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Enhanced Phase-Matched Second-Harmonic
Generation in a Ferroelectric Liquid Crystal
Waveguide
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Germany and Department of Polymer Technology, Royal Institute of
Technology, SE-10044 Stockholm, Sweden

A binary mixture of crosslinkable ferroelectric liquid crystals (FLCs) was used for the design
of a channel waveguide. The liquid crystal was aligned in layers parallel to the glass plates
(homeotropic) in a sandwich geometry and then the arrangement was permanently fixed by

: photopolymerization which yielded a polar network possessing a high thermal and mechani-

cal stability. The linear and nonlinear optical properties have been measured and all four
independent components of the nonlinear susceptibility tensor d have been determined. The
off-resonant d-coefficients are remarkably high and comparable to those of the best known
inorganic materials. Phase-matching was achieved by taking advantage of the modal disper-
sion of the waveguide. A reversal of sign of xm at the nodal plane of the electric field distri-
bution of the first-order mode was needed 1o maximize the overlap integral between the
fundamental and the second-harmonic (SH) light. In samples with x'* inversion the SH sig-
nal was 1000 larger that in samples without x(“’ inversion.

Keywords: Second-harmonic generation; phase-matching; x(z) inversion; crosslinkable fer-
roeiectric liquid crystals
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INTRODUCTION

The figure of merit of all devices based on second-harmonic effects is given
by the ratio d2g/n3, where deg is the effective reduced nonlinear optical
susceplibility and n the refractive index of the material. A high conversion
efficiency requires the simultaneous maximization of many parameters and
quite often there is a trade-off between some properties. A crucial quantity
is v(2) which is, subject to certain simplifying assumptions, proportional to
the number density of the NLO chromophores and to the orientational av-
crage of the hyperpolarizabilities [1]. Hence, a maximization of d.g requires
a chromophore with a large value of # arranged in a uniform fashion with a
high degree of polar order and a high number density. These demands can
be fulfilled by ferroelectric liquid crystals (FLCs). Their molecular sym-
metry allows a local dipolar order perpendicular to the director [2] which
can be extended to the whole sample either by orienting all the molecular
dipoles in an external electric field or by surface constraints [3].

Phase-matching can be achieved by taking advantage of the modal
dispersion of the waveguide [4]. The effective refractive index n.g of a
mode is a function of waveguide thickness and polarization. Thus, phase-
matching requires the fabrication of a waveguide of a precisely defined
thickness given by the linear optical constants. Also, due to the dispersion
of the refractive index, phase-matching is only possible between modes of
different order. However, even if this is achieved, the resulting efficiency
may still be rather low due to the small value of the overlap integral of the
electric field distribution of the interacting modes across the cross-sectional
arca [4]

e X(Z)ijk

VAEE
1] X(2)eﬂ'

Ei(m"w)(z) Ej(m',w)(z) Ek(m"z“’)(z) dz, (1)

where X(z)ijk is the second-order susceptibility tensor, y(# g is the effective

second-order susceptibility, and E;(™)(z) is the electric field distribution
of the m/-th made of frequency w across the waveguide thickness. Field
distributions of modes of different order yicld a nearly vanishing overlap
integral and « poar conversion efficiency [4]. A way out of this dilemma is
to influence the susceptibility tensor [5]. A reversal of sign of Y@ at the
nodal plane of the electric field distribution of the first-order mode max-
tmizes the value of the overlap integral and thus enables a phase-matching
scheme TMg*-TF;* and TEY-TFE,2“. The sign of ) can be reversed
by reversing the polar order of the chromophores.

MATERIAL AND SAMPLE PREPARATION

Tn this work we used a mixture of the two 'LCs shown in Iligure 1 together
with its absorption spectrum. A mixture composed by 60 % A1lb and 40 %
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Figure 1: (a) FLC monomers used in this experiment. (b} Absorption
spectrum of the mixture Alb/A2c 60/40 in chloroform solution 0.13 mM.

Iigure 2:  Cross section of

a cell. In the gap between

’ ”_ the electrodes (100 ym wide)
1;':“".'.-"."- ’/\\ the FLC material is oriented

= ‘_ / N (a) by the AC/DC field. The

dipole moments are aligned

along the cell plates per-
pendicular to the electodes
stripe and in the channel
between the electrodes we

have a macroscopic polariz-
ation.

