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Nonlinear optical (NLO) properties of materials can be enhanced by assembling them as thin polymer composite
films alternating with other polymers and forming dielectric mirrors, 1D photonic crystals (IDPCs), wherein the
input light intensity is increased. Based on the poly(vinyl carbazole) (PVK) and poly(vinyl alcohol) (PVA) con-
trasting polymer pair, variants of such structures, with graphene and fullerene in their high-index layers, have been
produced. Their optical switching characteristics have been studied with ns, cw, and quasi-cw fs laser sources in the
IR and with a fs laser in the visible range. We have demonstrated slow optical bistability in the polymeric 1IDPCs
determined by the thermal expansion of polymer composites at intensities over 100 W/cm? as well as fast and ultra-
fast optical switching due to thermo-optic and Kerr nonlinearities, respectively. Characteristic nonlinear refractive
coefficients responsible for these processes were found to be #° ~ 10~! cm?/GW and #X*™ ~ 10~% cm? /GW.
A subpicosecond fast spectral shift of the IDPC bandgap has been found. Our results and analysis provide a clear
picture of the NLO behavior of 1DPCs at different time scales. The results stimulate the subsequent design of
ultrafast switches and bistable memory cells based on polymeric 1DPCs whose micrometer thickness and flexibility

offer promise for implementation into fiber and microchip configurations. © 2021 Optical Society of America

https://doi.org/10.1364/JOSAB.428088

1. INTRODUCTION

The feature of the Fabry—Perot interferometer (FPI), filled with
a nonlinear optical (NLO) substance, to switch at a certain

In a subsequent work, the Gibbs team demonstrated optical
bistability in the FPI made of semiconductor material [5] and,
finally, in a multilayer semiconductor mirror [6], consisting
essentially of 61 identical FPIs stacked together. The latter

intensity to a bistable state characterized with two different
transmittance values is well known and has been intensively
studied. Early experimental demonstrations of this effect, pre-
sented in the work of Gibbs ez a/. with sodium vapor [1], have
triggered broad interest toward working out optical memory
devices. This activity has been gradually getting more intense
[2] in the light of the recent development in transmission and
parallel processing of optical signals [3,4].
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system is a prototype of the objective of our research, the con-
struction using periodically alternating layers of two materials
with high (H) and low (L) refractive indices. In modern lan-
guage, it is termed a one-dimensional (1D) photonic crystal
(PC). Later, quite a lot of works were dedicated to the study of
NLO properties [7,8] and optical bistability [9,10] of inorganic
1DPCs.

Subsequently, polymeric materials attract attention due to the
achievement of a fairly good quality of the periodic structures
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obtained on their base and unusual linear optical [11] and NLO
[12] properties. Investigations of optical bistability in polymer-
based 1DPCs, which is mostly determined by the typically
small refractive index contrast, look scarce. The best perform-
ance of a thermo-optic bistability we know was obtained in
a fiber-implemented design fabricated in the electron-beam
resist ZEP520 with a high Q-factor [13]. In our work, we focus
on another approach: to increase the contrast by choosing the
optimal polymer pair, using a simple in-hand technology of
spin-coating and neglecting to a certain extent the loss in the
Q-factor. Such an approach gives us a favorable basis for the
introduction of nanoparticles with high NLO properties.

Previously, we demonstrated [14] that the incorporation of
graphene into a solution of poly(vinyl alcohol) (PVA) makes
it possible to process a composite film by spin-coating, the
film being compatible with another one of poly(vinyl car-
bazole) (PVK). The alternation of films forms 1DPC owing
to a significant difference in the refraction of these polymers:
npya = 1.48 (L); npyk = 1.68 (H). We processed structures
of the g(HL)"4 type with the number of periods N =6 and
demonstrated a manifold-enhanced saturable absorption and
the enhancement factor correlating with finesse F of the struc-
tures. Similar 12-fold enhancement of a NLO process of the
opposite sign has been previously obtained in a metal-dielectric
1DPC bandpass filter [15].

It is worth noting that the enhancement of the electric field
inside the 1DPC takes place mainly in the H-layer; in the case
of our polymeric PCs, it was PVK. Thus, the purpose of the
further development of the technology consisted in introduc-
ing graphene into PVK, increasing the depth (contrast) of the
bandgap and its Q-factor at the cost of increasing the number
and homogeneity of the layers. In the present work, an attempt
was made to achieve these goals. We have fabricated several
g(LH)Va structures with graphene dispersed in the H-layer
with various concentrations at N =7 and 10, and a structure
with embedded Cgy fullerene at V= 10. Studies of the third-
order optical nonlinearity were performed in these structures
with the search for optical bistability, the manifestation of which
is expected in them. We present the results of these studies in this
work.

