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We investigated linear optical and second-order nonlinear optical (NLO) proper-
ties of films of poly(bisphenol A carbonate) resin, and a newly synthesised
titania=silica=hybrid sol-gel polymer resin doped with Disperse Red 1 (DR1)
molecular chromophore. DC electric field induced second harmonic generation
(SHG) technique has been used to monitor in situ the polar alignment and relax-
ation of orientation of the guest molecules in the corona-poled films. The temporal
behaviour of the second harmonic signal was remarkably different in these two
polymers both during poling and when the poling field was turned off. A fast decay
of the second harmonic intensity was observed at room temperature in 3 wt% DR1-
doped sol-gel film, and a long relaxation time constant was found in 13 wt% DR1-
doped polycarbonate film. Resonantly enhanced deff coefficient of about 9 pm=V
was found in the sol-gel film, and 25 pm=V in the polycarbonate film at the funda-
mental wavelength 1053 nm. The d33 values were about 20 pm=V, and 60 pm=V in
these films, respectively. The SHG results were used to estimate the average
rotation mobility parameter of DR1 molecules in the host polymers.

Keywords: benchmark NLO dye; bisphenol-A polycarbonate; organomineral resin;
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INTRODUCTION

Second-order nonlinear optical (NLO) polymeric materials can be
attractive candidates for electro-optic modulation of laser light and
for sensing applications if they show large second-order nonlinear
optical macroscopic susceptibility v(2), have good thermal and photo-
chemical stability (high glass transition temperature Tg) in addition
to the ease of processing into films or optical fibres. Such materials
need to form a structure in a non-centrosymmetric space group either
spontaneously or through assembling the molecules in a polar order by
external means [1]. One possible approach towards the preparation of
the prospective materials is by selecting molecules of high hyperpolar-
izability b and embedding them into a suitable matrix in a polar order
to optimise their nonlinear properties. Such a strategy can lead to
various degrees of utilization of the molecular hyperpolarizabilities.
A full contribution of the hyperpolarizability to the macroscopic non-
linear susceptibility can be realised, for example, in the family of spon-
taneously formed non-centrosymmetric, second-order highly nonlinear
uniaxial crystals of molecular complexes of triiodides [2–5]. Presum-
ably, weak intermolecular interactions play an important role in the
packing of adduct molecules into this stable, non-centrosymmetric
orientation arrangement in which all triiodide dipoles are positioned
parallel to the polar axis direction.

A partial polar alignment of NLO species can be achieved with the
methods of electrical, optical and mechanical poling. The electrical pol-
ing is a convenient method of aligning of dipolar molecules by applying
an electric field to the material sandwiched between parallel plate
electrodes, or in a corona setup [6,7]. The poling is followed by perma-
nent or quasi-permanent fixing of the induced alignment of dipoles
resulting in formation of the medium of C1v symmetry. The alignment
induced second-order nonlinear susceptibility depends on the orien-
tation factor O(H, /) following Eq. (1) [8]

vð2Þð�2x; x;xÞ ¼ Nbf ð2xÞf ðxÞf ðxÞOðH;/Þ ð1Þ

where H and / are polar angles between the molecule dipole moment
and the poling field, N is the number density, f is the local field factor.
The vijk

(2) tensor elements can be modified by the polar order orientation
functions expressed through hcos(H)i and hcos3(H)i [8–10]. The tensor
components can be monitored by measuring the intensity of the second
harmonic, I2x, since I2x /j(v(2))j2. In the corona poling experiments the
poling field is applied along the laboratory axis 3, parallel to the normal
to the film. The v333

(2) tensor elements and the second harmonic coeffi-
cients d333, depend on the order parameter expressed as a function of
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hcos3(H)i. During the poling process the polymer is heated to the glass
transition temperature Tg to reduce viscosity and facilitate an easier
rearrangement of molecules. The change in orientation of molecules
due to poling can be probed with second harmonic generation as well
as the EO effect [11,12]. Other sensitive tools useful for evaluation of
the orientational order parameter and stability of the alignment are
the linear spectroscopy, which monitors changes in anisotropy of
absorption [7]. and the refractive index measurements for monitoring
changes in a birefringence of the films and waveguiding [13].

