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A new type of organic molecule, calix[4]arene, is applied in a second-harmonic-generating waveguide device for
the first time. Linear optical properties of the calix[4]arene waveguiding film have been measured with the
prism-coupling method. The molecules in the film are oriented by a corona-poling technique. With a Makerfringe experiment, the induced d33 and d31 at l  1064 nm are determined at 8.6 and 2.0 pmyV, respectively.
The calix[4]arene thin film has been applied to a Čerenkov-type device that generates second-harmonic light
radiating into the glass substrate. The highest efficiency obtained is 0.23% for a fundamental wavelength
of 820 nm by the use of fundamental power densities of 100 MWycm2 in the waveguide and a device length
of 6 mm. A coupled-mode theory has been developed that can properly explain the experimentally observed
second-harmonic-generating efficiency and the angle of radiation into the substrate. Two methods for the
enhancement of device efficiency are proposed, both based on theoretical calculations with the coupled-mode
theory. An enhancement of 2 orders of magnitude is feasible.  1995 Optical Society of America

1.

INTRODUCTION

In the early days of nonlinear optics, second-harmonic(SH-) generating experiments were performed in bulk
crystals. The advantage of confining the light to a small
area over long distances was realized by going from bulk
crystals to inorganic waveguides, for example LiNbO3 .
However, the flexibility in fabricating such devices was
poor, and therefore interest in organic materials as alternatives to inorganic crystals increased. Several polymer
systems have been investigated for these purposes.1 – 6
In this paper the first SH-generating device based on a
novel type of molecule, calix[4]arene,7 is presented. The
conventional scheme of phase matching in both crystals
and waveguides is critical with respect to several parameters, such as wavelength, temperature, refractive
index, and layer thickness in the case of waveguides.8
An alternative that is much less critical to these parameters is to generate the SH in the Čerenkov scheme.9 – 11
The advantage of this scheme is that possible destructive interference is avoided because the SH is generated as a nonguided wave, which is automatically phase
matched. However, compared with real phase matching
of fundamental and SH guided modes, the efficiency of
the Čerenkov process and the quality of the SH output
beam are worse. As a first step to show the potential
of calix[4]arenes in a device, it was chosen to fabricate a
Čerenkov-type device.12

2.

THEORY

second-, third-, and higher-order susceptibilities x snd . In
the case of SH generation, a polarization at frequency 2v
is induced by an electric field with frequency v, as in
P s2vd  1/2x s2d s22v; v, vd : EsvdEsvd  e0 d ? Esvd2 .
(2)
The third-rank tensor x s2d s22v; v, vd can be written as a
3 3 6 matrix d with 18 components. The SH process occurs only in noncentrosymmetric materials; consequently
the organic nonlinear optical (NLO) molecules in a thin
film must be oriented. This is done by the application
of a static electric field, which induces the alignment of
molecules with an electric dipole moment. The symmetry of such a system is C`n , which results in only five
nonzero components of the d matrix: d33 , d31 , d32 , d15 ,
and d24 . The last four components are equal when
Kleinmann symmetry is assumed. Several models have
been developed to describe the effect of a static electric
field on the orientational distribution of the molecules.3,13
In the isotropic model, the distribution is given by a
Boltzmann distribution of the energy of a dipole in a
static electric field. If u is the angle between the dipole
axis and the applied static electric field, which is in the
direction perpendicular to the film, the resulting d33 and
d31 are
d33  1/2Nbzzz f2v fv2 kcos3 sudl ,

(3a)

d31  1/2Nbzzz f2v fv2 k1/2 cossudsin2 sudl

The optical response of a material is generally described
by the equation
.
P  x s1d ? E 1 x s2d:E2 1 x s3d ..E3 1, . . . ,

(1)

where E is the electric field of the light beam that generates a polarization P in a material because of its first-,
0740-3224/95/122398-08$06.00

 1/4Nbzzz f2v fv2 fkcossudl 2 kcos3 sudlg ,
n2 svd 1 2 ,
fv 
3

(3b)
(3c)

where N is the number density, bzzz is the molecular
hyperpolarizability, fv and f2v are the Lorentz – Lorenz
local field factors, nsvd is the refractive index of the thin
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En sr, td  RejAn sxdEyn szdexpfisnt 2 bn xdgey j
sTE moded ,
Hn sr, td 

RejAn sxdHyn szdexpfisnt

2 bn xdgey j
sTM moded ,

n  v, 2v .
Fig. 1.