The structure of this article is as follows. In Section 2, we
describe the procedure of 1DPCs preparation alongside the
nonlinear optical method used in the study of the samples.
The results are discussed in Section 3. In Section 3.A, we show
nanosecond Z-scan curves at the wavelength A = 1064 nm and
their fitting; therein, we connect the NLO absorption coeffi-
cients obtained with the NLO refraction coefficients related to a
possible phase-shift under the assumption that it is the reason of
the observed transmittance changes. In Section 3.B, we present
the results obtained in continuous (cw) and quasi-continuous
(qew) regimes: bidirectional I-scans at A =1064 nm, the
switching performance of 1DPCs coupled with the laser cav-
ity, and tunable Z-scans of a IDPC in the spectral range from
1020 to 1080 nm. We give semiquantitative evaluations of the
observed phenomena in terms of thermo-optic phase shifts. In
Section 3.C, we show femtosecond I-scan results at A =520
and 1040 nm of 1DPCs and transient absorption spectra in the
visible range to reveal ultrafast NLO processes in the samples.
The connection between the different pulse-length regimes
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is provided. Conclusions and perspectives are summarized in
Section 4.

2. EXPERIMENTAL DETAILS
A. Photonic Crystals Preparation

All solutions for processing the photonic crystal were prepared
by the weight method. The aqueous solution of PVA with a con-
centration of the polymer 2.7% wt. was kept at the temperature
60°C under continuous stirring for 2 h, while the PVK-toluene
system (with polymer concentration 2.66% wt.) underwent
mixing for 30 min.

Suspensions of graphene were prepared using the liquid
phase exfoliation method [16]. First, graphite powder was
ultrasonicated with a tip in the presence of the previously pre-
pared PVK-toluene solution (60 min total duration in the
515" start/break regime), the initial concentrations of carbon
equaling 15, 10, and 5 mg/ml for n0, n1, and n3 suspensions,
respectively. An ice bath was used to cool the suspension during
ultrasonication. Next, suspensions were centrifuged for 90 min
at 1500 rpm and the supernatant was picked up. The triple
system of Cgo-benzene-PVK with a concentration of PVK
2.66% wt. was made by dissolving bulk polymer in a previously
prepared 1 mg/ml solution of Cg in benzene. The presence
of nanoparticles in the suspensions was determined by the
absorption spectra (Fig. 1).

Based on a previously measured value of absorption
cross-section of graphene in the suspension at A =532 nm:
o = 8000 cm?/g [17], graphene densities were found from
the linear absorption coefficient: pg, = /oG, = 11.0 pg/ml
(n0); 5.8 pg/ml (n1); 4.0 pg/ml (n3).

Periodic structures of 1DPCs consisting of alternating
layers of PVA and either graphene-based PVK or Cq@PVK
nanocomposite were obtained using the spin-coating method
on a glass substrate. The PVA aqueous solution was spin-coating
the substrate for 30 s at 1500 rpm and for 90 s at 600 rpm.
Carbon nanomaterials mixed in PVK-toluene and PVK-
benzene matrix (Gr@PVK, Cg@PVK, respectively) were
spread with spin-coating for 30 s at 1500 rpm and for 90 s at
4000 rpm. The samples prepared were labeled as follows: PC1:
Gr@PVK/PVA 14 layers, PC2: C4@PVK/PVA 20 layers, and
PC3: Gr@PVK/PVA 20 layers.

Nanoparticle densities inside the polymer p? can be found
from their densities in the suspension by multiplying the latter

0'7 T T T T * T

1A 1 n0

0'6'0”‘ 4 2——n1
11 3 -n3

0,54

044

a(cm™)

034
024 \\}

0,14

T T T T T )
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 1.  Absorption spectra of Gr-PVK toluene and Cg benzene
suspensions used for IDPCs preparation.
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by the PVK density ratio in the solid state and in the solution
f1=1.2/0.0231 = 52.

B. Nonlinear Optical Study

The NLO study of thin polymer films is associated with diffi-
culties that arise from the generally strong heterogeneity of the
thickness, which is particularly dramatic when the thickness
is of the order of the wavelength. Traditional effective meth-
ods for studying third-order nonlinearity produce significant
distortions: Z-scan shows surface-quality-dependent profiles,
often asymmetric irrespectively of the input energy, whereas an
I-scan loses its sensitivity in the case of probing a vanishingly
small layer on the background of the bulk materials (such as
the substrate and attenuating filters). Taking this into account,
we used collected statistics of scans and selected a method that
better revealed the phenomena under the given conditions.

Nanosecond nonlinear optical response of 1DPCs was stud-
ied by the open-aperture Z-scan with the use of the Continuum
Minilite II laser operating at A = 1064 nm, focused by a
10 mm lens, repetition rate equaling 10 Hz with pulse dura-
tion 7, =7ns. Beam waist radius measured by an Ophir
Spiricon beam profiler was wy =90 =+ 10 um. Input pulse
energy was detected by a coherent energy meter and spanned the
range 1-100 pJ. Larger energies were found able of damaging
the polymeric films.

