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Abstract: The electro-optical (EO) properties of poly(methyl methacrylate) and the pho-
topolymer poly(vinyl cinnamate) doped with varying concentrations of the EO chromophore
2-Methyl-4-nitroaniline were measured. The EO polymers were embedded in Fabry-Pérot etalons
for the simultaneous determination of the Pockels and Kerr coefficients from measurements of
the fringe shift induced by an external electric field. It was found that the host polymer has a
significant impact on the EO performance and that the undoped host polymers exhibit a significant
Pockels effect. Moreover, the Kerr effect provides a substantial contribution of 27% to the total
change of the refractive index at relatively high electric field strengths of E=91.2MV m™'.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The refractive index of electro-optic (EO) polymers can be changed by an external electric field
due to a combination of the Pockels and Kerr effect. In guest-host systems, which consist of
a matrix polymer and embedded EO chromophores, the Pockels effect relies on a preferential
spatial orientation of the electrically polarizable EO chromophore, which is typically induced
by poling the EO polymer material at elevated temperatures while an external field is applied.
The properties of EO chromophores, which are composed of electron donor and acceptor groups
interacting through a m-electron conjugation bridge, are an important factor in the design of EO
polymers. To maximise the Pockels effect, polymers with a high glass transition temperature
and EO chromophores of comparatively large molecular size are advantageous as they provide
optimal orientational stability [1] which has been achieved not only in guest-host systems but
also in materials where the EO chromophores are covalently bound to the host polymer [2].
Orientational stability can also be improved by thermal [3] or photochemical [4] crosslinking of
the host polymer during the poling process.

EO polymers have been explored for applications in the telecommunications sector [5—7] where
their fast temporal response, low optical losses, high EO activity, stability and ease of processing
has been exploited for example in the development of spatial light modulators (SLM) [8]. As a
result, most of the recent research activity has been focussed on the development of EO polymers
for the near infrared wavelength range [9—12]. While there are comparatively few reports on
EO polymers for the visible range, future applications of such materials may lie in tuneable
optical filters and in the optical detection of ultrasound, for example in the form of tuneable
Fabry-Pérot (FP) sensors for biomedical photoacoustic (PA) imaging studies [13—16]. For such
applications, new EO polymers are required that are highly transparent in the visible wavelength
region. Conventional near-infrared EO chromophores are not suitable despite their typically high
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EO activity [3], as they result in strong optical absorption in the visible range. While a range of
EO chromophores for the visible wavelength region have been reported [1,17-20], they tend to
show weaker EO effects which is primarily due to the smaller size of the m-electron conjugated
system [17].

In this study, EO polymers were developed and the linear and nonlinear optical properties of
poled and unpoled guest-host systems were measured as a function of chromophore concentration.
Furthermore, the influence of the host polymer on the EO activity was investigated. To measure
the Pockels and Kerr effect, the polymers were used as spacer material in FP etalons formed
by two distributed Bragg reflectors (DBR). Since the DBR thickness reduces the effective field
strength inside the polymer, the number of DBR layers between the electrodes and the EO
polymer was varied.

2. Theoretical model of EO polymers in an FP etalon

The refractive index of EO polymers can be actively controlled using an external electric field.
Taking into account the linear and quadratic EO effect, the refractive index change perpendicular
to the electric field strength E can be expressed as

Ango = —%n%orBE - %ngoRBEz, (D)
where r3 is the Pockels coefficient, R;3 is the Kerr coefficient and ngg is the unperturbed
refractive index of the EO polymer [21]. In general, EO activity in polymers requires the presence
of active dipolar molecules, which can be an inherent feature of some undoped matrix materials or
be introduced by adding EO chromophores. In EO polymers with a molecular centrosymmetric
orientation, the dipolar molecules are isotropically oriented. In this case, which may also apply
to the undoped polymer matrix material, only the Kerr effect is observed and the change in
refractive index is proportional to the square of the electric field strength as shown schematically
in Fig. 1(a). By contrast, polymers in which the EO chromophores possess a preferential spatial
orientation, which is also referred to as acentric molecular order [11], show both Pockels and
Kerr effect as shown schematically in Fig. 1(b). This effect is also observed in some undoped
host polymer materials due to the presence of permanent dipoles [22]. Here, the field-induced
refractive index change is dominated by the linear Pockels effect. At low electric field strengths,
the Kerr effect can therefore be neglected.