The orientation dynamics of the chromophore dipoles can be
quantified with the average rotation mobility parameter q(T) [10] at
temperature T, defined by Eq. (2)

qðTÞ ¼
cos3ðHÞ
� �

T

cos3ðHÞh ifree

ð2Þ

This parameter can vary from 0 for dipoles unable to rotate in an elec-
tric field to 1 for free rotating dipoles, unconstrained at sufficiently
high temperature. It can be determined from the ratio of the second
harmonic intensity from the polymer at a temperature T1 to that at
temperature T2 > Tg.

We used the in situ SHG technique for a real-time monitoring of the
changes of the second-order susceptibility during corona poling and on
removal of the poling field. The purpose of this work was to align
molecules and observe relaxation of polar orientation of the relatively
large (sub-nm3 size) molecule of the benchmark NLO chromophore, Dis-
perse Red 1 (DR1), in films of two different hosts: a commercial polycarbo-
nate resin, and a newly synthesised titania=silica=hybrid polymer resin.

EXPERIMENTAL

The dye-doped polymer films were corona poled while the second har-
monic signals, produced by passing through the sample a laser beam of
the wavelength 1053 nm from an amplified mode-locked Nd:YLF
pulsed laser system, were acquired as a function of time, sample tem-
perature and poling field. The NLO susceptibility coefficients, deff, and
d33, were determined from the Maker-fringe method [14,15]. Relax-
ation parameters of the reorientation of the dye molecules after poling
have been obtained from the analysis of the change of the coefficient
d33 with time. The SHG wavelength of 526.5 nm was very close to
the absorption maximum of the dye in the host polymers, thus
the second harmonic was strongly absorbed and the nonlinearity
was resonantly enhanced.

In Situ SHG in DR1-Doped Polymer and Sol-Gel Films 125

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

19
 2

2 
A

ug
us

t 2
01

2 



Materials

The guest-host systems of polycarbonate (PC) resin and the sol-gel
titania=silica=hybrid polymer resin, [Si(C6H5)2O]x(TiO)y(MPS)z, were
doped with Disperse Red 1 (DR1) of 95% purity, used as received.
Figure 1 shows molecular structures of the studied materials.

Polycarbonate (PC) Resin
The host polymer, poly(bisphenol A carbonate) resin (Aldrich,

18,162–5) of density 1.2 g=cm3, average molecular weight ca. 64,000
was chosen for its good film forming ability using chlorinated solvents.
The DR1 dye could be mixed with the polymer host in a wide range of
the dye concentrations, up to 20–25 wt% (the dye and the polymer
were dissolved in separate solutions then mixed together). Uniform,
high optical quality films having thicknesses in the range 1–2 mm were
prepared on ITO-coated glass microscope slides for the SHG measure-
ments. A filtered solution of the 13 wt% DR1-doped polymer (about
10 wt% of PC) in 1,1,2,2-tetrachloroethane was used for spin coating

FIGURE 1 Molecular formulae of components of the guest-host systems:
polycarbonate, and the sol-gel resin B - the hosts, Disperse Red 1 – the guest
NLO dye.
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of the substrates using a Headway spinner and dried under vacuum
at 70�C.

The refractive index, nD
20 ¼ 1.5850 of neat polycarbonate resin is

suitable for preparing slab optical waveguides using common glass sub-
strates. An attractive important feature of the neat PC polymer is its
high value of the glass transition temperature, Tg ¼ 150�C. This tem-
perature is remarkably higher than in the commonly studied polymer
host, poly(methylmethacrylate) (PMMA) where the Tg is near 105�C.

