged par-
ticles per volume unit Nk

31:

3 n2 � 1ð Þ
n2 þ 2ð Þ ¼

X
k

4πNkε2k=mk

ω2
0k � ω2 þ iγω

ð2Þ

where n is the complex refractive index and mk is the
mass of particle k with charge εk. The number of charged
particles per volume unit Nk, the resonance frequency
ω0k , and the damping coefficient γ are the only terms that
can potentially be modified using fs-laser irradiation. The
real part of the refractive index n can be experimentally
obtained using the well-known Sellmeier equation, an
empirical equation related to Eq. 2, as a function of the
wavelength λ:

n2 ¼ Aþ
X
k

Bkλ
2

λ2 � C2
k

ð3Þ

where the first (A) and second (k= 1) terms of this series
represent the contributions to the refractive index due to
the higher- and lower-energy bandgaps of electronic
absorption, respectively, whereas the remaining terms
(k > 1) account for a refractive index modification due to
lattice resonance32. Equation 2 suggests that Bk is closely
linked to the number of charged particles per volume unit
Nk and Ck to the resonance frequency ω0k (or wavelength
λ0k). Note that the damping is not considered in the
Sellmeier equation (also neglected in this work) since it is
only significant in the close vicinity of the resonances. In
addition, note that the damping is related to the
absorption coefficient α and the Cauchy principal value
℘ in Eq. 1. Since the bandgap, absorption edge, and
resonance frequency of a material are directly connected,
the three models (using Eq. 1, Eq. 2, or Eq. 3) are similar
in terms of studying the FLIBGS.
To experimentally study the FLIBGS, the following

modified Sellmeier empirical equation that includes the

effect of fs-laser irradiation is suggested:

n2irr ¼ Aþ
X
k

Bk þ dNkð Þλ2
λ2 � Ck þ dλkð Þ2 � Aþ B1 þ dN1ð Þλ2

λ2 � C1 þ dλ1ð Þ2
ð4Þ

where dNk is proportional to the laser-induced variation
in the number of charged particles per volume unit and
dλk is the laser-induced resonance shift (linked to the
FLIGBS). The remaining terms (k > 1) are assumed to be
negligible for wavelengths relatively close to the λ1 (or C1)
electronic resonance, which is the case in this work. The
fs-laser-induced refractive index contrast is Δn= nirr− n,
where nirr is the refractive index of the irradiated region.
For illustrative purposes, Fig. 1 shows the ZnSe refrac-

tive index curve with the Sellmeier coefficients A= 4, B1
= 1.90, and C1= 336.15 nm from ref. 33 (black curve,
associated with the left axis). The effects of the variation
in the number of charged particles per volume unit (blue
dashed curves with dN1= ±0.1) and the FLIBGS (green
dotted curves with dλ1= ±30 nm), both exaggerated to
clearly observe their effect over the full spectrum, are
plotted. The variation in the number of charged particles
per volume unit tends to vertically displace the curve
(blue arrows), which affects the refractive index similarly
at all wavelengths, whereas the resonance shift tends to
horizontally displace the curve (green arrows), which
increasingly varies the refractive index when approaching
the electronic resonance at lower wavelengths.
To demonstrate the effect of the FLIBGS on the

refractive index contrast of a waveguide, fs-laser inscrip-
tion was performed using a Ti:sapphire laser system
(Coherent RegA). The system was operated at a wave-
length of 795 nm with a repetition rate of 250 kHz. The
temporal FWHM of the pulses was measured to be ~65 fs
at the laser output. To estimate the electronic resonance
shift dλ1 induced by the fs laser in ZnSe, several lines were
inscribed with a scan speed of 5 mm/s and a pulse energy
of 100 nJ. The inset in Fig. 2 shows the transmission
spectrum of a ZnSe sample with a thickness of d= 1mm
before (black curve) and after (blue curve) photoinscrip-
tion, measured using an Agilent Cary 5000 UV–vis–NIR
spectrophotometer. Unfortunately, uniform irradiation
over a 1-mm3 volume would take weeks. Therefore, 3300
lines were inscribed with a lateral displacement of 3 μm to
form a layer (1 cm2), and 7 layers were inscribed with a
vertical displacement of 10 μm, from a depth of
40–100 μm. The beam was focused beneath the surface of
the sample using a 100× (1.25 NA) oil immersion
microscope objective. The immersion oil refractive index
(1.5) was beneficial for reducing the high aberration
generated by the ZnSe refractive index (approximately 2.5
at 795 nm). However, it was impossible to write deeper
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due to the aberration and closer to the surface due to
bubble formation in the oil.
The shift in the absorption edge in BaAlBO3F2 and