Čerenkov SH-generating scheme with coordinate axes.

film, and k. . .l indicates the averages of the orientational
distribution of the molecules. The ratio d33yd31 following
from Eqs. (3) is
2kcos3 sudl
d33
,

d31
kcossudl 2 kcos3 sudl

(4)

which can be calculated for a known distribution. For
moderately oriented films, this ratio is close to 3. It
increases for increased alignment.
The Čerenkov device we consider is a planar waveguide
that consists of a glass substrate and a single thin film of
a NLO active organic material, as shown in Fig. 1. Light
with the fundamental frequency v is coupled into the
waveguide as a guided mode by prism coupling.14,15 The
polarization can be transversal electric (TE) or transversal magnetic (TM). Because of the second-order susceptibility of the film, a polarization with a frequency of 2v
is induced. If the phase velocity of this induced polarization is above the speed of light with frequency 2v in
the glass substrate, the SH light will radiate into the sub2v
strate. This criterion is met when nv
The
eff , nsubstrate .
angle of radiation of the SH light with respect to the film,
the Čerenkov angle ucer , is given by
cos ucer 

nv
eff
2v
nsubstrate

,

(5)

which follows from the conservation of wave vectors in the
x direction. This automatic matching of wave vectors is
the important advantage of generating the SH with the
Čerenkov scheme.
To be able to predict device efficiencies, we have
developed a coupled-mode theory for Čerenkov SH
generation.16,17 The basic equation follows from
Maxwell’s equations:
≠2
se : En 1 PNLO,n d ,
≠t2
n  v, 2v ,

= 3 s= 3 En d  2m0

(6)

where En is the electric field of the light with frequency n,
e is the linear optical susceptibility of the material, and
PNLO is the polarization at frequency n generated from
light with a different frequency. For small conversion
efficiencies, pump depletion can be neglected, so only the
equation for 2v, the SH, needs to be evaluated.
The electric-field amplitudes of the light with frequencies v and 2v are described with a guided mode and a
substrate-radiating mode, respectively. A general way
of describing the electric and the magnetic fields in the
y direction for the TE- and the TM-polarized modes, respectively, is

(7)

The electric- and the magnetic-field vectors for the TE and
the TM modes, respectively, are described with a normalized field distribution Eyn szd and Hyn szd, the amplitude of
the field An , and a factor that determines the propagation
in the x direction of the light of frequency n with wave vector bn . For guided modes, the energy in the x direction,
the direction of propagation, is conserved. The normalization of the field distribution of the fundamental guided
mode is such that the power flow is 1 W in a 1-m-broad
waveguide (1 Wym).
The generated SH radiates into the substrate. The
energy flow in the x direction is therefore not conserved.
This requires an extra normalization in the x direction.
The normalization is therefore chosen to be 1 Wy1 m2 of
the waveguide.
For both types of mode the normalized fields in the x
and the z directions are simple functions of the normalized
fields in Eqs. (7):
Hxv szd 

v
2i ≠Ey szd ,
m0 v
≠z

Hzv szd 

bv
E v szd sTE moded ;
m0 v y

Exv szd 

v
i ≠Hy szd ,
vex
≠z

Ezv szd 

2bv v
H szd sTM moded .
vez y

(8)

In the case of a SH guided mode, changes in the SH intensity would be due to the coupling with the fundamental beam. However, in the SH-radiating mode there is a
large intrinsic loss of energy into the substrate because
of the radiative character. The total change in the SH
intensity is given by
É
É
É
É
≠A2v sxd
≠A2v sxd
≠A2v sxd
,

