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Fabrication of Optical Microstructures with Gradient Refractive Index 
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Abstract—The method of two-photon lithography is used to fabricate microstructures with gradient of refrac-
tive index. The rectangular structures with sizes 25 × 25 × 3 μm were fabricated with varying laser intensity
by linear or Gaussian distribution in one dimension. The resulting refractive index has been tuned in the
range of 0.03. The suggested method can be applied to produce arbitrarily shaped 3D GRIN micro-optical
elements.
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INTRODUCTION

Gradient, or GRIN (gradient index), optics, is a
branch of optics that studies light propagation charac-
teristics in optically inhomogeneous media with spa-
tial variation of refractive index [1]. In gradient index
materials, in contrast to homogeneous ones, the tra-
jectories of the light rays are curved due to a variable
refractive index. Such materials allow one to create
optical elements with arbitrary surface shape, which
can be used in fiber optic communication and imaging
systems [2, 3], as well as in optical medical devices [4].
GRIN optical elements can be fabricated by several
methods, including chemical vapor deposition [5], ion
exchange [6], neutron irradiation [7], thermal sputter-
ing [8] and photolithography [9, 10]. Despite the
diversity of these methods, all of them are limited in
the ability to produce three-dimensional objects of
arbitrary shape, especially when it comes down to the
microscale. There are methods for printing three-
dimensional gradient optical elements; however, these
are mostly macro-objects with characteristic dimen-
sions in the order of centimeters and a resolution of
fractions of a millimeter [11].

Two-photon lithography (TPL) is a microlithogra-
phy technique based on two–photon absorption of
laser radiation in a photoresist drop followed by
polymerization and solidification of the exposed vol-
ume. The photoresist polymerized by two-photon
absorption is localized near the focal spot of laser radi-
ation. By moving the focal spot along a predetermined
trajectory in the photoresist volume, it is possible to
obtain three-dimensional microstructures with a reso-
lution of down to 100 nm [12, 13].

The density and optical properties of structures
manufactured by the TPL method depend on the
printing parameters, for example, the laser power [14].
Therefore, by changing the laser power directly during
printing, it is possible to change the optical properties
of structures, setting the necessary profile of the
refractive index gradient in any predetermined three-
dimensional shape. At the moment, the use of TPL
has been demonstrated for the fabrication of GRIN
elements in porous silicon [15] and thin films [16].
Such methods, however, are limited in application,
since porous structures are difficult to use in combina-
tion with optical waveguides, and thin films limit the
size and shape of structures, in fact reducing three-
dimensional lithography to two-dimensional.

In this work, we introduce the TPL technique for
the manufacturing of three-dimensional microstruc-
tures with a continuous gradient of the refractive
index. We improved the method of printing by two-
photon lithography to add a gradient change of refrac-
tive index, manufactured test GRIN microstructures,
and mapped the refractive index distribution in the
fabricated microstructures.

FABRICATION 
OF EXPERIMENTAL SAMPLES

Figure 1 shows a schematic of an experimental TPL
setup. A femtosecond TOptica FemtoFiber laser with
a central wavelength of 780 nm and a pulse duration of
150 fs was used as a radiation source. Laser radiation
goes through the acousto-optic modulator. After being
deflected in the direction of the first diffraction maxi-
mum of the acousto-optic modulator, the laser beam
710
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Fig. 1. Scheme of the two-photon lithography experimental setup: (1) laser; (2) acousto-optic modulator; (3) optical power con-
trol system; (4) half-wave phase plate; (5) Glan–Taylor prism; (6) beam splitter; (7) photodiode; (8) galvo mirror; (9) telescopic
system of lenses (10 and 11); (12) beam splitter; (13) lens; (14) substrate with photoresist; (15) illumination system; (16) collect-
ing lens; (17) LED; (18) visualization system consisting of collecting lens (19) and camera (20); (21) computer.
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passes through a power control system consisting of a
half-wave plate and a Glan prism. Two-coordinate
galvo mirror allows one to move the focal spot of laser
radiation within the focal plane of the objective lens.
The latter focuses the radiation inside the volume of
the photoresist. The objective lens is mounted on a
piezoelectric translator and can move in a direction
perpendicular to the focal plane.