borosilicate glasses has been observed by two other
groups, but has not been investigated34,35. It is very dif-
ficult to obtain a quantitative measurement of the elec-
tronic resonance shift dλ1 from the transmission
spectrum (inset of Fig. 2). Nevertheless, the absorption
spectrum provides an efficient means to assess the band
structure and width of the energy bandgap of optical
materials, from which the electronic resonance frequency
can be inferred. The optical bandgap Eopt can be expres-
sed according to the Tauc law36:

α ωð Þhωð Þ ¼ B hω� Eopt
� �m ð5Þ

where B is a constant depending on the transition
probability, α is the absorption coefficient, and is
calculated using the expression α=−2.303log(T)/d (d is
the thickness of the sample and T is the transmission), ω
is the incident light angular frequency, Eopt is the width of
the bandgap, and m= 1/2 is the refractive index
characterizing the direct transition process.
From the experimental transmission spectrum, (α(ω)

hω)2 can be plotted as a function of hω in eV, as shown in
Fig. 2. The optical bandgap Eopt is obtained as the inter-
section of the extrapolated linear portion of the curve with
the photon energy hω axis. The bandgap shifts from
approximately 2.627–2.620 eV, which corresponds to an
electronic resonance shift of dλ1= 1.26 nm. As a com-
parison, in typical semiconductors (Eopt ∼10 eV)
deformed using the piezospectroscopic effect, the strain-
induced shift of an electronic resonance may be

approximately 100meV (dλ1= 1.23 nm)37. Although this
demonstrates an FLIBGS, the result is a lower bound since
the sample is not irradiated over its whole volume.

Sign inversion of refractive index contrast
Except for a few demonstrations, such as in ZnSe38,

LiNbO3, and Nd:YCa4O(BO3)3, the refractive index
change is generally negative in crystals5. Therefore, direct
writing of waveguides in crystals is impractical. This can
be explained because a positive refractive index change
typically requires an increase in the material density,
which is difficult to achieve in crystalline materials due to
the compact structural order of the lattice, in contrast to
vitreous materials with structural disorder and the exis-
tence of free space within the network. Figure 3 shows the
refractive index contrast Δn for waveguides inscribed in a
ZnSe crystal using the same parameters mentioned pre-
viously, with pulse energies from 100 to 195 nJ, as a
function of the propagating wavelength. The results
demonstrate a sign inversion of the refractive index
change between 550 and 650 nm, depending on the
energy. To the best of our knowledge, this is the first
observation of a sign inversion of refractive index contrast
as a function of the propagating wavelength. Details on
the refractive index contrast measurement are provided in
the “Materials and methods” section.
The green dotted curve represents the refractive index

change calculated using Eq. 4 with dλ1= 1.26 nm and
dN1=−6.5 × 10−3 (chosen to fit the experimental value at
700 nm) and using the Sellmeier coefficients from ref. 33.
Although the experimental points agree well with the
theoretical green dotted curve, a significant discrepancy is
observed at shorter wavelengths, which supports the

Fig. 2 Calculating the FLIGBS value using the Tauc plot.
Relationship between (αhω)2 and hω for a ZnSe crystal sample before
(black curve) and after (blue curve) photoinscription (pulse energy of
100 nJ with a scan speed of 5mm/s). Their transmission spectra
through the sample with a thickness of d= 1 mm (including Fresnel
losses) are shown in the inset

