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When femtosecond laser is focused into optical materials, their refractive index can be changed.
Then various important optical elements can be fabricated by this technology. Herein, we report a
simple and practical method to measure the refractive index changes induced by femtosecond laser
in optical materials. By fabricating the gratings in a Z-cut LiNbO3 crystal and measuring the ratio of
grating’s different diffraction orders’ energy, the refractive index change (3.4x107%) in LiNbO;3 crys-
tal by femtosecond laser irradiation was obtained. This approach represents a simple way for meas-
uring the refractive index change induced by femtosecond laser in a variety of transparent materials
like sapphire, quartz and glass etc. In addition, this method would find the great technological im-
portance in fabrication of laser written refractive index structures such as lens, DOEs and other op-

tical structures.
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1. Introduction

Recently, buried micro-optical elements have gained
significant attention in scientific research and technological
applications owing to their distinctive advantages. They
remain unaffected by dust scratches, rubs and vibrations.
Besides, the influence of any external environment is ex-
tremely little. Instead, the surface optical elements are en-
tirely different. The diffraction efficiency of surface optical
element decreases dramatically at the design wavelength
when the external environment refractive index changes.
Based on the aforementioned advantages of buried ele-
ments, the buried waveguide [1-4], grating [5-7], and zone
plate [8, 9] have been fabricated, which showed excellent
optical properties. Almost all the buried optical elements
are fabricated by the photorefractive effect [10, 11]. When
a focused laser beam scans in a transparent material, the
refractive index will change on account of the effect [12].
Then when a light penetrates the area scanned by laser, the
phase delay can be modulated, resulting from the change of
the refractive index. The phase difference is equal to the
product of the optical path and the refractive index change,
which affects the optical properties directly. Therefore, it is
very urgent to quantitatively measure the refractive index
change.

Several methods have been proposed to characterize the
refractive index change, such as the transmitted-beam near-
field method [13], two-beam interferometric method [14-
15], and digital holographic method [16] etc. These meth-
ods above aim at particular size optical elements for differ-
ent applications. Using the relative intensities of various
orders is a straight forward way to measure refractive index
changes [17]. It has been reported that first order diffrac-
tion efficiency of thin gratings estimated refractive index
change [18]. However, the experiment used the polymer
materials with poor processing accuracy, and can’t be used
for buried micro-optical components of the design. So far,
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there is no effective method for tiny photorefractive con-
structions. In this work, we adopt a novel method based on
the scalar diffractive theory to character the refractive in-
dex change, which can apply to the diffraction optical ele-
ment design. We fabricated a series of buried micro-optical
gratings by femtosecond laser direct writing technology
[19-21] which were buried inside of lithium niobate crystal.
In other words, we used a focused femtosecond laser beam
to generate a series of periodically arranged stripsowing to
multi-photon absorption effect under the upper surface of
the crystal [22,23]. Then, the refractive index change has
been figured out by measuring the energy ratio of the grat-
ing’s diffraction orders. The method for measuring the re-
fractive index change has many advantages such as the
simple experimentation process, low requirements for pro-
cessing technology and materials, the relatively high preci-
sion of measurement results. It is an important guide to
develop the laser induced refractive index changed optical
elements.

2. Theory and experiments

The optical grating is an important optical element and
is widely used in optical communication and sensor fields
[24]. When a light beam passes through a grating, its ener-
gy can be allocated to the diffraction spots with various
orders. The grating equation is given by

dsin@ = mi 1)
where d is the grating’s period, @ is the angle of the dif-
fracted ray, m is the diffraction order, and A is the wave-
length of incident beam. It is obvious from the grating
equation that the angle between each order is related to 4
and d. For rectangle waveguide gratings, the equation for
the efficiency of each diffraction order can be written as
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where 70 and 77m>0 represent the diffraction efficiency of 0
order and m order respectively [25-27]. In the last equation,
p is the duty ratio of grating and A¢ is the phase delay of
light wave. The diffraction efficiency equation makes clear
that the energy of each order depends on p and Ag. Moreo-
ver, the phase delay A¢ can be obtained by measuring the
diffraction efficiency 7 on the premise of obtaining the
duty ratio p. Besides, phase delay A¢ is given by
A = 272'217}1 (3)
where An is the refractive index change and h is the grat-
ing’s thickness. It is evident from the equation that the
phase Ag is related to An and h. Therefore, the phase delay
can be gained by measuring the energy ratio of the grat-
ing’s diffraction orders with various orders, and the refrac-
tive index change can be figured out under the condition of
known thickness.