1
(9a)
≠x
≠x
≠x
NLO
rad
É
É
A2v sxd ,
≠A2v sxd
2
(9b)
≠x
ld
rad
where changes that are due to the coupling from the
fundamental beam (NLO) and changes that are due to the
radiative loss into the substrate (rad) are distinguished.
The substrate loss is linear in the mode amplitude A2v sxd
and can be expressed in an effective decay length ld ,
which follows from the normalized field distribution and
conservation of energy:
Z h Z 2p/2v
ld
sE 3 Hdx dtdz 
2
2`
0
Z h
m0 2v
)
sEy2v d2 dz  ld
sTE moded ,
b2v
2`
Z h sH 2v d2
2v
y
dz  ld
sTM moded . (10)
ez
b2v
2`
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The double integral evaluates the pointing vector of the
SH-radiating mode in the x direction in the region in or
close to the waveguiding layers.
At the start of the waveguide, A2v is 0 and starts
increasing because of the coupling from the fundamental beam. However, after the SH light has propagated
typically 20 to 100 mm, depending on ld , an equilibrium
A2v,equi is reached, where ≠A2v sxdy≠x  0, which results in
É

≠A2v sxd
≠x

É

NLO

A2v,equi .
ld

(11)
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The value of A2v, equi for TEv ) TM2v conversion becomes
(
A2v, equi 

A2v

ibv

1 im0 v

Z
Z

`

Hy2v szd

2`

2
nz,2v

`

Hy2v szd

2`

n2x,2v

d32 szdfEyv szdg2 dz
d12 szdEyv szdHxv szddz

√
!
)
X
1 n21
1
2v
v
2 .
fEy szi dg
H szi dDi,i11 d12 2
1
2 i1 y
nx,2v
(14)

As a result, the overall SH intensity can be written as
P2v 

Z

`

2`

Z

`

fA2v s y, xdg dydx ø sA2v,equi d bL ,
2

2`

2

(12)

where b is the beam width and L is the device length.
We calculate the equilibrium value of A2v by substituting Eqs. (7) into Eqs. (6) and by using Eq. (11). This
results in
A2v,equi 2v
2i2m0 v 2
Ey szd 
Pind,y s2vd sTE moded ,
ld
b2v
A2v,equi 2v
Hy szd  ivPind,z s2vd
ld
"
#
vn2z,2v ≠
1
1
P
s2vd
ind,x
2
b2v ≠z nx,2v
sTM moded ,
2
A2v,equi  A2v 4 ibv
Z

Z

`

Hy2v szd

2`

Hy2v szd

2
nz,2v
√

(13)

The last term is a summation over the interfaces between
the different layers involved in the waveguide. This is
caused by the term
vn2z,2v ≠
b2v ≠z

"

1
n2x,2v

#
Pind,x s2vd

in Eqs. (13). The induced polarization is not continuous
at an interface between two materials with different values of the involved d component. This results in a delta
function at the interfaces when the differentiation with respect to z is carried out. However, when the equation is
integrated it becomes a step function that can be summed
over the present interfaces.
For TMv ) TM2v conversion, the value of A2v,equi becomes

hd31 szdfExv szdg2 1 d33 szdfEzv szdg2 1 2d35 szdExv szdEzv szdjdz

n2x,v
2i
kv2 szdHyv szd 1 d13 szdEzv szdibv 2 Exv szd
2
ve0 nx,v
nz,v
2`
(
)!
2
nx,v
2i
1 d15 szd ibv 2 fExv szdg2 1
k2 szdHyv szdEzv szd dz
nz,v
ve0 n2x,v v
√
!3
n21
1
1 X 2v
v
2
v
2
v
v
1
H szi dDi,i11
hd11 fEx szi dg 1 d13 fEz szi dg 1 2d15 Ex szi dEz szi dj 5 . s15d
2
2 i1 y
nx,2v
1

`

n2x,2v

d11 szdExv szd

where b2v is the wave vector in the x direction, which
equals 2bv , Ey2v szd and Hy2v szd are the normalized
fields, n is the refractive index of the material, and
Pind,x s2vd, Pind,y s2vd, and Pind,z s2vd are the amplitudes of
the polarizations in the x, the y, and the z directions, respectively, which are induced by the fundamental guided
mode. These polarizations can be expressed in the normalized distributions of the fundamental guided mode
[Eqs. (7) and (8)], its mode amplitude Av , and a number
of d components. Next, both sides of Eqs. (13) are multiplied by either Ey2v or Hy2v in the cases of TE or TM,
respectively, and the equations are integrated over the z
coordinate, which causes canceling of the decay length ld
when Eqs. (10) are used.
For a thin film with C`n symmetry, the d components
necessary for conversion to TE-polarized SH modes are all
0. Therefore we consider the conversion to TM-polarized
SH modes.