Sol-gel (SG) Hybrid Resin
The polymer resin of the formula [Si(C6H5)2O]x(TiO)y(MPS)z, shown in

Figure 1, was prepared by an anhydrous sol-gel process from the follow-
ing components: diphenyldimethoxysilane (DPhDMS), titanium(IV)
ethoxide (TET) and [3-(methacryloyloxy)propyl]trimethoxysilane (MPS),
in a two-step synthesis similar to the one described in Ref. [16].

In the first step the MPS alkoxide was hydrolysed in the reaction
(1). The hydrolysis was performed in methanol by mixing the compo-
nents, MPS:boric acid in a proportion 1:0.5–1:1. The reaction pro-
ceeded under reflux conditions (2 hours) allowing for the exchange
of ligand methoxy groups of MPS with the hydroxy group (OH) of boric
acid. The volatile product B(OCH3)3 and the solvent were evaporated
under vacuum (400 mbar at 80�C for 30 min) giving a highly viscous
product, the resin A.

In the second step the condensation reaction (2) was accomplished
with DPhDMS and TET added to the resin A in the proportion of
DPhDMS=TET= MPS molar ratio 80=20=100. The mixture was
refluxed (80�C, 1hour) under nitrogen. The by-products of the conden-
sation reaction such as methanol and ethanol were removed with a
rotary evaporator (80�C under vacuum 1 mbar). The viscous product,
the titania=silica=hybrid polymer resin (B), was filtered with a mem-
brane (0.2 mm pores) filter.

Films of the 3 wt% DR1-doped organomineral hybrid polymer resin
were prepared from the cyclohexanone solution of the resin B, mixed
with cyclohexanone solution of DR1, and filtered. Films, of the thick-
ness 1–2 mm, were prepared by spin-coating of bare glass slides and
an ITO-coated glass substrate and dried in air at 80�C for about
20 min.

Measurement Techniques

Absorption of light in the DR1-doped films was measured in the UV-
vis-near infrared range with Shimadzu (UV-3101PC) and Varian
Carry 5000 spectrophotometers. Film thickness was measured with
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a Utencor Alpha-step profilometer, and compared with the data
obtained from a Metricon prism coupler (model 2010). Refractive indi-
ces were measured using the prism coupler at 632.8 nm, 814 nm, and
1064 nm wavelengths.

Second harmonic generation was measured using the Maker fringe
technique. The experimental setup consisted of a sample holder, a cor-
ona poling rig, an in-house built amplified mode-locked pulsed laser
system operating at the fundamental wavelength of 1053 nm, the
second harmonic and temperature detection and recording systems.

The pulsed laser system consisted of a diode-end-pumped 1053 nm
Nd:YLF laser oscillator [17], mode-locked with a semiconductor
saturable absorber mirror (SESAM). The SESAM was grown using
low-pressure metal-organic chemical vapor deposition (MOCVD) tech-
nique. The saturable absorption of the device was provided by two
InGaAs quantum wells and the design was similar to the one
described in Ref. [18]. Employing temperature tuning of the SESAM
as a means to control the modulation depth resulted in stable continu-
ous wave (cw) mode-locked operation. A train of 6 ps pulses at 25 MHz
repetition rate was generated with an average power of 500 mW. The
laser had excellent beam quality (M2 < 1.1) and long-term stability.
This laser oscillator was coupled to a Nd:YLF regenerative amplifier
operating at 20 Hz repetition rate, thus increasing the pulse energy
to approximately 0.3 mJ.

SHG experiments were performed with an unfocused laser beam,
about 2 mm diameter, in transmission geometry. The beam was
incident on the glass substrate of the film then passed through the
film. The laser beam was p-polarized. A red cut-off filter was employed
to eliminate spurious SHG signals generated by the optical setup
before the sample. A sample film on an ITO-coated glass slide was
mounted horizontally upon a temperature-controlled aluminium block
equipped with a small hole. The fundamental laser beam was directed
with a mirror through this hole to approach the film with the incidence
angle of about 40 degrees. A wire spring attached to the metal block
served as a ground electrode providing electrical connection and the
grounding of the ITO layer.