When femtosecond laser is focused into the lithium ni-
obate crystals, the refractive index at the laser focus can be
changed. The laser energy is rarely absorbed with low
pulse energy. With the pulse energy exceeding the damage
threshold of the crystal, the crystal will appear very strong
nonlinear light absorption. The absorption of energy causes
the local ionization of the crystal to produce plasma, and
the crystal structure changes eventually cause permanent
damage. It is generally believed that the main reason of
permanent damage is the high temperature and the genera-
tion of high density plasma [28]. And the magnitude of the
refractive index change is closely related to the laser energy.
So the various important optical elements can be fabricated
by this technology. The optical gratings with different duty
ratios have been fabricated in Z-cut LiNbOs crystal by
femtosecond laser direct writing technology, which is an
important and irreplaceable method to fabricate three-
dimensional buried micro-optical elements [29-33]. The
laser source (Spectra Physics Solstice) delivered the laser
of 800 nm wavelength, 120 fs pulse width and 2500 Hz
repetition rate. In order to improve the processing accuracy
and achieve two-photon absorption effect, a femtosecond
laser of 400 nm wavelength was obtained by a second har-
monic generation system. The laser was tightly focused
inside a 500 um thick LiNbOs3 crystal by a high numerical
aperture objective (NA=0.85, x80) and scanned once by a
dual galvanometer scanning system. The scanning speed of
femtosecond laser is 200 pm/s. The grating duty ratio is
controlled by scanning line stacking with 200 nm spacing.
The LiNbOs; crystal was fixed on a piezoelectric stage (Pl
P-721SL2). The piezoelectric stage controlled the scanning
depth of the laser focus to control the depth of processing,
and its precision could reach 1 nm. In the machining pro-
cess, the laser power was 250 #W, which was measured in
front of the focusing objective. Above all, the freewill high-
precision three-dimensional structure can be achieved by
employing the piezoelectric stage and the dual galvanome-
ter scanning system.
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Fig.1 Optical microscope images of the gratings. The duty ra-
tios are (a) 2:23, (b) 1:4, (c) 7:18 and (d) 2:3, respectively. (e)
Cross section of the grating.

The images of the optical gratings captured with x40
micron objectives lens are shown in the figure 1(a)-(d). The
period of the gratings is 5000 nm. The figure 1(a)-(d) show
the different gratings whose duty ratios are 2:23, 1:4, 7:18,
2:3 respectively. Both the length and width of the grating
structures are 100 zm. The thickness of the refractive index
changed area is 28 um. The area marked in the red frame is
the structure scanned by femtosecond laser and it appears
as bright stripes. The area marked in the green frame is the
structure without process and it appears as dark stripes. The
figure 1(e) shows the cross section of the grating, which
was polished by sandpaper. The grating is buried under the
surface of the crystal with the depth of 80 xzm, so its optical
performance can’t be affected by external environment.
From the images, it is obvious that the periodic striped pat-
tern is regular. Besides, the obvious color differences be-
tween the two areas can be clearly distinguished. In fact,
the color difference is due to the difference of the materi-
al’s refractive index. The refractive index change modu-
lates the phase of light wave and results in the phase delay.
The phase delay of the periodic stripes generates the grat-
ing diffraction effect, distributing the energy of a beam to
each order. The variation of refractive index determines
energy of each diffraction order, and it can be obtained by
measuring the energy ratio of diffraction orders.

3. Results and discussion
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Fig.2 Optical photographs of grating diffraction patterns, the
duty ratios are (a) 2:23, (b) 1:4, (c) 7:18 and (d) 2:3, respectively;
(e)-(h) Processing of (a)-(d); (i)-(I) Theoretical simulations of
grating diffraction patterns.
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Light intensity can be allocated to the diffraction spots
with various orders while a beam of light pass through a
grating. The light intensity of diffraction spots is closely
related to duty ratio and phase delay of the incident wave.
Moreover, the phase delay is determined by refractive in-
dex change in the condition of a fixed grating thickness,
hence the refractive index change can be obtained by
measuring the light intensity of diffraction spots. In the
experiment, we conducted optical diffraction testing on the
fabricated optical gratings. A He-Ne laser of 633 nm wave-
length was adopted as the illuminant to transmit light, and
obvious diffraction spots with remarkable orders were ob-
tained. The incident laser was perpendicular to the Z-cut
LiNbOs3 crystal surface, so the refractive index of the ordi-
naire light was same as the refractive index of the extra-
ordinaire light in the crystal. We used optical camera to
take photos of the diffraction grating patterns with different
duty ratios, as in the figure 2(a)-(d). It is easy to find that
the energy distribution differences between the orders are
quite striking for different duty ratios. For the figure 2(a),
the energy intensity decreases with the diffractive order
increasing, while for the figure 2(d), the energy of 1st order
and 3rd order is high and the energy of 2nd order and 4th
order is relatively weak. In order to remove the effects of
zero order, the meaningless zero order spot was eliminated,
as in the figure 2(e)-(h). Furthermore, the theoretical grat-
ing diffraction patterns with the same parameters have been
simulated by optical wave propagation based on the Fresnel
diffraction theory, as in the figure 2(i)-(l). Apparently, the
diffraction patterns of the test results are identical with
those of theoretical simulation results. Thus, these optical
gratings fabricated by femtosecond laser direct writing
technology have an excellent optical performance.
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Fig.3 Energy distributions of diffraction patterns. (a) The ex-
perimental test results, the duty ratios are 2:23,1:4,7:18 and 2:3,
respectively; (b) The theoretical simulation results.