(a) EO chromophore (b)
An / Host polymer An
7‘\7@ Electrodes ﬁ
Unpoled ( \ ’!\7; Poled ‘ 06\00“
E E

Fig. 1. Refractive index change as a function of the electric field strength E of an (a)
unpoled EO polymer with isotropic molecular order and (b) poled EO polymer with acentric
molecular order.

The acentric molecular order of the EO chromophores is usually induced using electric
field poling, which involves heating the polymer above the glass transition temperature whilst
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applying an electric field to which the EO molecules align. The material is then cooled to room
temperature while the electric field is maintained. As a result, the field-induced orientation of the
EO chomophores is preserved. If a smaller electric field than the poling field is then applied to
the poled polymer, the refractive index changes approximately linearly with E. By contrast, for
field strengths that are comparable to that of the poling field, linear and nonlinear changes due to
the Pockels and Kerr effect are observed as shown in Fig. 1(b).

To measure small electrically induced changes in refractive index, which are typically in the
range of Ango = 10~*, FP etalons provide a sensitive detection method as the small refractive
index changes result in a large shift in the resonance wavelength. In this study, FP etalons which
consisted of two dielectric mirrors and an EO polymer spacer were fabricated. The electric field
was generated by a voltage U applied to two electrodes placed on either side of the FP etalon.
The electric field strength in the EO polymer film is given by

U
dro
where dgo is the layer thickness of the EO polymer film. Provided the electrodes are located
outside the resonator and dielectric materials are used to fabricate the mirrors, the electric field
strength in the EO polymer spacer is reduced by the effective voltage ratio u, due to the voltage
drop across the mirrors. u is obtained using

4= Uest _ dEO/\/gr,EO
U dpo/eEEo + XN di/EL + S0 du/vem

where U.g is the effective voltage applied to the EO polymer, & go is its relative dielectric
constant and &1, &ru, dL, du, NL, Ny are the relative dielectric constants, layer thicknesses and
number of layers of the dielectric materials with low and high refractive index [23]. If the spacer
thickness is significantly larger than the interrogation wavelength A, the thickness of the EO
polymer film can be approximated using

3

A2 /Apsg — A
ZnEo

dgo = “
where AApsr is the free spectral range at normal incidence. The dispersion of the refractive index
of the EO polymer and the spectral phase dispersion are neglected.

Small changes in the optical thickness of the spacer cause a shift in the centre wavelength of
the interferometer resonance which can be calculated using
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where 0®/dngo and 0P/JA are the phase dispersions with respect to the refractive index of the
EO polymer and interrogation wavelength [23], respectively, and can be calculated using the
matrix method [24]. Angg is the change in the refractive index caused by EO effects and Adgo
the change in the physical thickness due to electro-mechanical effects.

The shift in the resonant wavelength AA(U) was measured as a function of the voltage U. A
second order polynomial regression model given by

AAU) = C\U + C,U? (6)

was fitted to the measured data by varying C; and C;. The Pockels coefficient 3 and the Kerr
coefficient Rj3 were calculated from the fitted values of C; and C, by combining Equations (1, 2,
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The electro-mechanical effects are neglected in this model, as they cannot be separated from the
EO effects using the measurement method presented in this paper.

3. Methods

The linear optical properties of EO polymers were measured using spectroscopic ellipsometry.
The polymers were embedded in FP etalons to measure the electrically induced fringe shift
from which the Pockels coefficient, the Kerr coefficient and the refractive index change were
determined. Measurements were made in poled and unpoled EO polymers. The influence of the
EO chromophore concentration, the host polymer and the dielectric layers between the electrodes
and the EO polymer were also investigated.

3.1. Sample preparation

Guest-host systems were used to form EO polymers. The host polymers consisted of either
the photopolymer Poly(vinyl cinnamate) (PVCi) or poly(methyl methacrylate) (PMMA). PVCi
was chosen as it offers the additional option of tuning the refractive index using photochemical
crosslinking [25,26]. This process is irreversible but may allow the fabrication of FP etalons
of high homogeneity of thickness, which is of interest in parallelised ultrasound detection
schemes used in metrology and imaging applications [13—15]. The EO chromophore 2-Methyl-
4-nitroaniline (MNA) was used due to its commercial availability and negligible absorption in
the visible spectral range. PMMA (Sigma Aldrich) with a molecular weight of Mw = 996,000
and MNA (Tokyo Chemical Industry) were dissolved in 1.1.2.2-tetrachloethane (Sigma Aldrich).
PVCi (Sigma Aldrich) and MNA were dissolved in N-Methyl-2-pyrrolidone (Sigma Aldrich).
The polymer solutions were stirred for 24 h and filtered through a PVDF-membrane with 0.2 um
pore size (Carl Roth).