The cw MSI-III-1064-500mW laser and the coherent
Chameleon 80 MHz repetition rate 140 femtosecond pulsed
laser were used to explore the NLO behavior of 1DPCs in
cw and qcw regimes, respectively. The latter was provided by
the fast repetition of the fs laser yielding the train of pulses
with 12.5 ns period, which is much faster than thermal relax-
ation in thin polymer films (the characteristic cooling time
t, ~1?/a, =10 psfor/ = 1 um of PVA with thermal diffusivity
a; =900 cm?/s [18]. Constant signals were registered with
amplitude modulation provided by a chopper at a frequency of
50-200 Hz in the case of the cw laser and 400 Hz in the case of
the qew laser. Acquisition time was set >30 s to avoid transient
processes. The inputaverage power was controlled by a Thorlabs
S470C thermal power sensor. The beam waists after focusing
amounted to 60.4 & 0.5 um for cw and from 17 to 27 pum for
qcw beams.

A Spectra Physics Spirit laser system was exploited for the
I-scan and transient spectroscopy, operating at A = 1060 nm,
T, =3501s,and fi, = 1 kHz. A BBO crystal was used to gen-
erate the visible beam at A =520 nm. The beam was focused
onto the sample with a 5 x /0.12 Leica objective and projected
by a 50 x /0.55 objective to a DigiRetina 16 camera to control
the sample position at the focal point and to measure the beam
waist wy = 13.3 (520 nm) and wy=17.7 (1040 nm). The
ultrafast dynamics was studied by the transient spectroscopy
using the same laser at A = 520 nm as pump. The beam was split
in two parts, one of which generated a supercontinuum in the
wavelength window of 450—750 nm, the latter being used as
a probe source. A motorized delay line scanned the time delay
between the pump and probe up to 1.5 ns with a resolution
of 12.5 fs. The pump and probe beams were focused on the
sample at a magic angle, and the pump intensities achieved

23 GW/cm?. The spectra were registered by a spectrometer and
processed by a personal computer.

In all of the Z-scan and I-scan experiments, Thorlabs silicon
detectors equipped with blinds to avoid light striking were used
for simultaneous measurements of input and output signals.

3. RESULTS AND DISCUSSION

A. Linear Spectra and Inner Light Intensity
Distributions

The obtained PC1, PC2, and PC3 are shown in Fig. 2. The sam-
ples are characterized by noticeable inhomogeneity, especially
in the peripheral areas, whereas the central zones are sufficiently
uniform. The linear transmission spectra of the PCs measured
in their centers using a Perkin Elmer Lambda 750 UV/VIS/NIR
spectrometer are also presented in Fig. 2. Each sample is char-
acterized by two bandgaps (reflection maxima), the first one
in the IR, the other in the visible region. The second bandgap
in PC2 is smoothed by the large fullerene absorption in the
visible range, but the IR bandgaps are well pronounced. We
see that a larger number of layers provides deeper and narrower
wells. Numerical characteristics of the bandgaps, i.e., positions
of minima Ay, Q-factors: Q = Apin/AApwHM; contrast:
Yy =(1— Tin)/(1 — Thay); finesse: F=2m./(y —1) are
givenin Table 1.

Based on the matrix method [19], transmission spectra and
light intensity redistributions inside the IDPCs were simulated
with ficting the layer thicknesses as parameters. For these calcu-
lations, refractive index dispersions were taken in accord with
Sellmeier-type formulae: # = 1.46 + 0.00665/A* for PVA [20]
and 7 = 2.3583 + 115869/(A> — 33521.5) for PVK [21].

The evaluated concentration of graphene does not have any
noticeable impact on the refractive index, whereas the effect of
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Fig.2. 1DPCsand their transmission spectra.
Table 1. Linear Characteristics of 1DPCs
)"min
(nm)

Sample IR/Vis Q(IR) p F I (am) L (am)  fi.

PCl1, 1034/528 8.0 4.6 12 179 160  1.16
N=7

PC2, 1029/529 9.9 5.4 13 171 165 1.50
N=10

PC3, 1126/578 9.3 4.0 11 225 140  0.83
N=10
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Ceo needs to be considered. The complex refractive index of
Co@PVK composite was evaluated by the Sellmeier formula
given in [22] and was added to the refractive index of PVK in
accordance with the Maxwell Garnett equation [23]:

1 +2fC60Ar8

_ €Cg —EPVK 1)
1— fCGOA”g ’

n = npyK eoy + 26m
where ec,, and epyk are permittivity of fullerene and PVK,
respectively, and fc, is the fullerene density fraction.

The simulated spectra and intensity distribution inside
1DPC:s for PC1, PC2, and PC3 are shown in Fig. 3. The sim-
ulations produce an average systematic shift of 11 nm in the
second bandgap in the green region, whose position and ampli-
tude are sensitive to the PVK dispersion. The latter is known
for a large spread; further, additional available experimental
data [24] look grossly underestimated even when compared
with the value 2(589 nm) = 1.683 provided by Sigma Aldrich,
whose product we used. The application of this dispersion in
our simulations led to the larger shape discrepancies of both
bandgaps, meanwhile improving the position of the second one.
Despite the said error, our simulations give an unambiguous
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result on the thickness of the layers, which are in accordance
with a control made by atomic force microscopy, i.e., scanning
the film incision showed the thicknesses of the layers in PC1
within 150-180 nm, however, without an attribution to the
polymer type.

