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Abstract. Polarization diffraction gratings are formed by one-step polarization
holographic recording in azopolymer thin films. The evolution of the gratings
parameters, such as the modulation of diffraction efficiency and relief depth with
regard to different exposure dose is analyzed. Phase-shifting digital holographic
microscopy is applied for the measurement of the light-induced polarization
diffraction gratings. For the accurate hologram acquisition and reconstruction of
the complex amplitude transmitted by the gratings, we performed all-optical
(without moving components) phase-shifting implemented within in the imaging
system of the digital holographic microscope. The experimental measurement
results and theoretical predictions were compared and analyzed. © 2021 Journal
of Biomedical Photonics & Engineering.
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1 Introduction

Recently, azobenzene-based photochromic materials have
attracted great scientific attention due to the light-induced
mass migration, which can be used to create polarization
holographic optical elements on thin films as a response to
patterned illumination. These materials are particularly
intriguing because of the reversibility of the photoinduced
changes. Periodic structures created on azopolymer
surfaces have many different outstanding applications
such as visualizing the near-fields of plasmonic structures
and the orbital angular momentum of a light beam [1, 2].
Interferometry is a flexible approach applied for the
creation of complex polarization holographic gratings
(PHG) with varying parameters, which would be difficult
to create using conventional lithography tools. However,
essential understanding and non-destructive observation of
light-induced transformations in these materials is crucial
and still holds great interest. PHGs represent appropriate
test elements for analyzing azopolymer behavior. Digital
holographic microscopy (DHM) allows you to visualize
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not only amplitude information, color information, but
also phase information. This is especially useful for
obtaining information about living cells, tissues, and
various biological materials. [3—5] Digital holographic
microscopy (DHM) is a quantitative phase imaging
instrument [6], where complex amplitude (amplitude and
phase) of light interacting with a sample are measured, by
hologram acquisition. Various modifications of such
microscopes are known, including a digital holographic
white light microscope based on spectral phase shifting [7]
DHM can also be used for 3D analysis of the profile of
micro-optical components with the highest resolution
[8-9].

The hologram is obtained by interference of the wave
that passes through the object under study and the
reference wave set under an angle in off-axis setup [10],
or inline [11] in case of the phase-shifting configuration.
In addition, digitalization of the interferograms open the
access to the numerical processing of the complex object
wavefront for revealing the phase, amplitude and 3D map
of the PHG [12]. Optical and physical information about
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a diffraction grating is encoded in the phase component
of the digital hologram. This data permits to calculate and
deduce different parameters such as the surface relief or
refractive index modulation of the recorded optical
elements [13-14].

In this paper, we introduce phase-shifting DHM for
studying PHG recorded on azopolymer thin films. PHG
were created under different recording conditions by
polarization holographic recording (PHR). The analysis
of the dependence of diffraction efficiency on exposure
time and relief depth was carried out. The parameters of
PHG obtained via phase-shifting DHM permit to extend
the understanding of the light-induced topographical
patterns on azomaterial surfaces.

2 Materials and Methods

2.1 Fabrication of azopolymer thin films

Carbazole-based polymer poly-n-epoxypropylcarbazole
(PEPC) and azodye Solvent Yellow 3 (SY3) was applied
in this study. SY3 was acquired from Sigma-Aldrich
Company. The weight ratio between SY3 and PEPC was
1:3. Azopolymer was obtained by the reflux method for
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8 h, from 0.33 g PEPC and 0.101 g SY3 in 10 ml toluene
solution. The obtained solution of carbazole-based
azopolymer (PEPC-co-SY3) was filtered. The reaction
scheme is illustrated in Fig. 1. Chemical bonding of SY3
to PEPC polymer was performed by a polymerization
reaction. Fabrication of the azopolymer based thin films
was done via spin-coating. The main advantages of this
method are uniformity and high spinning speed resulting
in thin layers’ deposition on a micrometer scale. The
thickness of the synthesized azopolymer was
1.035+0.027 um. The measurement was carried out
digitally on a modified MII-4 interferometer [15].

2.2 Recording of PHGs on azopolymer thin
films

Photo-induced surface relief modulation in azopolymer
thin films is closely linked to the sensibility of azobenzene
compounds to the polarization of light. It was proved that
the different light induced phenomena in azopolymer
materials appear at a macroscopic level by a series of trans-
cis-trans isomerizations cycles when their chromophores
reorient perpendicularly to the electric vector of linearly
polarized light [16].
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Fig. 1 Synthetic route of PEPC:SY3 azopolymer synthesis.

Fig. 2 Polarization holographic recording setup: laser-single mode DPSS 473 nm (100 mW), BS-polarized beam splitter, M-
mirrors, A/4-quarter wave plate, Laser 650 nm, S-azopolymer thin film, PD-photodiodes for DE registration.
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Fig. 3 The setup of the phase-shifting DHM: Laser-single mode DPSS 473 nm (100 mW), SF — spatial filter, PBS — polarized
beam splitter, M-mirrors, A/2-halve wave plate, lenses L1, L2, G-grating, MO — microobjectives, LCVR — liquid-crystal
variable retarder, BS beam splitter, CMOS — digital CMOS camera.

Diffraction gratings for different exposures were
made by the polarized holographic recording method.
The optical setup is shown in Fig. 2. The recording laser
is single mode DPSS laser (CNI Lasers MSL-FN-473),
A =473 nm, 100 mW. The polarization of the incident
beams was LCP:RCP was obtained by A/4 wave
retarders. To evaluate the performance of the obtained
PHGs the diffraction efficiency (DE) evolution has been
measured by two photodiodes and a red laser HLM 1230,
A=650 nm, 5 mW which does not modulate the
azopolymer film. DE was determined by the following
relation:

n= 4 x100%,
20, +1, O

where, Io is the light intensity from zero order, and /i is the
light intensity in first diffraction order, respectively.

