
This article was downloaded by: [University of California, San Diego]
On: 16 August 2012, At: 02:34
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and
Liquid Crystals Science
and Technology. Section A.
Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Enhanced Phase-Matched
Second-Harmonic Generation in
a Ferroelectric Liquid Crystal
Waveguide
V. S. U. Fazio a b , V. Zauls c , S. Schrader c ,
P. Busson d , A. Hult d , S. T. Lagerwall a & H.
Motschmann b
a Department of Microelectronics and Nanoscience,
Liquid Crystal Physics, Chalmers University of
Technology & Göteborg University, S-41296,
Göteborg, Sweden
b Max-Plank-Institute of Colloids and Interfaces,
D-14476, Golm/Potsdam, Germany
c Institue of Physics, Univeristy of Potsdam, D-14469,
Potsdam, Germany
d Department of Polymer Technology, Royal Institute
of Technology, SE-10044, Stockholm, Sweden

Version of record first published: 24 Sep 2006

To cite this article: V. S. U. Fazio, V. Zauls, S. Schrader, P. Busson, A. Hult, S. T.
Lagerwall & H. Motschmann (2001): Enhanced Phase-Matched Second-Harmonic
Generation in a Ferroelectric Liquid Crystal Waveguide, Molecular Crystals and Liquid
Crystals Science and Technology. Section A. Molecular Crystals and Liquid Crystals,
368:1, 293-302

http://www.tandfonline.com/loi/gmcl19


To link to this article:  http://dx.doi.org/10.1080/10587250108029958

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

34
 1

6 
A

ug
us

t 2
01

2 

http://dx.doi.org/10.1080/10587250108029958
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Mol. Cvrf. and Liq. CnYr, 2001. Vul. 368, pp 293-302 
Reprints available directly lrum thc puhlislier 
Photocopying permitted by licenir only 

0 2001 OP.4 (Owrsras Publishrrs Arsoclationl N.V 
Publiabcd by license under the 

Cordon and Brcdch Sciencc Publisliers imprinr. 
B member of the Taylur & Francis Group, 

Prinkd i n  the USA 

Enhanced Phase-Matched Second-Harmonic 
Generation in a Ferroelectric Liquid Crystal 

Waveguide 

V.S.U. F A Z I O ~ ~ ,  v. ZAULP, s. SCHRADER~, P. BUSS ON^, A. HULT~. 
S.T. LAGEKWALLa and H. MOTSCHMANN‘ 

aDepartrnent of Microelectronics and Nanoscience, Liquid CTstul Phjisics. 
Chulmers University of Technology & Giiteborg University, S-4 1296 Gb’teborg, 
Sweden, bMax-Plank-lnstitute oj  Colloids und IriterJaces, D- 14476 Go1dPot.v 
durn, Germany, ‘Institue oJPhysics, Univeristy of Potsdam, 0-14469 Potsdam, 
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4 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 plate5 
(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 cotnparable 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 x‘*’ at the nodal plane of the electric field distri- 
bution of the first-order mode was needed to maximize the overla integral between the 
fundamental and thc second-harmonic (SH) litht. In samples with zrK inversion the SH sig- 
nal was 1000 larger that in aaniples without x(-’ inversion. 

Ke-ywords: Second-harmonic generation; phase-matching; x”’ inversion; crosslinkable fer- 
roelectric liquid crystals 
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INTRODUCTION 

The figure of merit of all devices based on second-harmonic effects is giveii 
b y  the ratio &/n3, where d e ~  is the effective reduced nonlii~ear optical 
susceptibility arid n the refractive index of the material. A high conversion 
efficiency requires the simultaneous maximization of many parameters and 
quite often there i s  a hde -o f f  between some properties. A crucial quantity 
is y(2) which is, subject t o  certain simplifying assumptions, proportional to 
t.he number tiensity of the NLO chromophores and t,o tihe orientat,ional av- 
erage of the hyperpolarizabilities [l]. Hence. a maximization of d e ~  requires 
a chromophore with a large value of arranged in a uniform fashion with a 
high degree of polar order and a high number densitv. These demands c a n  
be fiilfitled b,y ferroelectric liquid crystals (FLCs). Their molecular sym-  
metry allows a local dipolar order perpendicular to t h e  director [2] which 
ran be extended t o  the whole sample either by orienting all the molecular 
dipoles in an external electric field or by surface constraints [3]. 