The simulation also gives the distribution of the field inten-
sity inside the structures; it is shown for A =1064 nm in
Figs. 3(b), 3(d), and 3(f). We can see that the light field has
maxima inside PVK layers in PC1 and PC2, whereas, in the
case of PC3, whose bandgap is not in a good resonance with this
wavelength, the maxima are displaced to PVA layers. The field
enhancement factors, ff. = foll 1(/)d!/ Iy (maximal enhance-
ment achieved in the first PVK layer), along with the thicknesses
of PVK (/1) and PVA (/) layers are also given in Table 1.

B. Nanosecond Response

The normalized transmittance Zhorm = 7/ Tjin obtained by the
Z-scan for PC1 and PC2 is shown in Fig. 4. The asymmetry
of the curve stems from the inhomogeneity of the films, which
manifests itself with small transverse displacements of the sam-
ple during the scanning. All films demonstrate a combination
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Simulated spectra and light field intensity distributions at A = 1064 nm for (a), (b) PC1, (c), (d) PC2, and (e), (f) PC3, respectively.
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dependence of the effective nonlinear absorption coefficients for PC1 and PC2. (d) Fitting of the spectrum of PC1 by the Fabry—Perot transmission

functions.

of bleaching and limiting with the prevailing of the former,
especially at higher input energies. No palpable NLO behavior
over the ~ 4% background of film roughness was found in PC3.
The general consideration of nonlinear transmission, includ-
ing manifestations of saturable absorption (SA) and two-photon
absorption (TPA), can be made by solving the equation

di(z) 1))\
2 a1+ (12))

1) \"*\ ™
Spat@(14(72)7) @
Isat,ﬁ
where a Gaussian-beam intensity profile is assumed:
E 2
I(z) = —— 2220 (3)

T, (T2wi +2222)

We fit our results with the ordinary model of SA in semicon-
ductors with hyperbolic dispersions, assuming 7, =1, and
nonsaturable TPA, i.e., . p=00. The quantities Z,,, wo,
oy, and B.g were the fitting parameters. The second term in
Eq. (2) in our case may be caused by a shift of the PC bandgap:
In the linear regime, 7(1064 nm) > 7,;,(1030 nm) for both
PC1 and PC2, and a redshift of the spectrum should result
in a decrease of transmittance. The obtained effective NLO
absorption coefficient turns out to be saturated, B both
for PC1 and PC2. Its dependences on the input intensity
L= E],/('cpnw%) shown in Fig. 4(c) were subsequently fit-
ted by the homogeneously broadened S-saturation model:

:?ft :lgeff/[l + (]/Isat,ﬁ)z] bY Vaf}’ing ﬁcff and Isa[,ﬂ [ZS]
These two steps of fitting were necessary to decrease the number

Table 2. Phase Factor and NLO Parameters:
Second-Order Saturation Intensity, Effective Nonlinear
Absorption Coefficient, and the Resulting Nonlinear
Refractive Index of PC1 and PC2 at A = 1064 nm

Isal,ﬂ ﬁeff ny
Sample f (MW/cm?) (cm/MW) (cm?/GW)
PC1: 0.232 17.7 259 0.360
Gr@PVK/PVA,
N=7
PC2: 0.577 64.8 70.7 0.244
Cs@PVK/PVA,
N=10

of simultaneous parameters in Eq. (2) and thereby increase the
sensitivity of the data analysis. The resulting fitting parameters
are given in Table 2. Being determined by a bandgap shift, B
is limited by the minimal transmittance value and hence must
be saturated. Therefore, our observations confirm the bandgap
shift assumption.

A 1D-PC can be considered as a set of identical Fabry—Perot
interferometers (polymer layers). In this regard, it is logical to
assume that the spectral shape of the bandgap center can be well
described by the transmission function of the interferometer
[26]. For the zero-order interference minimum, one has

Toue

) = T oo

4)
Here, 75y is the transmittance outside the bandgap. The

phase is §o(A) =2mnoL /A, where ng is the linear refractive
index and L is the layer thickness. The fitting of the PCl
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spectrum is shown as an example in Fig. 4(d). The func-
tion Tppi(A) reproduces the IR well shape better, whereas
75[1 — Tepr(1)] loses accuracy in the peripherical regions but
allows for simultaneous fitting of both bandgaps.