The corona poling setup consisted of a stainless steel needle of the
diameter about 0.45 mm with a sharp tip positioned about 2 cm above
the film, directly over the laser beam spot. A negative DC voltage,
4–7 kV, was applied to the needle from a Hipotronix DC high voltage
supply (Hubbel, model HD 100, series Hipot Tester). Alternately, a
positive DC voltage was provided for a corona discharge from a Trimax
Ionisation Tester (model G85A). The current level was about 1–4 mA
during corona discharge. For most measurements the sample holder

128 A. Samoc et al.
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and the corona needle were kept in air, but occasionally the experi-
ments were carried out in a box under nitrogen.

The intensity of the SHG signal, detected after filtering with the
interference filter passing light of the 526.5 nm wavelength, was mea-
sured with a photomultiplier tube connected to one channel of a two-
channel oscilloscope. The other channel was connected to a photodiode
monitoring the intensity of the fundamental beam. The optical signals,
and the film temperature measured by a thermocouple, were simul-
taneously monitored by a GPIB equipped computer with a data collec-
tion program. The data points were collected every 2 seconds. A 2-mm
thick y-cut quartz crystal plate was used for callibrating of the SHG
signals from the films.

RESULTS

Linear Optical Properties

The electronic absorption spectra of DR1-doped films of polycarbonate
resin and of the titania=silica=hybrid polymer resin are shown in
Figure 2. The wavelength of the absorption maximum of DR1, kmax

was at 490–492 nm in the PC host, 502–504 nm in the sol-gel hybrid
organomineral host.

The spectra of the films were measured after corona poling followed
by the chromophore orientation randomised on removal of the poling
field (de-poling) at elevated temperatures. Absorption maximum of
the processed films were shifted 2–4 nm to shorter wavelengths than
in the fresh films. The decadic absorption coefficient, a10, derived from
the absorbance A, measured by the spectrophotometer, depended on
the dye content in a film. A ¼ log(Io=I) ¼ a10L, where Io denotes the
intensity of light incident on the sample, I is the transmitted intensity,
L is thickness of the film (mm). The absorption coefficient, e10, referring
to the dye concentration c in the films (e10 ¼ a10=c) was about 0.1 mm�1

wt%�1 at kmax for DR1 in the polycarbonate and the sol-gel films. The
values of the absorption coefficients a, defined by ln(Io=I) ¼ aL were
used in evaluation of absorption corrections of second harmonic inten-
sity and NLO parameters for the individual samples.

The linear optical properties of the films are listed in Table 1. The
refractive indices of the unpoled films and the glass substrates at
the fundamental wavelength (1053 nm) and the harmonic wavelength
(526.5 nm) were derived from the experimental data, measured at sev-
eral wavelengths (632.8 nm, 814 nm, 1064 nm), and extrapolated using
a Sellmeier equation. These indices have been used in the calculations
of the reflection and transmission coefficients (the Fresnel coefficients)
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required for the evaluation of the nonlinear coefficients deff and dij

from the second harmonic power measured with the Maker fringes
technique.

In Situ Second Harmonic Generation

The aim of this work was to align dipolar molecules of the nonlinear
chromophore with a dc field in a non-centrosymmetric order in the poly-
mer films, and to probe the orientation alignment with SHG. Our

FIGURE 2 Absorption spectra (absorbance A divided by sample thickness L)
of films of polycarbonate resin doped with 13 wt% of DR1 – curve 1, and of the
titania=silica=hybrid polymer resin doped with 3 wt% of DR1 – curve 2.

TABLE 1 Absorption Coefficients a10, a, and Refractive Index n in Films of
Resins Doped with Disperse Red 1 (DR1) Dye

Host
DR1 conc.