Fig. 3 Sign inversion of the photoinduced refractive index
change in ZnSe. Experimental values of the fs-laser-induced refractive
index change as a function of the propagating wavelength for
different laser pulse energies and the theoretical (green dotted) curve
from Eq. 4 with dλ1= 1.26 nm and dN1=−6.5 × 10−3 and using the
Sellmeier coefficients from ref. 33
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hypothesis of an underestimation of the band-gap shift
dλ1. The inaccuracy of the empirical Sellmeier coefficients
from ref. 33 could also contribute to the error, which is
supported by the large difference between the different
values found in the literature39.
Figure 4 shows the near-field mode profiles of the two

waveguides inscribed in crystalline ZnSe with pulse
energies of 115 and 195 nJ. With the 115-nJ pulses, the
light is weakly confined at 520 nm and not guided at
633 nm. With the 195-nJ pulses, the light is weakly con-
fined at 633 nm and not guided at 1550 nm. At lower
wavelengths, the light is strongly confined in the wave-
guide at both pulse energies. The trend follows the sign
inversion of the refractive index contrast. These results
are of great interest, since many applications, such as
waveguide lasers9, electro-optic modulators10, and fre-
quency converters11, currently require multi-scan-
depressed cladding structures due to the decrease in the
refractive index that arises in most crystals5 and a wide
variety of glasses6–8.

Point of invisible writing
A peculiar phenomenon can be observed in Fig. 3 when

the sign of the refractive index change is inverted as a
function of the wavelength. At a specific wavelength, the
refractive index contrast becomes zero, which means that
the laser inscription should be invisible at this wavelength.
At Δn= 0, i.e., when n= nirr (cf. Equations 3 and 4), the
propagated light is not affected by the structural mod-
ification, which appears to be invisible. Due to the highly
nonlinear effect of dλ1 compared with the effect of dN1,
invisibility occurs at different wavelengths depending on
the laser inscription parameters. Therefore, the FLIGBS
allows for the direct inscription of invisible structures,
which does not require invisibility cloaking14–17 to be
hidden. As a preliminary experimental proof of concept,
the left side of Fig. 5 shows the top view of the waveguide
inscribed in ZnSe using a pulse energy of 170 nJ. The five
pictures were taken with a microscope using filters at 500,

550, 600, and 650 nm. The visibility of the waveguide
follows the trend of the refractive index contrast profile
shown on the right of Fig. 5 (also see Fig. 3). At 500 and
550 nm, the waveguide is clearly seen. At 700 nm, the
waveguide is fairly visible. At 600 and 650 nm, the wave-
guide is completely invisible to the naked eye and barely
visible under the microscope, especially at 600 nm, where
it is necessary to fine-tune the microscope focus position
to make the waveguide barely visible.
However, the fs-laser-induced refractive index contrast

is not perfectly uniform over the whole inscribed cross
section, mostly due to the stress induced around the focal
region. This prevents the refractive index contrast from
being zero over the full cross-section area of the wave-
guide, as shown in the refractive index profile at 600 nm
(see Fig. 5, right). The perfect step refractive index
induced by the fs laser should theoretically enable perfect
invisibility, a field that has gained much interest in the last
decade14–17, including fs-laser-written devices in smart-
phone screens, such as temperature sensors40 and on-
surface refractometric sensors for liquids41, that are
effectively invisible to the naked eye. In these previous
works40,41, the waveguides are undetectable to the naked
eye due to the low laser-induced refractive index change,
which limits the waveguide bend radii and thus the
applications. Therefore, enhancing the invisibility in
the visible region while increasing the refractive index
change at the operating wavelength due to the FLIBGS
would be of great interest. These invisible waveguide-
based devices also have great potential in any see-through
protection screen, such as car windshields, industrial
displays, army helmets, and plane dashboards. The use of
the multiscan technique or low repetition rates to avoid
the heating effect42, and methods to minimize aberration
such as using a spatial light modulator43 or a dual-beam
technique44 in order to sharpen the Gaussian intensity
profile should help obtain step refractive index inscrip-
tions. Invisibility at specific wavelengths could enable
interesting applications in photonic circuitry and gratings.
Note that a sign inversion of the refractive index con-

trast and invisibility is not possible via a type III mod-
ification (damage tracks). The negative refractive index
contrast produced by voids formed due to microexplo-
sions remains negative at any optical wavelength. Thus,
invisibility can only be obtained via a negative refractive
index change with a type I modification, which has been
achieved in many materials5,45.