-

A2c is used which adopts at room temperature g chiral smectic C phase [6]
with large spontaneous polarization (P, = [190 £20]nCem™2 at 24°C [7]).
The two FLC monomers are functionalized with polymerizable groups. A
very small quantity of the photoinitiator Lucirin TPO (BASF) was added
to the mixture to enable photopolymerization.

The FLC monomers were homeotropically oriented between planar elec-
trodes (100 pm gap) as shown in Figure 2. They were first oriented by a
DC electric field and then illuminated with UV-light. Photopolymeriza-
tion leads to the formation of a thermally and mechanically stable polymer
network (6-10] where the polar order between the electrodes is frozen {pyro-
electric polymer, PP). A micrograph of a cell after polymerization is shown
in Figure 3. Rotation of the sample about the normal to the glass plates
(z-axis) did not change any features between the cross polarisers, which
means that the macroscopic optic axis is parallel to z.
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Figure 3: Micrograph
of a cell between crossed
polarizers after polymeriza-
tion. The PP molecules are
uniformally oriented in the
channel between the elec-
trodes. The cell thickness is
13 um and the electrode gap
is 100 pum.

OPTICAL CHARACTERIZATION

Waveguide losses

The structure is a channel waveguide for TM modes (p-polarised light).
Assuming homeotropic alignment between the electrodes, the propagation
characteristics of TM modes in the channel region are dominated by the
extraordinary refractive index of the PP, n.. On the other hands, out-
side the channel region p-polarised light will see a refractive index which
is somewhere in between n. and n,. Since n. > 1, at all wavelengths (the
values ne and n, are reported in the caption of Figure 4), TM modes are
three-dimensionally confined in the channel region and no additional pre-
paration processes are required to obtain this desired feature. Homeotropic
geometry is thus advantageous: the corresponding arrangement in planar
cells, where the alignment is uniform in the whole cell, leads only to slab
waveguides.

The losses for p-polarised light at 1064 nm were measured by monitoring
the output power at different lengths of the guide [7). End-fire coupling
was used to excite waveguide modes. The loss coefficient was found to be

o = (1.07£0.95) dB cm™1. (2)

The upper limit of the losses is on the order of 2dB/cm which meets already
the demands imposed by noulinear optical devices.

Nonlinear optical characterization

SHG requires noncentrosymmetry and thus can only occur within the chan-
nel region of our waveguide where the FLC helix is unwound and the PP is
macroscopically polar. The unwound SmC* liquid crystal phase belongs to
the C, symmetry group [11]. In the homeotropic geometry only TE-to-TE
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dys = (0.76 & 0.10 v

dfz - g() 63 + 0 ng V-1 Table 1: The four inde-

dys = (1'26 + 0.16) pm V-1 pendent d-coefficients as cal-
- : : _ culated from the fits in Fig-

dis = (013 £ 0.02) pm V~! -y g

(s-to-s) or TM-to-TE (p-to-s) conversions are allowed [12]. The effective
susceptibilities which govern the conversions can be expressed in terms
of the components of the four independent componenets of the nonlinear
optical susceptibility tensor d as:

TE-t0-TE  deg = daz, (3)
TM-to-TE  dg = dygcos® 8 + dyzsin® 0 + 2dq4 sin 6 cos 8, (4)

where # is the fundamental light incidence angle at the glass/polymer in-
terface. The d-coefficients can be estimated measuring the SH signal as a
function of the fundamental light incidence angle. This measurement was
performed in transmission using a YAG laser (1064 nm, 35 ps, 10 Hz). The
results are shown in Figure 4 and the estimated d-coefficients are listed in
table 1. The values are comparable to those of quartz due to the large
molecular hyperpolarizabilities combined with the high degree of orienta-
tional order and the high number density of the active chromophores in
our system.