The energy of diffraction orders and the duty ratio of
grating hold a relationship. To present that relationship, we
have extracted energy from the diffraction patterns of ex-
periment and simulation (figure 2(e)-(I)). The relation
curves between energy intensity and location have also
been plotted, as in the figure 3. The figure 3(a) describes
the experimental test results. The figure 3(b) describes the
theoretical simulation results. Moreover, experimental re-
sults and simulation results are highly identical. Specially,
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for the duty ratio of 1:4, the energy of the 1st diffraction
order is probably two times as the energy of the 2nd dif-
fraction order, while the energy of the 3rd diffraction order
is close to zero. They are identical with the simulation re-
sults. Furthermore, it is evident that the gratings with dif-
ferent duty ratios have different energy distributions. Ac-
cordingly, the results support that the energy of each dif-
fraction order has a close relation with the duty ratio.
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Fig.4 Theoretical relation curves of the energy and the ratio
along with the phase change, and the duty ratio is 7:18.

Besides the duty ratio of grating, the energy of each dif-
fraction order is also related to phase delay of the optical
wave. For the duty ratio of 7:18, the theoretical relation
curves between the energy of each diffraction order and
phase change are shown in the figure 4. When the phase
change is close to zero, the energy is also close to zero.
When the phase change is 0.5, the energy becomes max-
imized. It’s easy to find that the 1st diffraction order energy
changes quickly along with phase change, the 2nd diffrac-
tion order energy changes slowly, while the 3rd diffraction
order energy nearly remains unchanged. Moreover, we
have selected the 1st order and the 2nd order, and the vary-
ing relationship of their energy ratios with phase changes is
shown by the line. It is clear in the figure 4 that the energy
ratio becomes less and less in one-to-one match along with
improvement of phase change. In general, the energy of
grating’s diffraction order is determined by the duty ratio
and phase delay.

\ntensity ratio

Fig.5 Theoretical relation surface of the energy ratio along
with the duty ratio and the phase change.
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In order to show the relationship between the energy ra-
tio, the duty ratio and the phase change, the varying rela-
tionships of the energy ratios with phase changes for differ-
ent duty ratios have been simulated, as in the figure 5. That
is, the figure 5 describes the theoretical relation surface of
the energy ratio between the 1st diffraction order and the
2nd diffraction order along with the duty ratio and phase
change. Therefore, for a grating with an arbitrary duty ratio,
the phase change can be obtained from the relation surface
by measuring the energy ratio between the 1st diffraction
order and the 2nd diffraction order. In the experiment, the
energy of each diffraction order has been measured by a
laser power meter for the duty ratio of 7:18, and the thick-
ness of the grating has been obtained by polishing the cross
section of the grating. The energy ratio between the 1st
diffraction order and the 2nd diffraction order has been
figured out, which is 3.69. Then the phase change of 0.3n
has been obtained from the theoretical relation surface.
With the grating’s thickness of 28 um, refractive index
change (3.4x107%) has been obtained. Various methods to
measure the refractive index change have been reported,
and the results are mostly of 10~® magnitude, which change
along with the experiment parameters [13, 34, 35]. Howev-
er, most of these methods are very complicated. This meth-
od can get the accurate refractive index change. And almost
all of the buried optical elements can be designed with the
refractive index change. Hence, the method has a guiding
significance for the improvement of the refractive index
changed optical elements.

4. Conclusions

In conclusion, this letter describes a method for meas-
uring the refractive index change. First, we fabricated the
buried gratings with different duty ratios in LiNbOs crystal
and obtained their diffraction patterns. Besides, the rela-
tionship between the energy ratio of diffraction orders and
the phase delay have been simulated for a certain duty ratio,
which is strict one-to-one match. Finally, the refractive
index change has been obtained by measuring the energy
ratio of the diffraction spots. This method is utterly signifi-
cant for the development of the laser induced refractive
index changed optical elements.
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