High refractive index contrast allowing compact devices
An exponential increase in the refractive index con-

trast is observed when approaching the electronic reso-
nance at shorter wavelengths (see Fig. 3). This feature is
very interesting for the fabrication of photonic devices,
such as splitters, couplers, and ring resonators, with a

Fig. 4 Demonstration of light guiding in a ZnSe crystal based on
the FLIGBS. Microscope images of two waveguide side views (left)
inscribed in ZnSe with pulse energies of 115 and 195 nJ, and their
respective near-field modes imaged at different propagating
wavelengths
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submillimeter size. In fact, submillimeter devices are still
nearly impossible to fabricate using fs-laser writing due
to the minimum waveguide bend radius limited by the
refractive index contrast3,18. No one has used wave-
lengths near a material electronic resonance for photo-
nics applications obviously because of the higher
material absorption. A centimeter-long device would be
too lossy to be useful. However, for very compact devi-
ces, the intrinsic material absorption becomes less pro-
blematic. In the following paragraph, we address the
possible benefits of the FLIBGS for the miniaturization
of fs-laser-written photonic circuits.
To isolate waveguide bend losses, irradiation experi-

ments were performed on GeS4 glass, which has an
electronic bandgap lying in the visible region, in which it
is easy to photoinscribe type I waveguides46. Figure 6
shows the refractive index contrast Δn as a function of the
propagating wavelength for waveguides inscribed in GeS4
glass using the same parameters mentioned previously,
with pulse energies from 50 to 120 nJ focused 100 μm
beneath the surface using a 50× objective (Edmund Optics
LWD 0.55 NA). The exponential increase in the refractive
index contrast is clearly observed at short wavelengths.
Positive refractive index changes up to ~1.7 × 10−2 are

obtained at 500 nm for a pulse energy of 90 nJ. Note that
this value of 1.7 × 10−2 is, to the best of our knowledge,
the highest fs-laser-induced smooth positive type I
refractive index change observed in any chalcogenide

n
n

y

y

z

y

y

y

y

n
n

n

Fig. 5 A waveguide inscribed using a fs laser in a ZnSe crystal becomes nearly invisible near 600 nm. Top views of the waveguide taken with
a microscope using filters at 500, 550, 600, 650, and 700 nm (left) and their respective refractive index change profiles (right)

Fig. 6 Exponential increase in the refractive index change in GeS4
glass as a function of the propagating wavelength for different
laser pulse energies. The gray curve shows the transmission
spectrum of GeS4 through a 1.22-mm-thick sample (including Fresnel
losses). For a fixed pulse energy, a significant enhancement of the
refractive index change is still observed at wavelengths within the
highly transparent region
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glass waveguide. The gray curve shows the transmission
spectrum of the GeS4 glass through a 1.22-mm-thick
sample (including Fresnel losses). For a fixed pulse energy,
it is interesting to see that a significant enhancement of
the refractive index change is still obtained at wavelengths
within the highly transparent region. This extends the
range of applications of FLIBGS-based devices.
To ensure a smooth inscription of the tightly curved

waveguides, the scan speed was reduced to 1mm/s. Then,
20-nJ pulses were focused 100 μm beneath the surface
using a 100× oil immersion objective (1.25 NA). To isolate
the curvature loss, several S-bend waveguides were writ-
ten in a 6-mm-long GeS4 sample, as shown in Fig. 7. Six
S-bend waveguides with a fixed lateral displacement of
200 μm with lengths L ranging from 0.5 mm (with a radius
curvature R of 0.363 mm) to 6mm (R= 45.05 mm) were
written.
The S-bend waveguides were characterized using 520-,