The spectrum of a nonlinear Fabry—Perot cavity shifts follow-
ing the change in the refractive index complies with the follow-
ingset:

n(l) =ng+nyl, (5)
Toue

Tt ) = e T e 0 + 3 o 7] (©)

2
Sui. () = T”nzL. (7)

At sufficiently low intensities, Eq. (6) can be represented by
the first two terms of its Taylor expansion. Using the normalized
transmittance at a certain wavelength, it can be rearranged to
give

Fsin (28¢)
1+ Fsin® (8)

&

@)

7_1;01’1'1'1

On the other hand, the solution of Eq. (2) without satura-
tion (fa,q = far,p = 00) for normalized transmittance of the
Gaussian beam gives

o0

Trom = Y (=1)"(n+ 1) (B Lese])",
m=0
L= (l — EiaL)/Ol. 9)

At low intensities, this sum can be truncated at m =1.
Consideration of L.f= L is quite acceptable for our low
absorption films. Then, comparing Eqgs. (8) and (9) and
considering Eq. (7), we obtain

ny R ﬁf Befr. (10)

Factors  f = Fsin(28¢)/[1 + Fsin®(8y)] were calculated
with F and §, obtained from the fitting of the spectra by Eq. (4)
and, together with the resulting 7, values, they are as shown in
Table 2.

According to [27], thermo-optic 7; of graphene in solid films
is positive (unlike that in liquid suspensions); its value is of the
order of 107°—107° cm?/W. At that, the studied film was
crystalline, and graphene concentration pg, in it was close to
that of the graphite, i.c., of the order 1 g/ cm?. Our estimations
give pgr ~ 107¢ g/cm? in the 1DPCs. Considering this fact, we
find our estimate of the 7, value fairly plausible and evidently
casting in favor of its thermo-optic nature because the Kerr 7,
must be eight orders of magnitude smaller and negative [27].

A previous study of the bulk Gr@PVK film with pg, ~
1073 g/cm?® in the infrared range gives 7, = 0.032 cm?/GW
(28], which is one order less than our result. This difference
may be attributed to the enhancement of nonlinear coeffi-
cients entailing the NLO properties enhancement in the 1IDPC
according to its F = 12 [14]. The absence of noticeable NLO

response to the ns radiation in PC3 is apparently the conse-
quence of a low field enhancement factor ( ff. = 0.83) at the
probing wavelength.

C. Continuous and Quasi-Continuous Response

Resulting curves of the two-way (forward and backward)
I-scan at 1064 nm for PC1, PC2, and PC3 are shown in Fig. 5.
Differences between scans made by intensity increasing (black
data) and decreasing (red data) can reveal optical bistability in
the event it takes place in the sample.

An optical bistability loop is visible in PC1 at intensities
>400—600 W/cm? [Figs. 5(a) and 5(c)], which is absent in
PC2 [Fig. 5(b)]. The switching contrast is very low (within
~5% of T) and barely exceeds experimental uncertainties. In
PC3, the loop is much more pronounced [Fig. 5(e)] and appar-
ently begins from intensities around 100 W/cm? [Fig. 5(d)].
Its character is different from that in PC1, whereas the latter
bleaches with increasing intensity and PC3 darkens. At the same
time, the reflection from PC3 increases, which confirms that
the reason for the transmittance change is the bandgap shift.
These observations suggest that we deal with a thermal-induced
phase shift in our 1DPCs in which graphene is the heater, and
an increase in graphene concentration (as it is in PC3) leads
to a larger shift, the latter being a downshift because the test-
ing wavelength (1064 nm) is shorter than the wavelength of
the bandgap minimum of PC3 and larger than the bandgap
minimum of PC1.

Another demonstration of the phase shift is obtained in the
tunable qew-Z-scan of PC1. We scanned the laser wavelength
with a tunable femtosecond source over the IR bandgap and
found SA, which increases when we move outside the bandgap
toward the IR side [Fig. 6(a)]. We fitted the results using Eq. (9)
with 72 =5 and extracted nonlinear absorption B at each
wavelength. Thisled us to the spectrum of 8 shown in Fig. 6(b).

Here again, the evident displacement of the bleaching coef-
ficient with respect to the bandgap minimum gives evidence of
a down phase-shift of PC1 under the qcw radiation: at larger
intensities, it enhances the saturable absorption behavior. The
down phase-shift is also different from what we have observed
in the ns regime. Whereas we saw in the latter a manifestation
of the thermo-optic nonlinearity of Gr@PVK and Cg@PVK
composites, which is positive, here, we most probably deal with
the thermal expansion of layers.

Polymers are characterized by significant values of the thermal
expansion coefficient. The values for PVA and PVK are tabu-
lated: @, =1.2- 107* K~ and &, = 5 - 107> K, respectively
[18]. With these, the temperature coefficients of the optical path
length, ds /d6, become negative [29], in particular, for PVA:
ds|df =—1- 10~4 K~!. This value determines the phase shift,
and the corresponding shift of the bandgap minimum is

ds 1 ds 2
A)»-Z(ll 70 +1249>A0. (11)
Henceforth, Index 1 refers to the PVK layer, while Index 2
refers to the PVA layer. Thus, the heating value A8 determines
the shift unambiguously and requires an estimation.
The heat flux arising from the absorption of radiation by the
PVKlayers is obtained from the Lambert—Beer law:
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gi=1 (1 _ e*UGrPérNh) ~ oG pl NI, (12)

where 7 is the radiation intensity, o, is the average absorption
cross-section of graphene particles in the suspension, pér is the
density of carbon dispersed in PVK, and V is the PC period
number.