(wt%) k (nm) a10 (mm�1) a (mm�1) n

Hybrid sol-gel 3 501 (max) 0.35 0.80 –
resin 526.5 0.31 0.70 1.6141

1053 �0 �0 1.5885
Poly(bisphenol 13 490 (max) 1.26 2.91 –
A carbontate) 526.5 0.97 2.24 1.6658
resin 1053 �0 �0 1.6023
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experimental optical setup allowed us to monitor the second harmonic
intensity generated during corona poling of the films as a function of
time, temperature and poling conditions. The polar ordering of dipoles
was considered in terms of the rotation mobility of dipoles in amorphous
polymers defined with the average rotation mobility parameter q(T)
[10] in Eq. (2). The parameter q(T1) can be estimated from the square
root of the ratio of the intensity of second harmonic I2x(T1), generated
in the polymer at temperature T1 to the intensity of second harmonic
I2x(T2) at high temperature T2 [10]. At T2, being higher than the glass
transition temperature (T2 >> Tg), the dipoles are more free to rotate.
Under the low field approximation Eq. (3) gives an experimental mea-
sure of the orientation ability of the dopant in films.

qðT1Þ ¼
I2x

33 ðT1Þ
I2x

33 ðT2 > TgÞ

� �0:5
T1

T2 þ d

� �
� d ð3Þ

where I33
2x is the second harmonic intensity polarized in the direction 3

generated by incident light I3
x polarized in the direction 3. The para-

meter d ¼ ckT1=mb, where c is the second hyperpolarizability, b is the
first hyperpolarizability,m is the dipole moment, k is the Boltzmann
constant, is usually small and will be neglected in the analysis.

Figure 3 shows the temporal changes of the second harmonic signal,
P2x, normalised to the square of the power of the incident fundamental
beam, Px

2 , when the corona voltage was applied to the sol-gel film
doped with 3 wt% of DR1.

In Figure 3 the poling experiment was performed on the film kept at
room temperature (‘‘cold poling’’). We observed a fast increase of inten-
sity of second harmonic due to the quick build-up of the nonlinear
polarisation when the corona voltage was switched on followed by a
plateau of the intensity level depending on the applied corona voltage.
A fast decay of the intensity of second harmonic occurred when the cor-
ona was removed.

It is interesting to find out the parameters of the relaxation reorien-
tation of the dye molecules in these two types of host polymers.

The second harmonic signals (P2x,=Px,2 )0.5 were normalised to the
value of the second harmonic power taken at the last moment of pol-
ing, when the corona voltage was switched off. This power ratio is
related to the ratio of the effective coefficients, d=d(0), where d(0) is
taken as the d value at the end of the period of poling. Figure 4 shows
the decay of the d coefficient observed in the 3 wt% DR1-doped sol-gel
film after poling with the �7 kV corona voltage.

The decay in the curve was fitted with the relaxation parameters:
the relaxation time constant s of the decay of second-order nonlinear
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optical susceptibility due to chromophore reorientation, and the distri-
bution of the relaxation time constants given by b. We tried to evaluate
them from fitting of the dependence of d=d(0) on time using a one-term
stretch-exponential function [19,20] using Eq. (4a) transformed into a
linear form in Eq. (4b):

deff ðtÞ
deff ð0Þ

¼ exp � t

s

� �b
" #

ð4aÞ

log � ln
deff ðtÞ
deff ð0Þ

� �� �
¼ b log

t

s

� �
¼ b log t� b log s ð4bÞ

The linear dependence of log{�ln[d=d(0)]} on log(time), gives the b value
from the slope, the s value can be calculated from the intercept value.
An instantaneous response and a longer time response have been
observed. Figure 5 indicates that the decay of d=d(0) in the DR1-doped
sol-gel film calculated in the coordinates of the Eq. (4b) can be approxi-
mated with a linear dependence only at a longer time scale.

FIGURE 3 Monitoring of the second harmonic signal (curve 1), P2x, normal-
ized to the square of the power of the incident fundamental beam, Px

2 , when
the corona voltage (curve 2)� 7 kV was applied during poling (�13 min) at
temperature 21�C (curve 3) to the sol-gel film, 1.9 mm thick, doped with
3 wt% of DR1. The decay time constant was found s ¼ 13 min, b ¼ 0.44.
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FIGURE 4 A decay of the normalized SHG d=d(0) coefficient after corona pol-
ing (�7 kV, 13 min, 21�C) of the sol-gel film doped with 3 wt% of DR1. The
experimental data overlapped well with a stretch-exponential fitting curve
having the parameters s ¼ 13 min, b ¼ 0.44.