633-, and 1550-nm laser sources. The light injection was
performed by butt-coupling with a single-mode fiber.
Simply by measuring the additional loss relative to a
straight waveguide written under the same conditions, the
additional loss from each S bend can be isolated. The
bend loss in dB/mm is obtained by dividing this additional
loss over the S-bend waveguide length. The results are
plotted in Fig. 8a. At 1550 nm, the results are in agree-
ment with prior results from the literature3,18. For a radius
curvature of 5 mm, the loss is less than 0.5 dB/mm at
520 nm, while it is over four times higher at 1550 nm. For
a radius curvature of 1.3 mm, the signal is completely lost
at 1550 nm, while the loss is less than 6 dB/mm at 520 nm.
For a radius of curvature of 363 μm, guiding occurs only
with the 520-nm light, with a bend loss of 17 ± 2 dB/mm,
which seems promising for sub-millimeter-size devices,
considering that 520 nm is not the optimized wavelength.
Note that we have not been able to guide 520-nm light
through waveguides with submillimeter bend radii in a

material with a bandgap far from this wavelength, such as
standard glasses (e.g., soda lime, borosilicate, and fused
silica). In addition to the high refractive index contrast
obtained due to the FLIBGS, the smooth type I-positive
refractive index change may have an important impact on
the guiding property of waveguides with submillimeter
bend radii. In fact, a high refractive index contrast can be
achieved with mixes of positive and negative refractive
index changes or with type III (microexplosion or damage
tracks) waveguides. However, the high asymmetry or
roughness typically obtained from these methods induces
additional losses in waveguide bends.
The experimental values can be compared with the

theoretical formula of the waveguide bend loss LB (dB/
mm)47:

LB ¼ 2:171π1=2

ρRð Þ1=2
V 4

Vþ1ð Þ2 V�1ð Þ1=2
� �

´ exp V�1ð Þ2
Vþ1 � 4R V�1ð Þ3

3ρV 2
n2irr�n2

2n2irr

� �h i ð6Þ

Fig. 7 Top-view microscope image of an S-bend waveguide (with
R= 363 μm) photoinscribed in GeS4 glass and (inset) its near-
field mode profile at 520 nm with a width of 9.5 μm. See the
dynamics of the guided light in the Supplementary Movie

a

b

Fig. 8 Optical losses as a function of the bend radius. a
Waveguide bend loss and b effective loss (bend loss plus material
absorption) at 520, 633, and 1550nm as a function of the radius
curvature of an S bend photoinscribed in GeS4 glass. The solid curves
are the theoretical curves obtained from Eq. 6. Despite the high
material absorption loss, it is advantageous to use smaller
wavelengths for very small bend radii (e.g., 480-nm solid curve)
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where ρ is the waveguide core radius and V is the
waveguide parameter given by:

V ¼ 2πρ
λ

n2irr � n2
� �1=2 ð7Þ

The theoretical bend loss curves for 520, 633, and
1550 nm are plotted in Fig. 8a (solid curves). The differ-
ences between the experimental values and the theoretical
curves can be explained by the perturbation at the tran-
sition point (halfway point of the S bend) where the curve
changes the direction of its rotation47, which is not taken
into account in Eq. 6, and the fact that defects and
waveguide roughness have more significant effects for
curved segments. Moreover, Eq. 6 is an approximation for
perfectly symmetrical single-mode waveguides, which is
not exactly the case in our experiment. As shown in the
inset of Fig. 7, the mode profile is slightly elongated, and
few modes appear at smaller wavelengths. The refractive
index values of the GeS4 glass were obtained using an
interpolation from five measurements (n= 2.153, 2.109,
2.058, 2.044, and 2.039 at wavelengths λ= 532, 633, 972,
1303, and 1538 nm, respectively) using a Metricon 2010/
M prism coupler.
However, the most important parameter is the total loss