Heating of PCs was followed neither by light emission (it was
controlled by IR camera) nor by visually noticeable fritting. This
means that the temperature did not exceed polymer melting
points, i.e., A8 =0pc — Orpom < ~200K. Thus, major heat
losses were due to the thermal conductivity. A quartz substrate
with the width /3 = 1 mm, which is three orders of magnitude
larger than L, served in this configuration as a heat reservoir. We
do not consider heat exchange with air because thermal resist-
ance at the air—polymer interface is sufficiently higher. Thermal
flux of losses caused by heat exchange between the multilayer
wall of PCs and the ambient medium is

AB
1-= i ) ’
(N1+N2+RP Qt 5 )

(13)

where A1, A2, and A3 are the thermal conductivity coefficients
of PVK, PVA, and quartz, respectively; Rp_q is the thermal
resistance of the PVA-quartz interface. Here, we neglected
the thermal resistance on the PVK/PVA interface, assuming
that the thermal characteristics of the polymers are approx-
imately the same, and the contact of the layers is sufficiently
strong.

With a steady-state thermal process, the heat fluxes ¢4 and ¢
should be equal, which gives an estimate for the heating:

! ! /
A6 = ocpl NIy T (N)L—ll + NX—Z2 +Rp_g+ 72) . (14)

The value Rp_  of the polymer-quartz contact depends not
only on materials themselves but on many other factors such as
morphology of the contacting surfaces. We were only able to
find information about the contact of an amorphous polythio-
phene nanotube forest with a quartz substrate, suggesting Rp_ ¢
in the diapason 0.1—1.5 cm?/WK [30]. We suppose that the
thermal contact of PVA and quartz is not worse than the above-
mentioned, taking into account the continuous character of the
interface in our system. Using values o, = 5900 cm? /g [14],
A =2, =0.002W/cm K [18], and A3 =0.0135 W/cmK
[31] at intensity /=20kW/cm?, which is reached at the
peak in Z-scanning, the heating value of PCI lies in the range
of 31-36 K in accordance with the known range of Rp_j.
For comparison, in the case of PC3, the heating can be even
83-99K.

At the same time, it should be noted that the heating value
is directly proportional to the absorption cross-section of
graphene, which can vary greatly, depending on the morphology
of the particles, and reach larger values [16]. It can also vary
depending on the particle density, the error in the estimation
of which can be significant. Moreover, it can be increased if
one takes into account interlayer thermal resistances that can
occur in a real situation on the PVA/PVK interface. Meanwhile,
the increase of thermal conductivity with the increase of tem-
perature will result in better cooling. Thus, we suppose it is
possible to estimate the heating in the vicinity of 100 K. At such

heating, the minimum shift for PC1, calculated by Eq. (11), is
5 nm (we assume s /d6 for PVK to be a half of ds, /46, taking
into account the proportionally smaller thermal expansion
coefficient of PVK).

An approximate relationship between the nonlinear absorp-
tion coefficient and the thermally induced shift of the 1IDPC
bandgap can be established using Eq. (10). For a Gaussian beam

at focus (z = 0), one has
242 dT 22 dT d) dO
V2 d V2 dTdrdo

Leffyfin E - Leffyfin dxr do di
The first derivative on the right-hand side of Eq. (15),

together with the linear transmission 7jj,, is found from the
transmission spectra. In particular, for PC1 at a wavelength
of 1064 nm, it holds (7)) 'd7T/dr=3-10"*nm™".
The other two derivatives are calculated from Eqs. (11)
and  (14), respectively: dA/d6 = —0.05nm/K and
d6/dI = 2000 cm? K/MW. Thus, we obtain the estimate for
this thermal expansion NLO coefficient 8. & 680 cm/MW.

Simultaneously with this shift, an opposite phase shift
occurs, which results from the thermo-optical nonlinearity of
graphene in PVK. The increment of the latter shift, according
to estimates obtained in the nanosecond experiment, provides
a commensurable value B, (see Table 2). Due to a plethora of
error sources, we cannot calculate the exact sum of these effects;
however, the value that we see from the experiment [Fig. 6(b)],
i.e., Bres(1064) =~ 1 cm/MW is, presumably, the real measure of
the combined action from these sources.

It is worth noting that an electrostrictive compression can
also take place in the samples because the light field gradients
inside the layers are significant, as is shown in Figs. 2(b), 2(d),
and 2(f). This effect is considered in the supplemental materials
(Supplement 1) and found too weak in PC1.

The inclusion of a photonic crystal in the feedback loop with
the cw-laser resonator by adjusting the angle of its reflection
allows us to obtain a mode in which spontaneous jumps of the
transmitted signal occur, evidencing two clearly different states
[Fig. 7(a)].