FIGURE 5 The long-time relaxation parameters (s ¼ 13 min, b ¼ 0.44)
obtained in poling experiment at 21�C in a 3 wt% DR1-doped sol-gel film
derived from the decay of normalized SHG coefficient d=d(0) fitted with a
stretch-exponential function at the time scale bigger then 30–40 s.
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The long-time relaxation process in the cold-poled DR1-doped
sol-gel film was much faster (s was found to be in the range of 5–12
minutes) than in the DR1-doped polycarbonate film, in which s was
in the range 50–150 minutes after cold poling.

Remarkable changes in the SHG process occurred in films poled at
elevated temperatures. Figure 6 show the result of poling of the DR1-
doped sol-gel resin when the film was heated up to 120�C then cooled
down with the corona voltage kept on. A relatively fast decay of the d
coefficient was still observed in the film at room temperature. The
relaxation time s was 195 min, when the corona voltage was removed
at room temperature after hot poling.

The feature of the reduction of intensity of the second harmonic
with increasing temperature of the film during poling was also
observed in the DR1-doped polycarbonate resin, however the effect
was much weaker. Figure 7 shows an example of this behaviour.

The high-temperature corona poling of the DR1-doped polycarbonate
film, heated to about 120�C, produced a nonlinear polarization lasting
much longer at room temperature. The estimated relaxation time s at
room temperature was of the order of years. The relaxation time became
shorter when the sample was kept at higher temperatures: the s value

FIGURE 6 Variation of the second harmonic signal – curve 1, from a 3 wt%
DR1-doped sol-gel film, 1.8mm thick, during poling (�5 kV) at elevated tem-
perature (115–120�C) and on cooling of the sample; curve 2 – temperature,
curve 3 - corona voltage. The relaxation time s was 195 min, b ¼ 0.57 when
the poling field was switched off at low temperature.
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was of the order of 2–4 days when the sample was kept without the field
at 80�C, and about 30 min when the sample was kept at 95�C.

Second-Order NLO Coefficients

The second-order nonlinear optical coefficients deff and dijk were eval-
uated from the ratio of the second harmonic power measured in films
to the signal obtained from a plane parallel slab of quartz crystal
(d11,9was taken as 0.5 pm=V) [1]. The deff for the films were calculated
from Eq. (5) derived from theory of the Maker fringes technique [1].

ðdeff Þ2 ¼
Pref

x =wref
0

Px=w0

� �2
in

Lref

Lf

� �2

� Tref
x ð0ÞTref

2x ð0Þ
T
ðs;/;pÞ
x ðhf ÞTðs;pÞ2x ðh

f Þ
ðPðs;pÞ2x ðh

f ÞÞout

ðPref
2x ð0ÞÞout

ðdref
eff Þ

2

FðLf ; h
f Þ

ð5Þ

The symbols used in Eq. (5) have the following meaning: x is the light
fundamental frequency, 2x is the frequency of the second harmonic,
the subscript f denotes a film quantity, ref – that of a reference sample,
n is the refractive index of a medium, w0 is the beam waist, s and p
denote light beam polarizations. hf is the internal angle of refraction,

FIGURE 7 Variation of the second harmonic signal – curve 1, from a 13 wt%
DR1-doped polycarbonate film, 0.8 mm thick, during corona poling (�5 kV) at
room temperature, at high temperature (115–120�C), and on cooling of the
sample; curve 2 – temperature, curve 3 – corona voltage.
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which corresponds to the incidence angle h of the fundamental beam
on the sample through the nonlinear Snell’s law [1]. We performed
our calculations at the angle hf corresponding to the incident angle
on the films, h ¼ 40�.