PHASE-MATCHING EXPERIMENT

The desired inverted waveguide structure can be fabricated using the sand-
wich geometry shown in Figure 2. The top plate of a 540 nm thick cell
was removed. No damage occurred in this preparation process (the mean
roughness is on the order of few nanometers as confirmed by atomic force
microscopy [7]}. The bottom plate with the polymer network was cut in
two pieces of equal size (= 4mm) and the parts were glued onto each other
with inverse polarities in the channel region as illustrated in Figure 5.
Waveguide modes were excited by end-fire coupling. The laser source
was a tunable OPG/OPA system pumped by the third harmonic of a Nd-
YAG laser (energy per pulse ~30mJ, pulse duration 35 ps). The second-
harmonic (SH) light was collected at the end of the guide and measured as
a function of the fundamental light wavelength with a photomultiplier. The
linear constants and the thickness of the waveguide were measured prior
to the experiment and used to predict the wavelengths at which phase-
matching occurs. According to these data and with a total cell thickness
of 2 x 540nm, TE-TE phase-matching should occur at 958 nm and TM-
TE phase-matching at 1311 nm. These predictions were confirmed by the
experiment: TE-TE phase-matching was observed at 955nm and TM-TE
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Figure 4: Second-harmonic light intensity versus external angle of incid-
ence for s-to-s and p-lo-s conversions, and for the quartz crystal of refer-
ence. The dots are the experimental values and the lines correspond to
fits according to [13], with the following parameters: glass plate refractive
indices, ng(w) = 1.46 and ng(2w) = 1.50; FLC ordinary refractive indices,
(W) = 1.47 and ny(2w) = 1.52 [6]; FLC extraordinary refractive indices,
ne(w) = 1.57 and ne(2w) = 1.62 {6]; cell thickness 13 um; second-order
susceptibility of the quartz used for calibration, dj; = (0.3240.04) pm V~*
[14]. The values of the second-order reduced susceptibilities caiculated from
the fits are listed in Table 1.
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‘Table 2:  Interaction lengths and normalized SH conversion cfficiencies
for the two phase-matching peaks in Figure 6.

[ phase-matched modes | L [mm] [7[% W T cm™
TE* — TE,* 0.59 £ 0.08 0.05+0.02
TMyY — TE, > 0.82+£0.15 0.26 £0.06

at 1337 nm, as shown in Figure 6(a) [15]. The width of the peaks in Figure
6(b) and (c) depends on the known dispersion of the refractive indices and
on the interaction length L in which fundamental and second harmonic
light are in phase. The interaction length can be determined by a fit of the
experimental data to the function

I3, o sinc? (éffk) . i5)

where Ak = 4dr[neg(2w) — neg(w)]/Ae, with L as the only unknown para-
meter. Figures 6(b) and (c) present the experimental data together with
thie corresponding fits. The interaction lengths are listed in Table 2. In a
sample with x{?)-inversion at the phase-matching condition the SH signal
was about 1000 times larger than that of an not-inverted sample, which
demonstrates the superior performance duc to the optimization of the over-
lap integral in our geometry. ‘The normalised conversion efficienciency

= - 16}

of the two phase-matching schemes is also given in Table 2. The confine-
ment of TM modes three-dimensionally in the waveguide yields a larger
conversion efficiency for TM--TE than for TE-TE phase-matching.

CONCLUSIONS

The demonstration of true phase matching in a waveguide format using
FLCs is a major step towards a more general usc of these materials for
NLO devices. FLCs maximize the possible number density of active chro-
mophores and this, together with a high degree of orientation, leads to
remarkably high values of the off-resonant nonlinear susceptibilities. Phase-
matching was achieved between modes of different order using the modal
dispersion of the waveguide. Applying the concept of an inverted struc-
ture [5] maxin izes the overlap integral and thus enables high efficiency in
the desired phase matching-scheme. We have successfully manufactured &
macroscopic inverted waveguide and demonstrated phase-matching. The
quasi-homeotrapic alignment avoids the nse of aligning layers and leads
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to an inherent channel waveguide for TM modes without any additional
preparation steps, yielding a very high normalized conversion efliciency for
TM-TE phase-matching scheme. Another major feature is that the order
of the monomeric FLC is made permanent by photopolymerization. The
photopolymerization does not lead to any degradation of the quality of the
waveguide, as it is for instance observed in LB films [16]. Apparently the
intrinsic fluidity of FLC heals all distortions caused by the formation of
new bonds. The polar network is thermally and mechanically stable and
all samples kept their NLO properties over the monitored period of several
months. Thus, the system has the potential to achieve practical levels of
performance.
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