Here kv is a wave vector in the z direction that is used to
describe the field distribution of the fundamental guided
mode.
For a given interaction length L, width of the fundamental beam b, and power Pv , the SH power P2v becomes
√
!2
n21
Z `
X
L
P2v  Pv2
···
···
··· .
(16)
b
2`
i1
The efficiency of the SH process is clearly dependent on
not only the fundamental beam power, beam width, and
device length, but also on the value of the square of the
overlap integral, which is determined by the values of
the d components and the distribution of the normalized electric and magnetic fields. How this can influence the efficiency is shown in Fig. 2. The product of
the SH-radiation mode, the d33 , and the square of the
fundamental guided mode has both a positive part and
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makes it a suitable material for frequency-doubling laser
diodes in the 800 – 900-nm wavelength region.
The tetranitro-tetrapropoxycalix[4]arene, which from
now on is called simply calix[4]arene, can be made into
a thin film with the spincoating technique, when it is
dissolved in chloroform.19,20 A thickness sufficient for
waveguiding can be realized by the addition of 25 wt. %
polymer [poly(phenyl methacrylate) (PPMA)]. The alignment of the molecules in a static electric field is done
by means of the corona-poling technique21 at elevated
temperatures (100 ±C) under atmospheric conditions for
15 min, as shown in Fig. 4.
The second-order susceptibility of the thin films has
been measured with a Maker-fringe setup22 that compares the angular-dependent SH signal with the signal from a quartz reference (d11  0.51 pmyV at l 
1064 nm). We measure d31 and d33 separately by first
using an s-polarized fundamental beam and detecting the
p-polarized SH that is generated only by the d31 of the
film and second by using a p-polarized fundamental beam
and detecting again the p-polarized SH light, in which
d32 s d31 d, d24 s d31 d, and d33 contribute to the SH
signal.23 With d31 known from the s ! p experiment,
the remaining contribution of d33 to the p ! p experiment
can be calculated. Characteristic values measured for
75 wt. % calix[4]areneyPPMA films are given in Table 1.
A resonance enhancement of the d values with a factor of

Fig. 2. Field distributions in a Čerenkov device and their influence on the overlap integral.

a negative part, which cause the condition that the overlap integral is not optimized and even can become 0 for
certain thicknesses. This is a well-known phenomena in
coupled-mode theory for phase matching between guided
modes and clearly also holds for the Čerenkov coupled
mode as described in this paper.
Fig. 3.

3.

Structure of the tetranitro-tetrapropoxycalix[4]arene.

MATERIALS

The NLO active material used is one of a new class
of molecules called calix[4]arenes.7 The structure
of tetranitro-tetrapropoxycalix[4]arene, the molecular
derivative under investigation, is shown in Fig. 3. It has
a large molecular hyperpolarizability18 bzzz sl  1064 nm)
of 28 6 3 3 10230 esu that is due to the presence of four
D – p – A systems in one molecule, which also causes a
large static dipole moment m0 of 13.8 D. However, the
absorption maximum is still in the UV at 291 nm, and the
transparency cutoff is at approximately 400 nm. This

Fig. 4.

Corona-poling setup.