of such curved waveguide-based devices. The mode mis-
match and Fresnel losses (at the input and output) can be
easily reduced to less than 1 dB47 and remain the same for
any S-bend size; therefore, they are not taken into account
in the following loss estimation. At wavelengths far from
the resonances, the propagation loss in straight wave-
guides can be as low as 0.01 dB/mm1. This waveguide
propagation loss is negligible compared with the bend loss
and material absorption at wavelengths near electronic
resonance and even more negligible for compact devices,
which is the subject of this study. Figure 8b shows the sum
of the two main optical losses (bend loss and material
absorption), which will be referred to as the “effective
loss”, for several wavelengths as a function of the wave-
guide bend radius. The absorption spectrum of the GeS4
glass was measured using an Agilent Cary 5000
UV–vis–NIR system. Despite the higher absorption near
electronic resonance, the experimental values and the
theoretical curves in Fig. 8b clearly show the advantage of
using wavelengths near resonance for tightly curved
waveguides. For example, from the experimental mea-
surements, a 1-mm-long optical splitter with a lateral
displacement of the outputs of 400 μm, which is made of
two S bends, as shown in Fig. 7, with a waveguide bend
radius of 1.3 mm, exhibits an effective loss of 6.1 dB at
520 nm, while the signal is completely lost at 1550 nm. For
a 1.6-mm-long splitter with a lateral displacement of the
outputs of 250 μm, with a waveguide bend radius of
5 mm, the experimental effective loss is 2.16 dB at 633 nm.

These relatively low losses are due to the fact that at 520
and 633 nm, the material absorption is still low, while the
refractive index is significantly increased (see Fig. 6) due
to the FLIBGS.
Despite the differences between the experimental points

and the theoretical curves in Fig. 8b, both clearly show the
same trend. Therefore, the theoretical calculation can be
used to provide an optimized wavelength for a specific
bend radius required for a specific application. The curves
in Fig. 9 show the theoretical effective loss as a function of
the wavelength for different waveguide bend radii pho-
toinscribed in GeS4 glass. Optimized wavelengths of 895,
620, 545, 525, 505, 480, and 467 nm are obtained for bend
radii of 5, 2, 1.3, 1, 0.75, 0.5, and 0.375 mm, respectively.
Moreover, as shown in Fig. 9a, low-loss compact devices
made of waveguides with a bend radius of 5 mm should be
achievable over a bandwidth of ∼600 nm (from ∼550 to
∼1150 nm).
Figure 9b shows the experimental effective loss mea-

surement (black circles) using an optical spectrum ana-
lyzer (Yokogawa AQ6373B) from a white-light source
(Koheras SuperK Power supercontinuum source)

a

b

Fig. 9 Effective loss as a function of the wavelength. a Theoretical
effective loss (bend loss plus material absorption) as a function of the
propagating wavelength for various waveguide bend radii
photoinscribed in GeS4 glass. b Zoom-in of the microbend region. The
experimental points (black circles) include the Fresnel, mode
mismatch, and misalignment losses
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launched in an S-bend waveguide (as shown in Fig. 7) with
a bend radius of 1.3 mm. While this method of analysis is
not precise enough to obtain a reliable measurement of
the losses (it also includes Fresnel, mode mismatch, and
misalignment losses), it provides a relative value of losses
as a function of the wavelength. Therefore, the experi-
mental values show the real optimized wavelength
(524 nm), which is 21 nm shorter than the theoretical
wavelength. This can be explained by any waveguide
fluctuation, roughness, or defects caused by laser
inscription power fluctuations, scratches on the surface,
motor vibrations, or material imperfection, which results
in a lower effective bend radius. Note that the Fresnel and
mode mismatch losses are wavelength-dependent but
should not significantly affect the value of the obtained
optimized wavelength.
As shown in Fig. 9b, for very tight bends, the wavelength

is more critical. In the case where the application requires
the tightest bend, the use of the Tauc law (see Eq. 5 and
Fig. 2) seems to be a practical way to obtain an efficient
and reliable wavelength (or a good material choice for a
fixed wavelength of interest). For GeS4 glass, a bandgap of
464 nm (2.67 eV) is obtained. At this wavelength, the
losses (1.13 dB/100 μm) are mostly due to material
absorption down to a bend radius of 430 μm. For a bend
radius of 375 μm, an effective loss of 1.2 dB/100 μm is
calculated.
As shown in Fig. 10, to obtain a lower bound of the