At the same time, in PCl1, there is a switch from a higher
transmission value to alower one, which corresponds to a jump-
like relaxation of thermal lenses in the FC layers and a reverse

Bre =

(a) 1,0 T T T T T T T T T

0 10 12 14
tlme (ms)

Fig. 7.  Oscillograms of the amplitude-modulated signal trans-
mitted through (a) PCl1 and (b) PC3, coupled with the laser

cavity.
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shift of the bandgap. The switching has a threshold character
and appears at intensities over ~2 kW /cm?. A similar coupling
of a pure quartz substrate and PC2 with the resonator reveals
only chaotic fluctuations in the signal level, with an order of
magnitude smaller amplitude. When it comes to PC3, we also
observed a chaotic switching, smaller in amplitude than in the
case of PC1, in the direction of a greater transmission [Fig. 7(b)],
which corresponds to a different sign of the derivative of this
IDPC. Thus, the indistinct bistability of 1DPC can be shown
when used in a resonator mode, which prompts the paths of
further improvementin the design of optical switches.

D. Femtosecond Response and Ultrafast Dynamics

Femtosecond I-scan curves obtained at 520 and 1040 nm for
all 1DPCs as well as for bulk Gr@PVK and Cg@PVK films are
shown in Fig. 8. More attention was paid to the visible region
where the bandgaps are narrower and Cgg has absorption bands.

An obvious SA behavior is seen for PC1, PC2, and the corre-
sponding bulk films. As noticed for the ns case, the fs response
of PC3 is also linear because its bandgap is far from the laser
wavelength, and the weakening of the field takes place within
its structure at the bandgap wing. The nonlinear transmission
function shows a threshold character, which is not typical for
standard SA models. This indicates a multiplicity of processes
occurring. We could fit the results only by putting a threshold
intensity /i, under which 7 is strictly linear. Above the thresh-
old, the function is well ficted by the model of SA with saturable
TPA in homogeneously broadened systems, as described by
Eq. (2) with ny = ng = 2. The fitting curves are shown as solid
lines in Fig. 8(a), and their parameters are given in Table 3.

It is important to note that the scanning intensities were
larger than those in our previous study [14], where the SA effect
was seen at several MW /cm?. Here, we see another effect, and
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its unusual saturation character strongly interfering with a
positive NLO absorption may indicate the influence of optical
switching due to a fast phase shift. For comparison, the I-scan
curves obtained with bulk C5o@PVK and Gr@PVK films are
remarkably smoother. From Table 3, we see that the saturation
intensity stays the same in all of the samples and apparently is
related neither to 1DPC structure, nor to nanoparticles, but
likely to a process in the polymer matrix. At the same time, we
see a significant increase in B in PCs with respect to bulk films.
Its saturation is apparently caused by the short pulse compared
with the electron relaxation time, which is stronger than the
bandgap shifting effect and is equally manifested both in PCs
and in bulk films. However, we can attribute the observed
difference in B to the bandgap shift and the 7, value, which is
responsible, asevidentin Eq. (10). The resulting values are given
inTable 3.

In order to directly observe this fast shift, we performed a
time-resolved spectral pump-probe of the PC structures in the
visible region using the same laser source. No temporal changes
were found in the Gr-containing PCs. At the same time, some
changes are seen in PC2, especially those relating to the excita-
tion of the Cg singlet-singlet absorption bands at A < 500 nm.
Three of the transient spectra obtained for PC2 at different time
delays are shown in Fig. 9(a) in terms of transient absorption
change: AA =1~ Tiumpon/ Tpump off-

In the Cgp-containing PC, we found a hole in its transient
spectrum near the bandgap. The same effect was guessed at
twice lower intensity, but it was on the verge of detection. It
can be described by its spectral shift: We reproduced the pit
[black curve in Fig. 9(a)] by using the linear spectrum of PC2 as
Tinitial OF Tyump off> and the same spectrum shifted by AL = 8 nm
as Tyumpon- This pit disappears in time. The area S shown in
Fig. 9(a) by a triangle approximates the integral intensity of this
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Fig.8. Transmittance in fsI-scan of IDPCsat (a) 520 nmand (b) 1040 nm. The legend is valid for both plots.