Phase-inatching can be achieved by taking advantage of the modal 
dispersion of the waveguide [4]. The effective refractive index 72,s of a 
mode is a function of waveguide thickness and polarization. Thus,  phasc- 
matching requires the fabrication of a waveguide of a preciscly defined 
thickness givcan 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 t o  the small value of the overlap integral of the 
electric field distribution of the interacting modes across the cross-sectional 

’ area [4] 

where y(’jijk is the second-order snsceptibility tensor, y(2)pf is the effective 
second-order Susceptibility, and E,(m’,W)(z) is the electric field distribution 
of the m’-th mode of frequency LJ across the waveguide thickness. Field 
distributions of modes of different order yield a nearly vanishing overlap 
integral and i .  poor conversion efficiency [4]. A way out of this dilemma is 
to  influence the susceptibility tensor [ 5 ] .  A reversal of sigii of y(’) at  tlicl 
nodal plane t’f the electric field distribution of the first-order modr riiax- 

imizes the value of the overlap integral and thus enables a phase-matching 
scheme T M o “  -TEI2’” and ‘I’P;~“-‘~E,2”. The sign of y ( 2 )  can tw rpvprsed 
hy reversing the  polar order of the chromophores 

MATERIAL \ND SAMP1,E PREPARATION 

I n  this work VT used a mixture of the two FLCs shown in  Figure 1 together 
with its absorption spectruni. A mixture composed by 60 % A l b  and 40 % 
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ENHANCED PHASE-MATCHED.. . [4063]/295 

Figure 1: ( a )  FLC monomers used in this experiment. (b) Absorption 
spectriim of the rriixturr Alb/A'Lc 60/-lO in chloroform solution 0.13mM. 

Figure 2 :  Cross section of 
a cell. In (.he gap between 
the electrodw ( I00 prn wide) 
the FLC material is orient,ed 

(a) by the AC/I)C field. The 
dipole moments are aligned 
along the cell plates per- 
pendicular to the electodes 
stripe and in the channel 
between the elertdrodes we 
ha,ve a macroscopic polariz- 
ation. 

A2c is used which adopts at room temperature a chiral sniectit <: phase [6] 
with large spontaneous polarization (P ,  = [190 & 201 nC at 24°C [7]). 
'The two FLC monomers are functionalized wit,li polymerizablc groups. A 
very small quantity of the photoinitiator Lucirin TPO (HASF) was added 
to the mixture to enable photopolymerization. 

The FLC mononiers were homeotropically oriented between planar elec- 
trodes ( 1 0 0 p i  gap) as shown in Figure 2. They were first oriented by a 
DC electric field and then illuminated with UV-light. Pliotopolynieriza- 
tion leads lo the formation of a t.hermally and mechanically stable polymer 
network [F- 101 where the polar order between the electrodes is frozen (pyro- 
electric polymer. PP). .4 micrograph of a cell after polymerization is shown 
i n  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 i. 
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296/[4064] V.S.U. FAZIO et al. 

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 
13pm and the electrode gap 
is 100pm. 

OPTICAL CHARACTERIZATION 

Waveguide losses 

The structure is a channel waveguide for TM modes (ppolarised 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 ppolarised light will see a refractive index which 
is somewhere in between n, and no. Since n, > no at all wavelengths (the 
values n, and no 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 t h u s  advantageous: the corresponding arrangement in planar 
cells, where the alignment is uniform in the whole cell, leads only to  slab 
waveguides. 

The losses for ppolarised 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 f 0.95) dB cm-'. (2) 

The upper limit of the losses is on the order of 2 dB/cm which meets already 
the demands imposed by nonlinear 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 Cz symmetry group [ll]. In the homeotropic geometry only TE-to-TE 
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d22 = (0.76 f O.lO)prnV-’ 
d16 = (0.63 f 0.09) pm V-’ Table 1: The four inde- 

pendent d-coefficients as cal- 
culated from the fits in Fig- d23 = (1.26 f O.16)pmV-’ 
ure 4. d14 = (0.13 f 0.02)pmV-’ 

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

T E t o - T E  deR = d22,  (3) 
TM-to-TE d,R = d16 cos’ 6 + d23sinz 0 + 2d14 sin 6 cos8, (4) 

where 6 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 nrn, 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. 

PHASEMATCHING EXPERIMENT 

The desired inverted waveguide structure can be fabricated using the sand- 
wich geometry shown in Figure 2. The top plate of a 540nm 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 ( z  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 -30rnJ, pulse duration 35ps). 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 
t o  the experiment and used to predict the wavelengths at which phase- 
matching occurs. According to these da t a  and with a total cell thickness 
of 2 x 540nm, ‘TE-TE phase-matching should occur a t  958nm 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 paternal angle of incid- 
ence for s-to-s and p-to-s conversions, and for the quartz crystal of refer- 
ence. The dots are the experimental values and the lines correspond to 
fits accordirtg to  [13], with the following pararnet,ers: glass plate refractive 
indices, n.,(w) = 1.46 and nng(2u) = 1.50; FLC ordinary refractive indices, 
n,(w) = 1.47 and n,(2w) = 1.52 [6]; FLC extraordinary refractive indices, 
n,(w) = 1.5? and n,(2w) = 1.62 IS]; cell thickness 13pm; second-order 
susceptibilky of the quartz used for calibntion, d l l  = (0.32*0.04) pm V-' 
[14]. The values of the second-order reduced susceptibilities calculated frorn 
the fits are listed in Table 1. 
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Fi urc 5 .  Scherrre of the 
\($-inverted s t ruc tur r  k(2)  
undetgoes an  a b r u p t  sign re- 
versal at half the total thick- 
npsb of the cell. Cell thick- 
ness is 2 x 530 nni. 