FLIBGS in GeS4 glass, the same procedure using the Tauc
law was executed (see section “FLIBGS theory and
experiment”). The sample was irradiated from a depth of
60–660 μm over the sample with a thickness of d=
1.22 mm. The bandgap shifts from approximately
2.67–2.655 eV, which corresponds to an electronic reso-
nance shift of dλ1= 2.62 nm. The lower refractive index

of GeS4 (2.1089 at 633 nm) makes deeper writing feasible,
which probably contributes to the larger calculated band-
gap shift compared with the shift for ZnSe. Unfortunately,
since no Sellmeier coefficients were found in the literature
for GeS4 glass, the theoretical curve of the refractive index
contrast as a function of the wavelength could not be
plotted in Fig. 6. As a comparison, a band-gap shift of
approximately 0.06 eV (dλ1 ∼10 nm) was observed after
illuminating a GeS2.33 film for 4 h using a 400-W high-
pressure Hg lamp48. One may notice a surprising increase
in the absorption in the full spectrum for the irradiated
samples compared with that of the pristine samples (see
the inset in Figs. 2 and 10). This is due to the light scat-
tered from the non-uniformly inscribed sample, which is
not detected by the Cary detector. To ensure that this
scattered light did not affect the band-gap shift calcula-
tion, a few measurements were performed using a
detector close to the sample to measure all of the scat-
tered light, which provided the same results but with a
higher experimental error. These measurements also
ensured that the laser inscription did not induce sig-
nificant absorption loss, which was also demonstrated by
Tong et al.49.

Discussion
The origin of the FLIBGS is complex and depends on

the irradiated material. In glasses, the network consists of
a disordered arrangement of structural units such as tet-
rahedra (e.g., [SiO4] or [GeS4] in silica or germanium
sulfide glasses, respectively), with the existence of free
space and local defects. This network therefore provides
favorable conditions for material modifications under an
external stimulus such as fs-laser pulses. On the other
hand, in a crystalline material (e.g., ZnSe), the structure is
well organized without free space and has much fewer
defects than glasses. This structure then has fewer degrees
of freedom for photoinduced modifications. Nevertheless,
if the amplitude of photosensitivity that distinguishes
these two materials is not considered, the nature of
the photoinduced changes is similar. Most of the time, the
photoinduced changes are a combination of two or more
of the following effects: the formation of color centers,
the migration of species, the modification of structural
units (bond or bonding angle that breaks or changes), and
even crystallization or amorphization1,6,7. These phe-
nomena then result in a highly localized contraction/
dilatation of the structure (i.e., a local density increase or
decrease) locally altering the electron density and thus the
energy required to cross the bandgap. Although the origin
of these phenomena remains complex, the phenomena
are generally associated with a band-gap shift (also called
a transmission or absorption edge shift, photodarkening
or photobleaching, or an electronic resonance shift). This
is also in agreement with previously reported band-gap