For the measurement of the linear optical properties, the polymer solutions were deposited
on silicon substrates using spin coating to form layers with a thickness of approximately
dgo = 300 nm. To remove the solvent, the samples were placed on a hot plate with a temperature
of 50 °C for 30 min for prebake and in a vacuum oven at 70 °C for three days.

The nonlinear optical properties of the EO polymers were measured using a setup based on FP
etalons, a schematic of which is shown in Fig. 2(a). The etalons were fabricated layer by layer
to produce a structure consisting of EO polymer spacers with a thickness of about dgo ~ 5 um
placed between two DBR and two transparent indium tin oxide (ITO) electrodes. The DBR
consist of alternating layers of silicon dioxide (SiO;) and titanium dioxide (TiO;). The ITO
electrode is part of the mirror design and serves as first high-index layer. The thickness of the
layers were dito = 65.5 nm, dsio, = 92.0nm and dtio, = 54.8 nm, respectively, and were chosen
to achieve high reflectivity at 4 =538 nm. DBRs with a total of either four or eight layers were
deposited.

To investigate the dependence of the EO properties on chromophore concentration, PVCi was
doped with MNA at concentrations ranging from 0 wt% to 15 wt%. FP etalons were prepared
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Fig. 2. (a) Schematic of the FP etalons which consisted of an EO polymer spacer, transparent
ITO electrodes and DBRs. (b) Photograph of an FP etalon. The ITO electrodes were
contacted using conductive copper adhesive tape. The upper ITO electrode was divided into
four regions.

by depositing an ITO layer as a ground electrode and a DBR consisting of eight alternating
SiO; and TiO, layers onto a Borofloat 33 glass substrate using reactive magnetron sputtering.
The number of layers was chosen to obtain a reflectivity between R =0.96 and R =0.98 in the
spectral range of 500 nm to 575 nm. The polymer solutions were spin coated onto the DBR at
1400 rpm and dried as described above to produce layers with a thickness of about 5 ym. The
upper DBR and ITO layer were also deposited using magnetron sputtering. The upper ITO layer
was divided into four separate electrodes each covering an area of approximately 8 mm x 8 mm
to create multiple etalon samples. The ITO electrodes were contacted using conductive copper
adhesive tape. Figure 2(b) shows a photograph of an FP etalon.

Contact poling was used to align the EO chromophores in the doped polymers to an external
electric field. The FP etalons were placed on a hot plate and heated to the glass transition
temperature of the polymers while an electrical voltage of —600 V was applied to the electrodes.
Temperature and electrical voltage were maintained for 30 min after which the samples were
allowed to cool to room temperature while the electric field was maintained.

To investigate the effect of the host polymer on the EO properties, pure PMMA and PMMA
doped with 10 wt% of MNA were used as FP spacer materials. The sample preparation and the
layer structure of the FP etalons are identical to those described above.

To study the influence of the voltage drop across the DBR and to verify the Equation (3),
etalons were prepared with DBR of different reflectivities, i.e. a different number of dielectric
layers between the electrodes and the EO polymer spacer. DBRs consisting of eight and four
layers were deposited. Additional samples were prepared in which the DBR consisted of eight
layers and where the ITO electrodes are directly in contact with the EO polymer spacer. PVCi
doped with 10 wt% of MNA was used as spacer material.

3.2. Measurement and data analysis

The refractive index n and the extinction coefficient £ were measured in EO polymer films on
silicon substrates using spectroscopic ellipsometry (Sentech SE 850). The optical properties
of the EO polymer were modelled using the Bruggemann effective medium approximation
[27]. A Cauchy model [28] was employed to describe the transparent polymer matrix and the
Tauc-Lorentz oscillator model [29] to describe the EO chromophore (MNA).