Table 1. d33 , d31 , d33y d31 Ratio, and kcos3 ul Alignment Parameter Calculated from
d33y d31 with the Isotropic Model and Calculated from the Molecular bzzz and
d33 for Two Different Corona-Poled 75 wt. % Calix[4]areneyyPPMA Thin Films
Film (Number)

l (nm)

d33 (pmyV)

d31 (pmyV)

d33yd31

1
2
2

1064
1064
820

6.8 6 0.3
8.6 6 0.4
12.2 6 0.6

1.9 6 0.1
2.0 6 0.1
3.2 6 0.2

3.6 6 0.2
4.3 6 0.3
3.8 6 0.3

kcos3 ul
from d33yd31

kcos3 ul from
d33 , N , bzzz , fv , f2v

0.36 6 0.05
0.47 6 0.04

0.48 6 0.10
0.60 6 0.10
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porated in the waveguide have to be known. These were
measured by the prism-coupling method for a wide range
of wavelengths, as shown in Fig. 6. The variation in refractive index between different calix[4]areneyPPMA thin
films was less than 0.005. For the corona-poled films,
differences in the refractive indices parallel and perpendicular to the film up to 0.014 were measured. This birefringence is because of the alignment of the dipoles, which
results in a higher refractive index in the z direction.
The indices were fitted with the Sellmeier equation,
n2 sld  A2 1 B
Fig. 5. Absorption spectra of 75 wt. % calix[4]areneyPPMA thin
film before and after poling at 7 kV at 100 ±C for 15 min.

Fig. 6. Refractive indices of the corona-poled 75 wt. %
calix[4]areneyPPMA thin film perpendicular and parallel to the
film and the glass substrate.

1.5 for a wavelength closer to the absorption of the film
is observed.
The ratio d33yd31 turns out to be larger than 3. The
difference in ratio for film 2 for the two wavelengths can
be explained by the fact that the SH wavelength for a fundamental wavelength of 820 nm is so close to the absorption band that Kleinmann symmetry is no longer valid.
The values of the alignment parameter kcos3 ul calculated from the d33yd31 ratio with the isotropic model do
not correspond exactly with the values calculated with
Eq. (3a) by the use of the d33 value at l  1064 nm, the
molecular bzzz , the number density N, and the estimated
Lorentz – Lorenz local field factors fv and f2v . This indicates that the distribution of the molecules is different
from the distribution in the isotropic model. This is not
unexpected, as the percentage of NLO molecules is much
more than 10% and the system cannot be considered to
be a guest – host system.
After some initial decay in the first week after poling,
the d values remain stable at 65% of their initial values
at room temperature and at 20% at 100 ±C.20
The effect of the dc electric-field poling on the orientation of the molecules also results in a decrease of the
absorption of the film,24 as shown in Fig. 5. The absorption maximum shows a small shift to the red. The
transparency cutoff, however, remains at approximately
400 nm.

4.

EXPERIMENT

To calculate theoretical efficiencies and to design an efficient device, the refractive indices of the materials incor-

l2

l2
.
2 l02

(17)

Typical values of the coefficients for 75 wt. %
calix[4]areneyPPMA and the glass substrate are given
in Table 2.
The Čerenkov experiment was done with a Q-switched
Nd:YAG laser, operating at 10 Hz and generating 8 –
10-ns pulses, as the source of fundamental light. In combination with a dye laser after frequency doubling the
1064-nm light, fundamental light of 820 nm was generated at 10 Hz with 6-ns-width pulses.
The fundamental light was coupled into the waveguide
by an SF6 prism. The fundamental beam power Pv inside the waveguide was determined by a second prism
that coupled out the light, which was subsequently detected with a photodiode. The output end of the glass
was polished so that the Čerenkov angle of the SH light
that radiated into the glass could be accurately measured.
The intensity was measured with a photodiode.
The first experiment was done with a 78 wt. %
calix[4]areneyPPMA film with a thickness of 675 6 10 nm
and a fundamental wavelength of 1064 nm. The generated green SH, given in Table 3, could be seen by eye. An
unusual fact emerged, in that the SH intensity was a
factor of 10 higher for the TE-polarized fundamental
beam than for the TM-polarized beam, while the main
Table 2. Sellmeier Coefficients for a
Corona-Poled 75 wt. % Calix[4]areneyyPPMA
Thin Film and Glass Substrate
Parameter

Film nz

Film nx,y

nglass

A
B
l0 (nm)

1.4649
0.2976
288

1.4270
0.3761
265

1
1.2403
106

Table 3. Experimental Values, Calculated
Efficiencies, and Overlap Integrals
[From Eq. (16)] for the Čerenkov
Experiment on a 675 6 10 nm thick, 78 wt. %
Corona-Poled Calix[4]areneyyPPMA Film a
Mode
Parameter

