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Abstract

Two-dimensional photonic crystal structures (PCS) were fabricated using a one-step
recording process, multi-beam interference in smart polymer nanocomposites incorporating SiO;
and Au nanoparticles sensitized to 532 nm laser radiation. It was shown, that PCS with different
geometry can be recorded in thick nanocomposite layers. The typical two dimensional (2D) PCS
have square structure with 2-8 um period, being in good agreement with theoretical structures
obtained by mathematical modeling of the recorded PCS. The peculiarities of the photo-
polymerization of nanocomposites with plasmonic Au nanoparticles were analyzed on the basis
of Surface Plasmon Resonance Imaging (SPRi) and Raman spectroscopy investigations and used
for the interpretation of the recording process and periodic structure formation.

1. Introduction

During the last decades photonic crystals attract essential basic scientific and increasing
application oriented interests for the development of integrated optics, sensors, info-
communication technologies [1-3]. A wide number of materials and proper fabrication methods
and processes were developed: lithography, e-beam or laser-beam recording, holography [4-7].
Lithography can be used for photonic crystals’ (PC) fabrication in basic semiconductor materials
like silicon [4]. Such structures contain elements with dimensions in the micrometer range.
Nanoimprint method was proposed [7] for the fabrication of one and two dimensional PCS in
polymethyl-methacrylate, structures with 800 nm period were obtained this way. Using special
multi-faced prism, which splits the laser beam into four beams and converges them afterwards on
a light-sensitive material, authors of [8] recorded PC with forbidden gap at 1400 nm. In [8] 3D
PC was fabricated by the multi-beam holographic lithography in SU-8 photoresist using single
optical element, which formed beams’ convergence at selected necessary angles.

The most of the well-known fabrication methods have a number of technological
shortcomings. For example, the application of the multi-face prism or optical element, which
converges light beams do not allow an in situ variation of interference patterns. Application of
holographic lithography for PCS fabrication makes the additional step of selective etching
necessary, with all possible shortcomings of this process. This method makes it possible to
fabricate a large photonic element by continuous, step by step incorporation of separate
elements. Lithography method, together with copying and multiplexing allows us to obtain PCS
down to sub-micrometer dimensions in semiconductors and polymers. Electron-beam
lithography makes it possible to produce elements with much higher resolution, but the low
throughput restricts its application in a large scale production. Application of lithography with
copying, imprint technology provides possibility for serial production of simple surface
structures. Here problems can appear with selective etching of prototype elements.

The range of known materials for PCS is rather wide: thin films of noble metals, silicon,
different semiconductors and polymers. Hybrid materials for PCS are perspective, especially
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with combination of photonic and plasmonic properties; they are so called hybrid photonic-
plasmonic heterocrystals [9].

In the present paper periodical structures in acrylate-SiO, nanocomposites are formed by
holographic method of multi-beam interference of coherent light in a system of four beams. In
this method the formation of the recording beams provides a possibility of creation of periodical
structures with different forms and dimensions without changes of optical elements. Photonic
structures are formed in special acrylate-urethane nanocomposites, which contain silica
nanoparticles (SiO,NP) and were developed and used in our laboratories. Some of them contain
gold nanoparticles (AuNP) besides the SiO,NP, which can essentially influence on the
polymerization process and on the formation of periodical structures [10]. It is essential, that no
additional treatments of the material after the recording are necessary.

The goal of the present work was the development and application of the above
mentioned multi-beam interference method for one step formation of photonic structures in
functional acrylate nanocomposites, which are sensitized to green laser illumination and possess
plasmonic effects due to the presence of gold nanoparticles.