Both interfering beams pass through quarter-wave
plates for obtaining a polarized DOE. The angle between
interfering beams is 8 = 40° and the period of the grating

on the X-axis A = A/Zsing is about 7 pm.

2.3 DHM investigations

The setup of the phase-shifting DHM is illustrated in
Fig. 3. In the experiment, the single-mode laser beam (CNI
Lasers MSL-FN-473) is divided by a polarized beam-
splitter into the reference wave-Rw and the object wave
that passes through the PHG- Ow. Laser beam diameters
are controlled by two lenses L1, La. The collimated beams
pass through a half-wave plates to adapt the polarization
state of the reference wave to the state of the object waves.
Identical microscopic optical systems are set in both paths.
The CMOS camera acquires digital holograms which
represents the in-line interference pattern of beams. Four
phase-shifts equal to @1=0, 2=7/2, 3=, Q4= 3n/2 are
produced by the LCVR (Meadowlark LVR-100 VIS),
detailed calibration and explanation of the working
procedures are described in Ref. [16]. The phase step is
equal to 7/2.
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For reconstructing the map surface relief modulation
of the PHGs four object holograms are captured within
the grating recorded in the azopolymer film. Another four
reference holograms are recorded on the area of the film
that was not exposed to electromagnetic radiation. This
subtraction ensures the reduction of the background
noise. Finally, the phase map of the PHG is calculated by
the following formula:

Aq)(x:y) ZAq)o(x:y)_A(DR (X,y), (2)

where  AD,(x, ), AD,(x,y)

reconstructed phase maps from the object and reference
holograms, respectively.

represent  the

3 Results and Discussions

The quality of the and surface light-induced deformations
in PHGs is important for estimating the azopolymer thin
films behavior under the influence of light interference.
The surface relief depth (Ak) of the PHG is calculated
numerically in MATLAB software from the unwrapped
phase by

_AD(x,y)

M= 1)

©)

where A =532 nm is the wavelength and n=1.6 is the
refractive index of the azopolymer films.

Since refractive index modulation is small in
azopolymer thin films usually, it suffices to consider only
the surface relief modulation produced by modifications
in the volume of the azopolymer [15]. Thus, in our
calculations it is assumed that the refractive index
coefficient is not changed during recording.

Theoretical calculations and experimental DHM
measurement results of the PHGs obtained using differed
exposure doses are illustrated in Figs. 4 and 5. The
obtained gratings have a sinusoidal form. The maximal
height modulation according to theoretical calculations is
reached when the azopolymer is exposed for 30 min, the
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value of height for this PHR is equal to 780 nm as shown
by the red curve in Fig. 4. However, according to the
DHM measurements the maximal modulation constitutes
650 nm corresponding to 12 min recording time.
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Fig. 4 Kinetics of the first-order DE of the recorded PHGs
(blue), relief depth calculated theoretically (red), relief
depth measured experimentally obtained by phase-shifting
DHM (green).
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Fig. 5 Theoretical calculations and experimental DHM
measurement results of the PHGs: (a) 3D topography map
of the PHG with the maximal obtained height, (b) Cross-
sections taken across X-axis of the PHGs.
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Discrepancies are also observed in the evolution of
the relief depth. DHM measurements indicate that the
height of the relief decreases after 12 min and starts to
increase again after 27 min of exposure, while theoretical
calculations show a constant growth, until a certain point
of saturation. Remarkably, the evolution of the relief
modulation defined by DHM corresponds to the kinetics
of the first-order DE measured by the photo-diodes
during the recording process and represented by the blue
curve in Fig. 4. The kinetics reveals that maximal DE is
achieved within 8 min of exposure. Fig. 5(a) illustrates
the 3D topography map obtained from DHM
measurements of the PHG with the maximal relief height
equal to 650 nm. According to the cross-sections of the
PHRs, illustrated in Fig. 5(b) the grating period is
approximately 7 um, which corresponds to the
experimental recording conditions.

4 Conclusion

We have presented the procedures for micropatterning
under different exposure doses of PHGs on carbazole-
based azopolymers. The interferometric approach for
design and characterization of the created patterns has
proven to be a versatile technique. In order to realize the
full potential of PHG and understand their formation
dynamics and response to different exposure doses we
used theoretical calculations and experimental
measurements  using  phase-shifting DHM. The
comparison between obtained experimental and
theoretical parameters of the recorded PHG show
particular differences in the relief depth values.

We have two assumptions on the background of this
results. First, we assume that the variations in the results
may be due to the refractive index changes also arising in
azopolymer thin films during exposure. Second, the non-
uniform modulations of the relief depth of the PHGs
caused by the Gaussian beam distribution creates a
difficulty to investigate the gratings in the area with
maximal depth modulation [17]. Therefore, further
investigations in this field would increase the knowledge
on the mechanisms of photoinduced phenomena in
azopolymer thin films into the phase modulation of the
azopolymer thin films would further facilitate complete
understanding of the behavior as well as the photonic
applications of these materials, including as a sensitive
medium for polarization. These materials can be useful
in biomedical research. Along with the well-known
methods of visualization of color, shape, and spectral
properties using hyperspectral imaging microscopy [18]
or Raman spectroscopy of light reflected from a micro-
preparation [19], the method of digital holographic
microscopy based on phase reconstruction can be
extremely useful in morphological studies of micro-
objects.
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