TM

TE

Čerenkov angle (deg)
Pv (kW) in waveguide
P2v (W) SH power
Efficiency s3104 d
Overlap2 sW 21 d s3108 d

5.3 6 0.5
3.3 6 0.5
0.028 6 0.003
0.085 6 0.015
0.051 6 0.020

3.9 6 0.5
3.2 6 0.5
0.29 6 0.03
0.91 6 0.17
0.59 6 0.24

a
l  1064 nm, device length L  5.0 6 0.5 mm, and beam width b 
1.0 6 0.2 mm.
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calix[4]arenes in both films was the same, the theoretical
curves for the Čerenkov angle and the overlap integral
were somewhat different because of different d values
and small differences in the refractive indices. For the
experiment in Table 5 and Fig. 9, the two available fundamental wavelengths, 1064 and 820 nm, were used.
The highest efficiency of 0.23% was measured for
TMv ) TM2v conversion with l  820 nm, which is,
in our opinion, a good result for Čerenkov SH from a
planar waveguide. The correspondence between theory
and experiment is good for the Čerenkov angle. The
overlap integral shows reasonable correspondence when
we introduce a correction factor for the fundamental intensity: losses in the waveguide cause the measured
fundamental intensity, after outcoupling with the prism,
to be lower than the average intensity in the waveguide.
The correction factor takes these losses into account.
The difference in the correction factors, 1.4 versus 1.7, is
caused mainly by the difference in quality of the film.

5.
Fig. 7. Experimental and theoretical values for the Čerenkov
angle and the overlap integral for a 675 6 10 nm thick, 78 wt. %
calix[4]areneyPPMA corona-poled film at l  1064 nm.

contributing d33 for TM was a factor of 3.5 larger than
the d32 s d31 d, which contributes to the TE case. This
could be explained by the coupled-mode theory. From
the fundamental beam power Pv , the SH power P2v , the
beam width b, and the device length L, an experimental
value for the square of the overlap integral in Eq. (16)
was calculated. In Fig. 7 the measured Čerenkov angle
and the overlap integral are shown together with the
theoretical values that were calculated as a function of
film thickness, based on the measured refractive index
of the film, the index of the substrate, and the measured
d33 and d31 values. The correspondence between theory and experiment turns out to be good. The square
of the overlap integral for the TE-polarized fundamental
beam is indeed approximately a factor of 10 higher for
the specific thickness of this film.
To verify the theory and to increase the TMv ) TM2v
conversion efficiency, we performed experiments on two
other samples with different thicknesses (591 6 10 and
599 6 10 nm). The experimental data are given in
Tables 4 and 5, and the comparisons with theory are
shown in Figs. 8 and 9. Although the percentage of

DISCUSSION

In Figs. 7– 9 the theoretical curves show a minimum in
TMv ) TM2v conversion with l  1064 nm for a thickness of ,670 – 710 nm. This minimum is explained by
the fact that the SH field distribution has both a negative
part and a positive part, which cancel each other exactly
in the minimum. The reason why the overlap integral is
a factor of 10 larger for l  820 nm than for l  1064 nm
in the case of TMv ) TM2v conversion is also explained by
the field distributions. For l  1064 nm, a much larger
part of the field is canceled than for l  820 nm.

Table 4. Experimental Values, Calculated
Efficiencies, and Overlap Integrals for the
Čerenkov Experiment on a 591 6 10 nm thick,
75 wt. % Corona-Poled Calix[4]areneyyPPMA Film a
Mode
Parameter

TM

TE

Čerenkov angle (deg)
Pv (kW) in waveguide
P2v (W) SH power
Efficiency s3104 d
Overlap2 sW 21 d s3108 d

7.3 6 0.5
2.1 6 0.2
0.069 6 0.006
0.33 6 0.05
0.31 6 0.10

6.8 6 0.5
1.44 6 0.14
0.028 6 0.003
0.19 6 0.03
0.27 6 0.09

a
l  1064 nm, device length L  5.0 6 0.5 mm, and beam width b 
1.0 6 0.2 mm.