2. Experimental
2.1. Sample preparation.

Monomer compositions were used for holographic recording of periodical structures.
These materials are mixtures of urethane — acrylate monomers with SiO,NP and photo-initiator,
which is sensitive in the green region of optical spectrum. This spectral region was selected
specially, since in our experiments we use monomer compositions with AuNP, which possess
plasmon resonance and absorption just in the green spectral region.
The technology of nanocomposite preparation consists of following steps:
- SIO;NP (7 nm in diameter) are added by small portions into the mixture of diurethane
dimethacrylate (436909 Aldrich, UDMA) and isodecilacrylate (408956 ALDRICH,
IDA),
- Adding toluene to the mixture to decrease the viscosity of it.
- After mixing the composition, the necessary amount of AuNP in toluene is added.
- Further the initiator of photo-polymerization is added (Irgacure 784, bis-(5-2,4-
ciklopentadien-1-il) bis-[2,6-difluor-3-(1H-pirolle-1-il) phenyl ] titanium.
- Afterwards the toluene is evaporated at 35 °C till the constant weight. The composition is
stored at 25 °C.
The composition of the prepared nanocomposites is shown in Table 1.

SiO; NPs Au NPs Irgacure 784
Ne Monomers Wit%
wt% wt%
64a UDMA/IDA=1/2 10 - 0,5
64Aul | UDMA/IDA=1/2 10 0.08 0,5
64Au2 | UDMA/IDA=1/2 10 0.15 0,5

Table 1. Composition of the prepared nanocomposites.
2.2. Experimental setup for recording of PCS

The general scheme of the experimental setup is presented in Fig.1.
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Fig. 1. Scheme of PC recording.1 - DPSS laser (A=532 nwm);
2 - optical filter; 3,4 - telescope with wide aperture, 5 - four-mirror system, 6 - the
sample with monomer nanocomposite layer.

The beam of light with 532 nm wavelength and 100 mW power from single-mode DPSS
laser is widened by telescope system with lenses (3 and on Fig.1) to the diameter, which is
enough for uniform illumination of the four-mirror system (5 on Fig. 1). The diameter of the
illuminated field in this system of mirrors was near 80 mm.

Each of four mirrors is attached to the separate micrometer stage, which in turn are
attached to the separate common stage with micro-positioners in two directions. This way four
independently operated beams are available in the given optical system, and their diameters are
determined by the dimensions of mirrors, i.e. the mirrors serve as limiting diaphragms at the
same time. Further, the beams are settled to the position 6, where the nanocomposite sample is
placed. The intensity of beams can be regulated by light filters (2 on Fig.1). The adjustment of
four beams for obtaining interference picture was done by the method of continuous
approximations with aim to select the minimum difference between optical paths of beams from
the given laser. At each step of approximation the interference picture was monitored through an
optical microscope, located at the sample place (6 on Fig.1l). The adjustment process was
finished if a good quality periodical structure was observed.

The recording zone, where the four beams intercept, was usually about 10x10 mm,
although the size could be increased or decreased as well. It is necessary to notice that this
system of mirrors allows high accuracy regulation of beam convergence and overlap different
illuminated zones. Different periodical structures can be produced this way.

The following PCS were created:

PCS 1 — monomer of 64a, 3 minutes recording.

PCS 2 — monomer of 64a, 3 minutes recording, and one beam was shifted for 2 mm in vertical
direction relative to other three beams in comparison to PCS 1.

PCS 3 — monomer of 64Aul, 3 minutes recording, the same as for PCS 1.

2.3. Theory of interference holography through multi-beam interference

The electric field for each p=1,2,3,4 beam can be determined by the following equation of
a plane wave with wavelength A, unit vector along the wave vector

P =(sin(ap)cos(qﬁp),sin(ap)sin(¢p),cos(¢p)), with azimuth angles ¢, and polar
angles ¢, :



E(p)(r,t) = AP -exp(i%z(ct —(g(p),r))j (1)

Angles are determined relative to the vector perpendicular to the surface of layer (sample 6 in
Fig.1). The z axis is perpendicular to the sample surface, x,y axes are in the sample plain. The

electric field vector is denoted as e(p) . Then,

AP) — AlP)g(P) )

(p)