(b) 

TM-TE 

3 

m 1000 1200 1400 
g 0.0 . 
c .- ~ fundamental wavelength I nm 
w 
al 

2 0.8 
u) 

0.6 

0.4 

0.2 

0.0 

s 1.2 

- != 1.0 
c 

-25 0 25 -7 0 7 

I.'igurt. 6 .  (a) Phaw 
riid,cliirig pedks as a 
funct ion of the fundarncntal 
light wavelerigt h .  (b)  1'Ko"- 
l'Eo2" phase-matching peak 
at 953nm, data arid lit, 
( c )  TI&" TEoJd phase- 
matching peak at 1337nn1, 
d a t a  and f i t .  

Ak I mm-' D
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‘l’ahle 2: Irikraction lengths and normalized SH conversion efficiencies 

, . .  v-1 c.1-7 

TEo” - TE1’w I 0.59f0 .08  I 0.05*0.02 1 
fo r 

I phase-matched modes L [mm] 
TEo” - TE1’w 
TMow - TF,lZW 

0.59 f 0.08 
0.82 f 0.15 

~~~ 

q [% W-’ mi-7 
0.05 * 0.02 
0.26 z t  0.06 

at 1337 nm, a s  shown in Figure 6(a) [15]. T h e  width of the  peaks in Figure 
G(b) and (c) depends on t h e  known dispersion of t h e  refractive indices and 
on t h e  interaction length G in which fundamental and second harmonic 
light, a re  in ph:+se. T h e  interaction length can be determined by a fit, of t h e  
rxperimental d a t a  to t h e  function 

wttcre A k  = 4 r ; [ n e ~ ( 2 w )  - ~ t ~ f ( ~ ) l / X , ,  with L as tlle U I I I Y  u r lk r iowi i  pi ir+ 
meter. Figures G(h) and  (c) present the  experinlental data together with 
tlic corresponding fits. ‘ l h e  interaction lengths are listed i n  Table 2. 111 a 
sample with X(’)-inversion at t h e  phase-matchirrg condition the SH signal 
was ahout l O O @  times larger than  t h a t  of ail nut-inverted sample. which 
demonstrates  t h e  superior performance d u r  t o  the  optimization of t,he over- 
lap integral in our geometry. ‘l’he normaliscd conversion eficirncienry 

of the two phase-matching schenies is also given in Ta.hlr 2. Thp confine- 
iriertt of Tbl r.iodrs three-dimensionally i l l  1 he waveguidc yieltis i i  larger 
(.onversion efficiency for T M  -TE than for Tk--TF phase-matching. 

< ‘OK;<’L.US [O‘.iS 

l‘lic dcmonstr i t ion o f  t rue  phase matching i n  a waveguide f0r.ina.r using 
l:L(’s is a major  step towards a more general use or these materials for 
YLO devices. FLCs rnaximizp the possible number density of act.ive chro- 
iiroptiores a.nd this, together with a high drgree of or ientat ion,  leads to 
rr.markably hip h values of the off-resonant, nonlinear siisceptihilities. f’iiasis 

inatchirig was achieved het,ween modes of different order using [ t i c ,  r i t o d a l  
dispersion of the wavegriitic,. .4pplying the co:rcc.pt o f  iiii i i iv r r t r t l  i t  rric 

I i ~ r c  [3] rna.xin izes the overlap integral arid t liiis c n a h l ~ s  high d5cirric.y ; t i  

I he desired ptidse riiatching-sctiertie. LZ’c hay(, succ t s fu l ly  rnariut‘;icluwtl il 
macroscopic ii.verted wavegiiide and dernoiistrated p~iasc.-iiiatchiri~. l’iii. 
iliiiLsi-homeotr,,pic alignment avoitls t hr I IW or aligriiiik: 1ay:i-s an(! l ~ a t l ~  
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ENHANCED PHASE-MATCHED [4069]/301 

to a n  inherent channel waveguide for TM modes without  any  additional 
preparation steps, yielding a very high normalized conversion efficiency for 
TM-TE phasematching  scheme. Another major  feature is t h a t  t h e  order 
of t h e  monomeric F L C  is made  permanent by photopolymerization. T h e  
photopolymerization does not  lead t o  any  degradation of t h e  quality of the  
waveguide, as it is for instance observed in LB films [16]. Apparently t h e  
intrinsic fluidity of FLC heals all distortions caused by t h e  formation of 
new bonds. T h e  polar network is thermally and mechanically s table  and  
all samples kept their NLO properties over t h e  monitored period of several 
months. Thus ,  t h e  system has  the  potential to achieve practical levels of 
performance. 
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