The experimental setup for measuring the nonlinear optical properties of the EO polymers
within FP etalons is shown schematically in Fig. 3(a). A fiber-coupled LED (M530F2, Thorlabs)
was connected to a 50:50 fiber optic coupler (TM200R5S1B, Thorlabs). An aspheric achromatic
lens (49-658, Edmund Optics) was used to focus the light at normal incidence onto the sample.
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The reflected intensity was recorded using a spectrometer (HR4000, Ocean Optics). The
interferometer transfer function (ITF), which describes the change in the reflected optical power
as a function of wavelength, was calculated from measurements of the reflected intensity of
the sample referenced to that of an uncoated silicon wafer. To determine the fringe position, a
Lorentzian function was fitted to the measured ITF as shown in Fig. 3(b). The voltage was varied
from OV to 600V in steps of 10V and the resulting fringe shift was measured. At each voltage,
20 reflectivity spectra were averaged. Equation (6) was fitted to the measured data, as shown in
Fig. 3(c).

(c)
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Fig. 3. Measurement scheme for determining the nonlinear optical properties of EO
polymers. (a) The light from an LED was focused onto the FP etalon and spectra of the
reflected intensity were acquired. (b) Measured ITF of an FP etalon and a Lorentzian
function fitted to the data to estimate the center wavelength of the fringe position. (c) To
determine the EO properties of the polymer, the fringe shift was recorded as a function of
the electrical voltage applied to the electrodes of the FP etalon. A second order polynomial
regression model Eq. (6) was fitted to the measurement to determine the Pockels coefficient
r13 and the Kerr coefficient R3.

The first measurement was made 10 min after poling. The fringe shift as a function of the
applied voltage was measured in each sample at five different points and five measurements were
carried out at each measurement position, before and after electrical poling.

To determine the poling efficiency, an etalon with the host polymer PVCi and an etalon with
the host polymer PMMA each with an MNA content of 10 wt% were measured over an extended
voltage range of —1000 V to +1000 V.

4. Results and discussion

Figure 4(a) shows the measured reflectivity R of a DBR consisting of eight alternating layers of
SiO, and TiO,, which was calculated from a measurement of its transmission. The absorption of
the ITO layer was neglected due to the low extinction coefficient of kyo(538 nm) = 0.0095.

The refractive index n and the extinction coefficient k of the PVCi doped with 10 wt% MNA
are shown in Figure 4(b). It can be seen that the EO polymer is highly transparent for wavelengths
above 450 nm. The EO effects, i.e. the modulation of n, are therefore off-resonant within the
studied wavelength range from 500 nm to 575 nm and residual effects due to absorption can be
neglected. The inset shows the chemical structure of the guest-host system.

Figure 5 shows the EO coefficients and the change in the refractive index of the PVCi/MNA
polymer as a function of the MNA concentration before and after electrical poling. The layer
thickness is in the range of dgo = 5.4 — 5.7 um and the effective voltage ratio is in the range of
1 = 0.814 — 0.823. For the unpoled EO polymers, the Pockels coefficient r13 (Fig. 5(a)), the Kerr
coefficient R;3 (Fig. 5(b)), and thus also the resulting change in refractive index An (Fig. 5(c)),
increase with MNA concentration. After poling, a clear increase in the Pockels coefficient
can be seen for all concentrations (blue line Fig. 5(a)) up to a concentration of 10 wt% where
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Fig. 4. (a) Reflectivity of the DBR with ITO electrode on a glass substrate. The DBR
consists of eight alternating layers of the dielectric materials SiO; and TiO,. The reflectivity
in the wavelengths range of the EO measurements is between R =0.96 and R=0.98. (b)
Refractive index n and extinction coefficient k of the EO polymer PVCi + 10 wt% MNA. The
inset shows the structural formulas of PVCi and MNA.