Table 5. Experimental Values, Calculated Efficiencies, and Overlap Integrals for the Čerenkov
Experiment on a 599 6 10 nm thick, 75 wt. % Corona-Poled Calix[4]areneyyPPMA Film a
Wavelength (nm)
1064

820

Parameter
Mode

TM

TE

TM

TE

Čerenkov angle (deg)
Pv (kW) in waveguide
P2v (W) SH power
Efficiency s3104 d
Overlap2 sW 21 d s3108 d

7.5 6 0.5
1.21 6 0.12
0.30 6 0.03
2.5 6 0.4
3.4 6 1.1

6.1 6 0.5
3.4 6 0.3
0.12 6 0.01
0.35 6 0.05
0.17 6 0.05

5.1 6 0.5
1.0 6 0.1
2.3 6 0.2
23 6 3
38 6 12

4.7 6 0.5
0.78 6 0.08
0.24 6 0.02
3.1 6 0.4
6.6 6 2.0

a

Device length L  6.0 6 0.5 mm, and beam width b  1.0 6 0.2 mm.
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for the three different situations are shown in Fig. 10
for l  1064 nm. For simplicity in the calculations, only
the d33 value is taken to be nonzero. The d33 has by
far the largest contribution to the overlap integral in the
case of TMv ) TM2v conversion. In Fig. 11, theoretical
curves for these three situations are shown. The maximum overlap integral shows an increase with approximately a factor of 30 in the case of bleaching the d value
and even 2 orders of magnitude for partially reversing
the sign of the d value. The same calculations were done
for a fundamental wavelength of 820 nm. The enhancement in the maximum overlap integral in that case was a
factor 6.
In the experiment it is, however, difficult to realize
partial bleaching or sign reversal of the d values. It
would be better to introduce an extra passive waveguiding layer that can have a similar effect as bleaching
the d33 .

Fig. 8. Experimental and theoretical values for the Čerenkov
angle and the overlap integral for a 591 6 10 nm thick, 75 wt. %
calix[4]areneyPPMA corona-poled film at l  1064 nm.

Fig. 10. Influence of the distribution and the sign of the d33
value on the overlap integral.

Fig. 9. Experimental and theoretical values for the Čerenkov
angle and the overlap integral for a 599 6 10 nm thick, 75 wt. %
calix[4]areneyPPMA corona-poled film at l  1064 and 820 nm.

The overlap integral and therefore also the efficiency
could be significantly increased if either the positive part
or the negative part of the integrand would be 0. A way
to do this would be to bleach the d values for part of
the calixyPPMA film. It would be even better if the d
value of part of the film could be reversed in sign such
that the integrand has the same sign for the entire film.
The field distributions and the resulting overlap integral

Fig. 11. Enhancement of the overlap integral by the bleaching
of or the inversion of the sign of the d33 value.
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CONCLUSIONS

A number of experiments were done on three different waveguiding films of 78 wt. % and 75 wt. %
calix[4]areneyPPMA on a glass substrate. The experimentally observed Čerenkov angle and the SH intensity
show good agreement with the developed coupled-mode
theory. Small differences in the SH intensity can be ascribed to the losses in the film. The maximum achieved
efficiency was 0.23%. From theory it is shown that the
efficiency can be significantly enhanced just by modification of the d33 value inside the NLO film.
In the experiments described the beam width was
1 mm. However, if we narrow this width down to 5 mm
by introducing a channel, the maximum normalized efficiency, when a partially sign-inverted film is used, is
estimated with the theory for planar waveguides to be
of the order of 0.16% W–1 cm–1 . This is nearly 3 orders
of magnitude better than the highest experimentally observed value of 3.8 3 1024 % W–1 cm–1 . However, when
a laser diode (0.1 W) is used, the efficiency will be much
below 0.1%, which is still low for practical applications.
Therefore future work will be aimed at realizing a device with phase matching between fundamental and SH
guided modes, which can result in much higher efficiencies according to the coupled-mode theory, but that is
much more critical in its behavior toward the device
parameters.
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