Fig. 10 Calculating the FLIGBS value using the Tauc plot.
Relationship between (αhω)2 and hω for a GeS4 glass sample before
(black squares) and after (blue triangles) photoinscription. Their
transmission spectra through the sample with a thickness of
d= 1.22 mm (including Fresnel losses) are shown in the inset
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increases due to a decrease in lattice spacing in a semi-
conductor under hydrostatic pressure50 and using the
piezospectroscopic effect37. Moreover, an absorption edge
shift has been observed in chalcogenide glasses after
illumination whose energy equals or exceeds the band-gap
energy51. Light-induced creation of dangling bonds
(immobilized free radicals) has been considered to be the
origin of the phenomenon52,53. Recently, the creation of
high-density dangling bonds after pulsed-laser excitation
has been observed in hydrogenated amorphous sili-
con54,55, which could partly explain the FLIGBS. Several
models have been proposed to describe the mechanisms
involved in the creation of dangling bonds under illumi-
nation with energy exceeding the band-gap energy, but
this issue is still controversial51,56. Moreover, from the
illumination of chalcogenide glasses under near-band-gap
light (e.g., a Hg lamp), the evidence suggests that the
observed band-gap shift is due to an increase in structural
intermediate-range disorder (randomness)48,57,58. This
structural randomness may broaden the resonance fre-
quency band. Similarly, the naturally random amorphous
state of a material generally has a lower band-gap energy
than its crystalline state59,60. This latter explanation may
have an important impact on the band-gap shift in crys-
tals, in which the structure becomes locally disordered
under fs-laser illumination. Finally, despite these expla-
nation attempts, the origins of the band-gap shift are still
unclear61.
One can note the unusual behavior of the refractive

index contrast for different laser pulse energies at the
same wavelength in Figs. 3 and 6. In Fig. 6, at low energy,
it is observed that the refractive index contrast increases
with increasing pulse energy, whereas at higher energy,
the refractive index contrast decreases. This behavior was
reported in a previous work46 and explained by a
saturation point of the refractive index change that occurs
when the size of the waveguides surpasses the dimension
of the fs-laser-induced plasma during the inscription. In
the experiments presented in Fig. 6, the waveguide sizes
surpassing the plasma size are denoted by squares (circle
otherwise). The behavior follows the previous observa-
tion46, and the maximum refractive index contrast occurs
for the highest energy pulse without the waveguide
exceeding the plasma size, i.e., at 90 nJ. As shown in Fig. 3,
the same trend is observed in the ZnSe crystal, where the
maximum refractive index contrast is obtained at 130 nJ.
The refractive index change is most negative in the red
part of the spectrum and most positive in the blue part.
Similarly, at 170 nJ, the refractive index change is less
negative in the red part of the spectrum and less positive
in the blue part. However, there is no such clear trend
near the inversion of the sign of the refractive index
change. This is probably due to the nonlinear nature of
the refractive index change mechanisms, which is

supported by the disordered refractive index profile
shown in Fig. 5.
Finally, we have demonstrated an exponential increase

in the photoinduced refractive index contrast for propa-
gating wavelengths approaching electronic resonances.
Unveiled by the Kramers–Kronig relations, this increase is
caused by a FLIBGS in the irradiated region of transparent
materials. For each material and laser, several writing
parameters must be tuned to form a strong waveguide (far
from resonance). In this paper, strong waveguides were
not the scope of the work, and only the pulse energy was
tuned to obtain decent waveguides to study the effects of
an FLIBGS. Therefore, it would be of great interest to
study the effects of an FLIBGS on known strong recipes
and observe how the FLIBGS can push the limits of
refractive index contrast and the waveguide bend radius.
Exploring FLIBGS applications opens up great research
opportunities for the entire spectral range in photonics,
since electronic band gaps lying in the ultraviolet, visible,
and infrared regions can be found in different materials.

Materials and methods
Refractive index modification measurement
To measure the photoinduced refractive index mod-

ifications, the structures were examined using a bright-
field microscope (Olympus IX71) and a camera equipped
with a bidimensional Hartmann grating (Phasics SID4-
Bio). The camera system acts as a wavefront analyzer that
uses lateral shearing interferometry (QWLSI) to generate
a quantitative phase image of transparent objects62. This
methodology, described in detail in ref. 63, was carried out
to recover the refractive index change (Δn) of the wave-
guides from the phase image. Accordingly, Δn measure-
ments were considered to be exact within a 2% error
margin or better. Since the Phasics camera operates in the
visible range, ZnSe crystal and GeS4 glass, both of which
have electronic bandgaps in the visible range, are excellent
materials for the experiment.

Samples
Germanium sulfide (GeS4) glass samples were fabricated

in-house following conventional melting–quenching tech-
niques46. The polycrystalline ZnSe sample was obtained
from a commercial supplier (Mellers Optic).
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