Table 3. NLO Characteristics of 1DPCs Obtained from fs I-Scan at 520 nm

Sample Iy, (GW/cm?) Lo (GW/cm?) B (cm/GW) L.s (GW/cm?) 7, (10~% cm? /GW)
PC1 0.80 1.40 195 6 1.4

PC2 0.82 1.44 210 4.8 3.6
Gr@PVK 0.75 1.40 40 6 —
Co@PVK 0.75 1.40 70 5 —
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(a) Transient spectra of PC2 obtained at Zpymp = 23 GW/cm?. (b) Time profile of the marked triangle area.

bandgap “burning.” Its evolution in time is shown in Fig. 9(b)
and is well fitted by a single exponent with the autocorrelation of

the pump and probe pulses [32]:

(16)
where Ty is the rise time and 7 is the decay time, which turns
out to be ultrashort: T ~ 0.2 ps and 74 & 0.5 ps. The spectral
shift corresponds to the nonlinear refractive index:

Ty t

NI V21,

S() = At’_t/u(l — e_t/rk) |:l + erf(

AM

. 17
2NhI (17)

) X

The value 7, ~ 11074 cm?/GW turns out to be of the
same order as the one found from the I-scan (Table 3). For a
Ceo@silane composite, the nonresonant third-order optical sus-
ceptibility x® = 1.6 - 107!? esu was measured at 860 nm [33].
This value corresponds to the Kerr 7, ~2-107° cm?/GW.
Our result is two orders of magnitude larger, partially because
of a resonance with Cgg absorption bands but mainly due to the
photonic crystal enhancement. The latter conclusion comes
from the fact that we see the same order of 7, in PC1; however,
the sensitivity of the transient spectra registration is not suffi-
cient to resolve its bandgap shift. Therefore, we obtained 1DPCs
with the Kerr nonlinear refraction coefficients, which can pro-
vide ultrafast, sub-picosecond switching over the threshold of
around 0.8 GW/cm?. The improvement of its performance
can be achieved by further increasing graphene concentration
in PVK layers and Q-factors of the bandgaps (by increasing the
number of periods and refining the layers homogeneity).

A summary of the NLO effects taking place at different time
scales in the 1DPCs under study is given in Table 4. Thermo-
optic relaxation time was not evaluated in our study. For
dispersed nanoparticles, it is known to be strongly dependent
on nanoparticle morphology and surrounding: from 1 ns for a

single-layer graphene [34] to several hundred ps for multilayer
and wrinkled graphene [35].

4. CONCLUSION

We produced 1D photonic crystals (IDPCs) of alternating
layers of poly(vinyl carbazole) (PVK)/poly(vinyl alcohol) (PVA)
with seven and 10 periods containing inclusions of fullerene and
graphene in PVK using the ordinary spin-coating procedure.
The crystals have two bandgaps, i.e., at different wavelengths
in the IR and in the visible regions and are characterized by
Q-factors around 10 and contrast around 5. The light field
enhancement inside the multilayer structures at their bandgap
has been calculated by matrix calculations. The nonlinear opti-
cal transmission of the samples at A = 1064 nm has been studied
by I- and Z-scans with ns, cw, and qew femtosecond laser radia-
tion. The samples demonstrate the predominance of an optical
limiting behavior in ns regime around the IR bandgap, the effect
being stronger in a graphene-containing sample (PC1). It was
explained by the thermo-optic (fast) nonlinearity of Gr@PVK
and C@PVK composites, the found values being of the order
n® ~ 107" ecm? /GW.

In the cw regime, either bleaching or limiting is seen, depend-
ing on which side of the laser wavelength the bandgap is located.
A bistability loop has been found in the nonlinear transmittance
and nonlinear reflectance functions of graphene-containing
samples, being more pronounced in the sample with a higher
graphene concentration. The characteristic intensity threshold
amounts the order of 100 W/cm?. A manifestation of the same
character phase-shifting has been found in a spectrum of the
nonlinear absorption coefficient of PC1 obtained in the qew
regime. The observed behavior is explained in terms of the com-
bined action of opposing thermal expansion (slow) nonlinearity
and the thermo-optic one with characteristic NLO coefficients
of the same order. The slow bistablity relating to the thermal

Table 4. NLO Effects Observed in the 1DPCs and Their Typical Characteristics

Time Range Typical Relaxation Time Typical 7, (cm?/GW) NLO Effect in Action
Millisecond—Continuous 10 ps —107 to—1 Thermal expansion
Nanosecond 1 ns—100 ps +107! Thermo-optic refraction
Femtosecond 0.5 ps +1074 Optical Kerr effect
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expansion has been demonstrated in the spontaneous switching
of the cw laser output.

An ultrafast switching was found in both graphene- and
fullerene-containing 1DPCs (PC1 and PC2, respectively)
within their visible bandgaps. A remarkable redshift of the
bandgap of PC2 was demonstrated in its transient absorption
spectra. The shift relates to the positive nonlinearity of the same
order, which causes the switching: 75" ~ 1074 cm?/GW. Sub-
picosecond rise and decay times of this shift were obtained. They
pointed at an ultrafast Kerr process, which can be used for the
elaboration of ultrafast optical bistability by further adjusting
nanoparticle concentration and film quality.

We therefore show that polymer 1DPCs processed from
Gr@PVA and Cg@PVA composite possess nonlinear optical
properties in the spectral regions around their bandgap, with
both slow and fast bistable behavior, whose parameters can be
improved with increasing the number of layers and concen-
tration of nanoparticles. Such compact structures are easy and
affordable in manufacturing and may be a good platform for
on-chip all-optical switches.
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