Polar angles of €'"’ vectors are equal to zero (since the electric field vectors are directed along

the x axis). The azimuth angles of the e'?) vectors are denoted as ,[)’p . At such conditions, when

the electric field vector vibrates perpendicularly to the direction of propagation, the ﬂp angles
can be described by the next equation:

By =B, (a,d,)=m- arcctg(tg («, )cos(g, )) .3

Intensity distribution in the interference picture obtained from four beams can be described by

the following equation:
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Let the beams be characterized by equal amplitudes AY = A®D = AB - AW = A, and

®_ 2 () (4)

equal azimuthangles V' =o'/ =a"V' =a ' =«.

An example of modeled structure is shown in Fig. 2d. Here the intensity distribution of four-
beam interference at the surface of the sample layer is given at the conditions: azimuth angle

a =0.065 radian, polar angles of wave vectors in radians

V4
are: g =0, ¢, =7 ¢, =7, ¢, =——. The scale on x,y coordinates is selected in xm, the

wavelength equals 0.532 um. Intensnyl (X ,Y)is in arbitrary units on z axis. The intensity
distribution at the surface of sample at four- beam interference with azimuth angle o =0.065

radian and polar angles ¢ =0, @, =, ¢ =— is presented in Fig. 3d. The second beam is

V4
turned in such a way, that the polar angle equals ¢, = 3 + 0.35 radian.

2.4. Investigation of the prepared PCS.

The 2D and 3D images of the created PCS, their cross-section, period and average
modulation depth were measured by atomic force microscope (AFM - Veeco diCaliber). The
optical spectra of the pure samples and their PCS were measured with Shimadzu 4016 UV/VIS
spectrometer. Optical microphotography was taken by “Olympus” microscope. The structure of
the created PCS was measured by a Renishaw 1000 micro-Raman spectrometer using the 488



nm line of an Ar-ion laser as excitation source. The baseline-corrected spectra were normalized
to their most intense peak at 1450 cm™.

The photo-polymerization process of the created samples was investigated by measuring the
refractive index change during irradiation. The refractive index change caused by a green light
emitting diode (LED) (operating wavelength 522 nm) illumination was measured by Surface
Plasmon Resonance imaging (SPRi). The light beam of the sources was defocused, so the
intensity of illumination on the sample was 2 mW/cm?® For the measurements a custom-built
SPRIi instrument [11] was used which utilizes Kretschmann optical configuration with a 680 nm
superluminescent light source and a 1 MP CCD camera with 25° range of incident angle. Real-
time changes in the refractive index of the media were monitored during the whole duration of
the illumination. SPRi results (kinetics) are always given as absolute changes of the refractive
index of the nanocomposites with time as it was shown earlier [11]..

3. Results and discussion of holographic recording of PCS in acrylate nanocomposites

In situ formation of periodical structures (photonic crystals) was performed by the
interference field in light sensitive composites, which consist of organic monomers and inorganic
nanoparticles. The photo-polymerization and diffusion processes result in the periodical
distribution of the nanoparticles in the matrix material. This mechanism of diffraction grating
recording in polymer composites was analyzed earlier, see for example [12].

The sample with nanocomposite layer, placed in the recording position (6 on Fig. 1) was
exposed for 3 min by the preliminary adjusted beams, which gave one form of periodical
structure. This exposure time was enough for the photo-polymerization and lateral diffusion of
monomers and nanoparticles. This process results in a hard polymer film with an inscripted
pattern of the multi-beam interference. The image, with the distribution of the elements depends
on the convergence angles of the recording beams, as it is shown on Fig. 2a, which is recorded in
UDMAV/IDA monomer mixture and demonstrated the characteristic feature of a two-dimensional
periodical structure (PCS 1). Fig. 2b demonstrates the diffraction of A=635 nm light on this
structure. The calculated and real structures are presented in Fig. 2d and 2c respectively, while
an AFM image and its cross-sectional profile are given in Fig 2.e and 2f. The period of the PCS
1is 7.88 um, the average modulation depth equals to 2 um.
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Fig. 2. Microstructure of the PCS 1:

a - optical microphotography,

b - light diffraction on the 2D PC,

¢ - 3D AFM picture 2D PCS,

d - calculated distribution of light intensity at four-beam interference with symmetrical
adjusting of beams,

e - AFM image of the created PCS,

f - surface profile according to the marked line in 2e.