r13 = (0.547 + 0.008) pmV ! after which the Pockels coefficient appears to reach a plateau. It is
also noticeable that pure PVCi, i.e. cpna = 0 wt% in Figure 5(a), exhibits a considerable residual
Pockels coefficient of 73 = (0.340 + 0.008) pmV~!, which is increased by a factor of only 1.6
when the chromophore is added. The Pockels coefficient of pure PVCi results from the molecular
hyperpolarizability 8 of the cinnamoyl group [30]. Since the Kerr coefficient does not require
acentric molecular order, it is roughly the same before and after electrical poling (Fig. 5(b)).
The refractive index change at U = 600 V measured in poled FP etalons shows a maximum at
10 wt% MNA and is equivalent to An = (—1.483 +0.007) - 10~#, which agrees with the change in
the Pockels coefficient 3 (Fig. 5(a)). At higher MNA concentrations, the Pockels effect and the
change in the refractive index decreases due to increased dipole-dipole interactions [11]. The
contribution of the Pockels coefficient (not shown in Fig. 5(c)) is Anpockers = (—1.081+0.015)- 1074
and that of the Kerr coefficient is Angerr = (—0.402 + 0.013) - 104, Given the relatively high
electric field strengths of £ = 91.2 MV m~! across the FP etalon, the Kerr coefficient accounts
for 27% of the total change in the refractive index. This result would therefore contradict the
common assumption that the Kerr effect can be neglected and may need to be accounted for in
EO polymers designed for the visible wavelength region.
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Fig. 5. EO coefficients of the EO polymer consisting of PVCi and MNA as a function of
MNA concentration before and after electrical poling. (a) Pockels coefficient rq3, (b) Kerr
coefficient Ry3 and (c) change in the refractive index An for an applied voltage of U = 600 V.

It should be noted that electro-mechanical effects, which have been neglected here, may
also play role, especially for small values of rj3 [31]. Meyrueix, et al. [22] showed that the
Pockels effect is induced by the inverse piezoelectric effect in amorphous polymers containing
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permanent dipoles. However, the setups required to separate EO from electro-mechanical effects
are considerably more complex [21,32,33] and were therefore outside the remit of this study.

Table 1 shows the Pockels and Kerr coefficients for guest-host systems with PVCi and with
PMMAA as the host polymer. The EO polymer with PMMA shows a significantly larger Pockels
coefficient before and after poling than that with PVCi. PMMA + 10 wt% MNA has a Pockels
coefficient of r13 = (1.735 + 0.029) pmV ™! after poling. This is an increase by a factor of 3.17
compared to PVCi + 10 wt% MNA. The host polymer therefore has a significant influence on the
Pockels effect in guest-host systems. Similar to PVCi, pure PMMA shows an inherent Pockels
effect with r13 = (0.085 + 0.018) pmV~! for the unpoled material. This is five times greater than
that of unpoled pure PVCi, while the poled pure polymers produced similar Pockels effects around
r13 = 0.34—0.40 pmV~'. These values deviate from those reported by Bouclé et al. who reported
an effective Pockels coefficient of 7, = (0.10 = 0.01) pmV~! and r, = (0.20 + 0.01) pmV ™" for
unpoled and poled PMMA, respectively [34]. Assuming that the effective Pockels coefficient r,
corresponds roughly to ry3 reported here, the deviations may be explained by different poling
conditions and the omission of the Kerr effect. The latter increases slightly for pure PMMA as a
result of electrical poling and is comparable to the values of PVCi. By contrast, the Kerr coefficient
of the unpoled guest-host system PMMA + 10 wt% MNA with R;3 = (4819 + 90) pm*V~2 is
significantly higher than that of PVCi + 10 wt% MNA. The Pockels coefficients reported in this
work could be increased further by optimizing the poling procedure.

Table 1. Pockel coefficient ry3 and Kerr coefficient Ry3 for the guest-host systems PVCi + MNA and
PMMA + MNA with different concentrations of EO chromophore for poled and unpoled FP etalons.

ri3[pmV'] Ri3[pm*V~2]
unpoled poled unpoled poled
PVCi 0.017+0.004 0.340+0.008 1826+56 2129+90
PVCi + 5 wt% MNA 0.021+0.011 0.387+0.013 1939+147 1981114
PVCi + 10 wt% MNA 0.029+0.007 0.547+0.008 1989+78 2227+72
PVCi + 15 wt% MNA 0.063+0.009 0.543+0.014 2142495 2277+172
PMMA 0.085+0.018 0.397+0.017 1718+168 2076+150
PMMA + 10 wt% MNA 0.404+0.017 1.735+0.029 4819+90 3359+198

The longterm orientational stability of the EO chromophores, which can affect functionality,
can be improved by thermal or photochemical crosslinking of the host polymer during the poling
process. This would process to lead to a higher temporal stability of the Pockels effect. In a
separate study, we have found that the degree of photochemical crosslinking of PVCi has no
influence on the EO properties of the guest-host system used in this work [13]. Crosslinking
was not used in this work. These results do not agree with those reported by Mandal et al. [4],
who demonstrated that the crosslinking of PVCi improve the orientational stability and thus on
the EO properties. The discrepancy may be explained by the much larger EO chromophore
(3-cinnamoyloxy-4-[4-( N,N-diethylamino)-2-cinnamoyloxy phenylazo] nitrobenzene) used in
their work.