We have used the photoresist SZ2080 (IESL-
Forth, Greece) [17] to print gradient microstructures.
The photoresist is dropcasted on a glass substrate
cleaned according to the following three-stage
method: (1) mechanical cleaning of the surface fol-
lowed by washing with acetone, isopropyl alcohol and
distilled water, (2) chemical cleaning of the surface by
holding the substrates in a “piranha” (a mixture of
hydrogen peroxide with concentrated sulfuric acid in a
ratio of 2:3) for 30 min, and (3) oxygen plasma treat-
ment for 5 min. The liquid photoresist is dropcasted
onto the substrate and then preprocessed in the oven at
a temperature of 100°C for 60 min.

In the experimental setup, the reference power of
the laser radiation is adjusted using a half-wave plate.
In order to create a gradient optical microstructure,
the working power relative to the reference power is
changed directly during printing using an acousto-
optic modulator, as this element allows the fast enough
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power modulation during the printing of microstruc-
tures. The laser power is variated by changing the con-
trol voltage on the modulator. The dependence of the
modulator power on the applied voltage is nonlinear.
To determine this, we have measured the calibration
curve of the acousto-optic modulator. A voltage in the
range 0 to 10 V was applied to the modulator in 0.1 V
steps and the power of the transmitted radiation was
measured at the first diffraction maximum using a
photodiode. Measurements were performed for the
input laser radiation with three powers: 80, 160 and
240 mW (Fig. 2). All curves coincide after being nor-
malized to the maximum value of the transmitted
power. This shows that the calibration curve of the
acousto-optic modulator does not depend on the
incoming laser power.

We have chosen the test sample to be in the shape
of a rectangular parallelepiped with a square base of
25 × 25 μm and a height of 3 μm. The printing was
carried out at the speeds of the laser beam in the range
from 1000 to 3500 μm/s in increments of 1250 μm/s,
and the working power in the range from 1 to 5 mW in
increments of 1 mW.

The printed parallelepipeds had two different print
power distribution profiles along one side of the
square base: linear and Gaussian. These profiles allow
to demonstrate the effectiveness of the printing
: PHYSICS  Vol. 87  No. 6  2023
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Fig. 2. Dots- the dependence of the relative intensity of the
laser radiation (I/Imax), transmitted through the AOM on
the voltage applied to the modulator. Curve: an approxi-
mation by the Boltzmann function.
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method and to make a comparison with each other.
The linear intensity dependence is implemented in
such a way that the minimum intensity value is
assigned to the minimum coordinate value for the
structure, and the maximum intensity value is
assigned to the maximum coordinate value. The
Gaussian function is set by the coordinates of the
peak, where the intensity value is maximum, and the
line width is selected from the peak position, so that
the radiation power at the edges of the figure is mini-
mal. The parameters of the linear and Gaussian func-
tions were changed to obtain samples with different
refractive index gradients.
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Fig. 3. Test samples micrographs captured by an optical microsc
substrate of structures (a) with a linear dependence of the las
described by the Gaussian function (c). The OCM measuremen
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After TPL printing, the exposed samples were
developed in methyl isobutyl ketone for 2 h, washed
with distilled water and dried.

RESULTS
Figure 3a shows micrographs of the arrays of struc-

tures captured by an optical microscope. Each sample
has been printed with its own set of printing parame-
ters, such as the peak power and speed of the laser
beam movement, as well as the function of changing
the refractive index (relative laser power). It can be
seen that part of the array is produced with sub-opti-
mal parameters: either the structures are missing, that
corresponds to an insufficient dose of absorbed radia-
tion (below the polymerization threshold of the pho-
toresist), or poor adhesion to the substrate; or the
structures have characteristic inhomogeneities due to
the too strong laser power, which leads to local heating
and the polymer degradation. Figures 3b, 3c show
arrays of microstructures with linear and Gaussian
refractive index gradients, respectively. The circles
mark the structures selected for subsequent measure-
ments.