PC with different geometrical structures can be formed by this method in the developed
nanocomposite material, at different arrangements of the recording beams. The adjustment was
always done through an optical microscope. For example, if one beam is extracted from the
interference, the resulting structure can be essentially changed. One possible result of recording
at other converging angles is demonstrated in Fig. 3. Here one beam was shifted for 2 mm in
vertical direction relative to the other three beams.
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Fig 3.. Microstructure of the PCS 2:
a - optical microphotography,
b - light diffraction on the 2D PC,



¢ - 3D AFM picture of 2D PCS,

d - calculated distribution of light intensity at four-beam interference with symmetrical
adjusting of beams,

e - AFM image of the created PCS,

f - surface profile according to the marked line in 3e.

It was established that the simple shift (2 mm) of one beam relative to the other three
results other PC with shifted structures. Two parameters of PCS 2 had been changed in
comparison with PCS 1: the average modulation depth from 2.0 to 2.4 um, and the period from
7.88 um to 8.2 um. It is important, that the phase modulation at readout of this structure consists
of not only a simple surface component, but the volume one as well, which appears due to the
volume redistribution of nanoparticles. The flat surface the diffraction is the same (compare Fig.
2b and 4). So, we have a bulk PCS.

Fig. 4. Diffraction pattern obtained on 2D PCS with additional surface polymer cover.

The topology of the recorded surface structures correlates well with the calculations:
comparison of 2c-2d and 3c-3d pictures demonstrates it. So the mathematical model describes
the interference patterns well at the given experimental conditions. This gives us the possibility
to create optimal structures with the desired parameters.

Furthermore, we have investigated the PCS recording in functionally upgraded light-
sensitive nanocomposite material towards the possibility of recording at the presence of plasmon
fields, generated by excited AuNPs. Here the peculiarities of polymerization processes, which
were investigated earlier for gold-containing nanocomposites at blue-and UV-light excitation,
can be modified. PCS 1 was recorded on sample 64Au, which contained 0.15 wt% of AuNPs.
The created structures were examined via AFM. It was established, that at the given conditions
of recording and parameters of the green-light sensitive nanocomposite the efficiency of direct
surface deformations, i.e. the PCS relief depth decreases in comparison with the PCS 1 structure.
The same effect was observed at recording simple one-dimensional PCS, i.e. diffraction grating
in this nanocomposite material with and without AuNPs and the diffraction efficiency of the
resulting Bragg gratings was lower in the composites with AuNPs.

Besides that, the plasmon resonance absorption is present in this elements, as well as in
the initial nanocomposite (see Fig. 5), but redistributed according to the redistributed AuNPs in
the recorded relief (see Fig.6). The possible distribution of the nanoparticles between hillocks
and valleys of recording pattern were investigated by micro-Raman spectroscopy (see Fig. 6).
The 1450 cm™ and 1641 cm™ peak on Fig. 6 corresponds to the alkyl group and to the carbon-
carbon double bonds, consequently. The first peak does not change during recording, so it could
be used as reference to control the change of other functional group. It could be shown on Fig. 6¢
that the relative intensity peaks of the C=C bonds are higher for valley in comparison to hillock.