Figure 6 shows the fringe shift as a function of the applied voltage for the poled and unpoled
EO polymers consisting of either PVCi (Fig. 6(a)) or PMMA (Fig. 6(b)) with 10 wt% MNA.
The poling shifts the apex of the parabola in the direction of the poling voltage and induces a
positive fringe shift in the FP etalon. A significantly larger shift of the apex of the sample based
on PMMA compared to PVCi was observed. For the poled PMMA sample, the apex is located at
U = -375V while the poled PVCi sample produced a peak at U = —239 V. The increased shift
of the apex suggests a more effective poling process, which in turn leads to a stronger Pockels
effect. The increased Kerr effect, evident from the steeper slope of the parabola, also amplifies
the Pockels effect in poled polymers. A slight hysteresis can be seen with the EO polymer
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PMMA + 10 wt% MNA, and especially with positive measurement voltages. The precise cause
for the hysteresis could not be established but it is possible that space charges, which are located
at the interfaces between the DBR and the EO polymer may explain these observations.

(@) (b) Uping = -600 V
A [pm] poling =~ A [pm]

U =-600V

poling

Ulv]

-1000 1000

/
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Fig. 6. Fringe shift A1 as a function of the applied voltage U for the poled (blue) and
unpoled (black) EO polymers (a) PVCi + 10 wt% MNA and (b) PMMA + 10 wt% MNA.
The inset shows the fringe shift for the entire voltage range.

Figure 7 shows the EO coeflicients and the change in the refractive index measured using an
FP etalon as a function of the number of DBR layers between the electrode and the EO polymer
(PVCi with 10 wt% MNA). The effective voltage ratio was calculated using equation3 as y = 1
for N =0, u =0.891 for N = 4 and ¢ = 0.814 for N = 8. The layer thickness of the EO polymer
was in the range of dgo = 5.4 — 5.5 um. The measurements were made on unpoled FP etalons up
to a maximum voltage of U = 400 V. Since the voltage drop at the DBR is taken into account
when calculating the Pockels and the Kerr coefficient, the coefficients are independent of the
number of layers of the DBR, which is apparent from Figure 7(a) and 7(b). The change in the
refractive index decreases continuously with an increasing number of layers, which can be seen
in Fig. 7(c), since the electric field strength within the EO polymer decreases.
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Fig. 7. EO coefficients as a function of the number of DBR layers between the electrode
and the EO polymer PVCi + 10 wt% MNA for unpoled FP etalons. (a) Pockels coefficient
13, (b) Kerr coefficient Ry3 and (c) change in the refractive index An for an applied voltage
of U = 400 V. The inset in (b) shows schematically the structure of the FP etalons used for
the measurements.

5. Conclusion

This paper reports the EO properties of PVCi and PMMA polymers doped with varying
concentrations of MNA. The resulting guest-host systems are transparent at wavelengths greater
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than 450 nm. The Pockels coefficient of the poled EO polymer with PVCi as host polymer was
found to increase with MNA concentration, showing a maximum of r3 = (0.547 +0.008) pmV ™!
at 10 wt%. By contrast, the PMMA-based EO polymer exhibited a maximum Pockels coefficient
of r13 = (1.735 £ 0.029) pmV ™. It was found that the host material has a strong impact on the
poling efficiency and the EO properties of guest-host systems. In addition, undoped host polymers
showed a significant Pockels coefficient of similar value (r{3 = (0.340 + 0.008) pmV~! for PVCi,
ri3 = (0.397 £ 0.017) pmV~! for PMMA). It was found that the Kerr coefficient contributes
significantly to the total EO change in refractive index in poled EO polymers, especially at high
electric field strengths. Transparent visible EO polymers may find application in tuneable FP
sensors for optical ultrasound detection, tuneable optical filters, high-resolution spectrometers
and spatial light modulators in the visible spectral range.
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