The spatial distribution of the refractive index was
measured by optical coherence microscopy (OCM)
[18]. This technique makes it possible to obtain three-
dimensional images of translucent objects with
micrometer resolution using the interference of the
laser beam, reflected from the mirror, and the beam,
reflected from the sample. Using OCM, one can
determine the distribution of the reflectivity and the
time delay of the beam in the sample, which gives
information about the change in the refractive index
[19]. The OCM method is successfully used to study
the internal structure of integrated nanophotonics
devices manufactured by two-photon lithography
[20, 21]. OCM measurement revealed that the height
of the manufactured microstructures is inhomoge-
MY OF SCIENCES: PHYSICS  Vol. 87  No. 6  2023
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Fig. 4. Mapping of microstructures by the OCM method: two-dimensional graphs of the dependencies of the optical path on the
coordinates in the microstructure (a); graphs of the dependencies of the physical path on the coordinates in the microstructure
(b); dependencies of the refractive index averaged along the Y axis in the microstructure (c); schemes for obtaining optical and
physical paths of the beam in the sample using OСM (d). Measurement of the optical (top) and physical (bottom) path of the
signal (black arrows) beam in the sample compared to the reference beam (gray arrows).
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neous and variates along with gradient of the optical
refractive index. This finding was confirmed by atomic
force microscopy [22], and the overall amplitude of
height modulation of the structure was measured to be
440 nm. The inhomogeneity of the height of the man-
ufactured structure arises due to the fact that the size
of the polymerized volume of the photoresist depend
on the power of the incident radiation, and this effect
was taken into account when calculating the refractive
index.

Measurements of gradient structures using the
OCM method were carried out in two configurations.
In the first configuration, the signal beam was passing
first through the substrate, second the microstructure
and then was reflected back from the upper boundary,
BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES
while the reference beam was passing only through the
substrate and then back after being reflected from the
upper interface substrate-air. In the second configura-
tion, the signal beam was immediately reflected from
the structure, while the reference beam was reflected
from the substrate. In both configurations, we com-
pared the paths travelled by the signal and reference
beams, as shown in Fig. 4d dark (signal beam) and
light (reference beam) arrows, respectively. Since the
reflection coefficient at the substrate-structure
boundary is negligible, ref lection from the structure-
air boundary (air-structure) was observed in both
cases. In the first configuration, the signal beam
passed through the substrate and the structure and was
reflected from the structure-air boundary, thus carry-
ing information about the refractive index of the tra-
: PHYSICS  Vol. 87  No. 6  2023
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versed structure. In the second configuration, the sig-
nal beam passed only through the air and was reflected
immediately at the air-structure boundary, and there-
fore did not carry information about the refractive
index of the sample. This approach made it possible to
measure both the optical path traversed by the signal
beam inside the studied microstructures (Fig. 4a) and
the physical path, that is, the height of the object
(Fig. 4b). The ratio of these values gives the desired
distribution of the refractive index in the manufac-
tured structures, as it is shown in Fig. 4c. The obtained
dependences qualitatively confirm that the TPL
method allows fabrication of three-dimensional
GRIN microstructures. The change in the refractive
index inside the structure is Δn = 0.03. At the same
time, the shape of the refractive index distribution
itself differs from a given linear or Gaussian function.
This discrepancy can be eliminated by conducting
additional calibration studies. The absolute change in
the refractive index turned out to be less than the cor-
responding values for gradient structures made in
porous silicon [15], but twice as large as the value
obtained in thin films [16].

CONCLUSIONS

The principal possibility of creating optical micro-
structures with a gradient refractive index using two-
photon laser lithography is shown. Optical coherence
microscopy showed that the refractive index in micro-
structures varies in the range Δn = 0.03. In the future
we plan to develop the proposed method for creating
three-dimensional optical elements with a gradient
refractive index.
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