It could be concluded, that hillock is a light field of the recording pattern (it was more
irradiated), while the valley is dark one (it was less irradiated). The photo-polymerization rate is
higher at hillock, therefore, nanoparticles should diffuse to the darker areas of irradiation -
valleys. The strong line at 530 cm™ is corresponds to the symmetrical vibrations of Si-O-Si
tetrahedras in siloxanes, while peaks at 610 cm™ and 750 cm™ are correspond to vibrations of the
C-S, (dodecanethiol group of AuNPSs) (see Fig 6¢). As it is evident from Fig. 6¢ the intensity of
the bands connected with nanoparticles and their concentration are higher in the valley in
comparison to hillock (Fig. 6¢). So as a result of pattering the nanoparticles were redistributed.
The PCS with AuNPs could be further used for creation of sensor elements upgraded with
plasmon enhanced functions.

Absorbance, a.u.

Norm. Raman signal

0.20 -
0.18-
0.18—_
014-
0.12—‘

0.10 -

0.08 -

2

0.06 T T T T T T T T T T T T T 1
300 400 500 600 700 800 900 1000

Wavelength, nm

Fig. 5. Optical absorbance spectra of the nanocomposite layer with AuNPs (1) and of the
2D PCS 1, recorded in this layer (2).
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Fig. 6. MicroRaman mapping of SiO,NP and AuNPs concentration distribution along the

grating vector in a simple PCS — diffraction grating recorded on 64Au2.

The results that were presented, an important question may arise regarding the role of

the AuNPs in the process of photo-polymerization. It has a direct chemical influence on the
polymerization-diffusion processes at PCS recordings and it is an important issue in the above



described fabrication technology. This issue can be even more important if we intend the further
functionalization of PCS by other molecules (e.g. rare earth materials for luminescence
properties), creation of special sensor elements, etc. Additional experiments were done to explain
the role of AuNPs in the investigated recording processes.

First, surface plasmon resonance imaging was used for in situ monitoring of the photo-
polymerization process of the nanocomposite, based on the measurement of the refractive index
change under the influence of 522 nm irradiation. Results are presented in Fig. 7.
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Fig. 7. SPRi measurement results regarding the refractive index changes of the different
nanocomposites under the influence of irradiation:
1-64a, 2—-64Aul, 3- 64Au2.

The essential difference between the process in compositions without and with AuNPs is
the presence of initial maximum of refractive index change in Au-free nanocomposite. This can
be explained in the following way. It is known, that the photo-polymerization at the initial stage
of the process takes place at the surface of SiO,NP [13]. As a result of this process a denser
polymer structure with higher refractive index is formed in comparison with the structure in the
SiO,-free volume. From the certain moment of irradiation the share of volume polymerization
increases in comparison with polymerization at the SiO, surface, the density and the refractive
index become averaged and results in saturation plateau.

This effect can be explained as the following. The nanocomposite consists of two
monomers, which differ in photo-polymerization rates and refractive indexes: UDMA possesses
higher polymerization rate and higher refractive index in comparison with IDA. In our case, the
polymer with higher refractive index is polymerized at first on the surface of SiO,NP. The
denser structure is formed and the maximum is observed on the time-refractive index
dependence (see Fig.7, curve 1). Further, the volume polymerization prevails, the share of
component with lower refractive index increases and saturation is observed (see Fig.7, curve 1).
Also it was established from SPRi measurements for our nanocomposites that the introduction of
AUNPs reduces the rate and degree of polymerization (see Fig 7, curve 2). The maximum at the
initial stage of photo-polymerization is absent. The concentration increase of AuNP results
decrease of the refractive index change rate, i.e. in the decrease of the polymerization rate.

The mechanism of this process, which also influences the fabrication of PCS, can be
explained in more details on the basis of microRaman spectroscopy investigations. Examples of
these data are presented in Fig.8.
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Fig. 8. Raman spectra of monomer (1,3) and cured nanocomposites (2,4):
a)64a — without AuNP, b)64Au2 — with AuNP.

Analyzing the data presented in Fig. 8 for monomer and polymerized samples for
nanocomposite with and without AuNPs the vanishing of the

1410 cm™ band and the decrease of the 380 cm™ band can be concluded for Au-
containing nanocomposite. The 1410 cm™ band results from the stretch vibrations of -OH
groups, which are located at the surface of SiO, nanoparticles. The 380 cm™ band corresponds to
the deformations of the urethane groups [14]. Comparison of the Raman spectra of monomer and
polymer — AuNP nanocomposites shows, that under the influence of 522 nm irradiation the
concentration of SiO, surface-connected —OH groups and the mobility of urethane framework
decrease. All of these can be connected to the polymerization at the surface of SIO;NP.

Probably, in these processes the AuNPs promote photo-polymerization at the surface of
SiO;NP under excitation with 522 nm light source. The possible explanation consists in the
transfer of plasmon energy from the excited AuNPs directly to the double bond of monomer or
thru the excitation of SiO, NPs which further initialize radical polymerization at the SiO,NP
surface (the last was mentioned as also possible in polymerization processes [13]). The possible
route of such process is presented in Fig. 9 .
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Fig. 9. Polymerization at the surface of SiO,NP in the presence of AuNP.

Some decrease of the final refractive index in the composites with AuNPs could be
related either to the decrease of the conversion degree or to the increase of the low refractive
index share in the average refractive index of the mixed components. It can be seen from the
Raman spectra, that the band at 1640 cm™ almost disappears in both nanocomposites. Obviously,
the mechanism presented above gives possibility to increase the share of IDA polymerization in



the total process due to the IDA polymerization at the SiO, surface. At the same time the
increase of the IDA share in the total amount of polymerized material leads to the decrease of the
final refractive index in the polymerized nanocomposite.

As a result of photo-polymerization at the surface of SiO,NP, their dimensions increase,
what in turn decreases their mobility and limits migration to the less illuminated regions of the
interference picture when recording it. So the concentration of SiO,NP should be smaller in these
regions in comparison with recording without AuNPs. This way the presence of AuNPs during
the photo-polymerization at the surface of SiO,NPs results in the decrease of the refractive
indexes of the illuminated and non-illuminated regions, i.e. phase modulation depth. The
concentration of SiO,NPs in the bright, illuminated regions will be higher in the case of Au-
containing nanocomposite in comparison with the nanocomposite without it. As a result, the
height of the bumps and the diffraction efficiency of the recorded surface gratings will decrease.

It can be summarized on the basis of processes described above, that the proposed
mechanism of AuNPs influence on the photo-polymerization explains the observed effects,
which accompany and affect the holographic recording of PCS in the given acrylate
nanocomposites.

Conclusions

Polymer nanocomposites based on acrylates and silica, as well as gold nanoparticles were
fabricated with a special route of direct mixing of preformed nanoparticles to the monomer
composition. The introduction of Au NPs was important for the forthcoming development of
smart sensing, photonic elements with plasmon effects.

2D PCS were recorded with 532 nm laser light in this material by the method of four-
beam interference. The recording process in 60 pum thick layer was direct, single step and
resulted spatially distributed polymerization combined with diffusion and geometrical volume
change that served phase modulated structure.

The possibility of different PCS formation by the same optical scheme, with modulation
periods in 2-8 pm range was shown. Mathematical model of the optimal optical recording
conditions was developed, which correlates well with experimental results.

The mechanism of polymerization processes during the recording was analyzed using the
results of additional Raman spectroscopy and SPR measurements in these nanocomposites. In
our case the introduction of Au NPs slowed down the rate of the refractive index change and
reduced the surface relief depth in the recorded PCS. In this case the role of the localized
plasmons generated at 532 nm in AuNPs consists in the enhancement of polymerization at the
silica surfaces, where AuNPs are located as well, and increased yield of nanoparticles with
higher diameter and lower diffusion coefficients. The latter slowed down the redistribution of
nanoparticles, their diffusion from illuminated to the dark regions of the projected interference
pattern. Despite the somewhat less geometrical modulation in the presence of AuNPs, this
method is important for the further development of smart photonic elements with plasmonic
effects.
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