The coherence length Lc
ref (0) for the quartz reference at normal inci-

dence was taken as the experimental value of 20.65 mm at the funda-
mental wavelength kx ¼ 1064 nm after Jerphagnon and Kurtz
[14]. Other experimental data indicated 20.9 mm [21], 20.42mm was
calculated from refractive indices for quartz crystal, given in Ref.
[21]. The coherence length of the materials at the wavelength of
1053 nm, derived from refractive indices of the films, was 4.2 mm in
the PC film doped with 13 wt% DR1, and 10.3 mm the 3 wt% DR1-
doped sol-gel film. The thicknesses of the films, L, were shorter than
the coherence lengths, Lf was taken as equal to the optical path,
Lf ¼ L=coshf at the incident angle.

The transmission coefficients t and the transmittance T of the inter-
faces were calculated from the Fresnel formulae [1] adapted for the
geometry of the current experiment. PM

(s,p) (h0) is the envelope of
the second harmonic signal fitting the Maker fringes. It is related to
the output second harmonic power (P2x

(s,p) )out in Eq. (6) through the
function F(Lf,h), which accounts for the effect of absorption loss of
the second harmonic power in light absorbing polymer films [1].

ðPðs;pÞ2x Þout ¼ P
ðs;pÞ
M FðLf ; hÞ ð6Þ

The absorption correction factor F was calculated from relations given
in Ref. [1]. The values of deff in the films were measured with the
p-polarized fundamental and the p-polarized second harmonic
(p-p polarization). The corona poled film with field applied normal to
the plane of the film acquires symmetry axis in the film, and the point
symmetry group is 1mm (C1v). Therefore, the poled polymer films,
like 4mm and 6mm crystals, have nonzero tensor elements d15 ¼ d24,
d31 ¼ d32, and d33. The deff for a p-p polarization is related to the dij

coefficients [1,11] through Eq. (7)

deff ¼ 2d15 cos hx sin hx cos h2x þ ðd31 cos2 hx þ d33 sin2 hxÞ sin h2x ð7Þ

We assume the Kleinman symmetry, therefore d15 ¼ d31, and
d15=d33 ¼ 1=3. The d33 coefficient was derived from the formula (8):

d33 ¼
deff

0:66 cos hx sin hx cos h2x þ ð0:33 cos2 hx þ sin2 hxÞ sin h2x

� � ð8Þ
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The h angles are the internal refraction angles in a film. The values of
deff and d33 coefficients obtained during poling of the films are listed in
Table 2.

DISCUSSION

The in situ dc electric field induced second harmonic generation pro-
vides valuable insight into the build-up of polar orientation and stab-
ility of alignment of NLO chromophores. The SHG technique is useful
for screening the NLO polymers with short and long orientation relax-
ation time.

The polar alignment of the chromophores must be preserved at
operating temperatures in order to retain the macroscopic nonlinear-
ity of the system and show NLO effects. Generally, polymers with
covalently attached NLO chromophores in a side-chain are regarded
as more stable (less susceptible to thermal relaxation) after poling
than dye-doped guest-host NLO materials. However, we found the
stability of second-order NLO properties of PMMA bearing a relatively
long side-chain chromophore to be quite low [22]. Our studies aim at
an efficient and stable NLO system, which has a high glass transition
temperature, and low ability for chromophore reorientation after pol-
ing. The polymers studied here formed different host environments for
the relatively large DR1 molecule. We observed a high value of second
harmonic intensity induced by poling at room temperature of the DR1-
doped sol-gel film. The signal decayed quickly on removing of the pol-
ing field. This indicates a highly polar ordering, and a high mobility of
the dopant, which may be related to a large excess free volume for
rotation [10] in this matrix. The sol-gel resin was only slightly ther-
mally cross-linked before the corona poling experiment. A more stable
performance of this material is expected when poling is followed by
efficient thermal or photo-crosslinking. However, the fast relaxation
behaviour may be interesting for application in photorefraction
phenomena.

TABLE 2 Second-Order NLO Coefficients, d, and the Average Rotational
Mobility Parameter q(T) in Disperse Red 1-doped Films

Material deff (pm=V) d33 (pm=V) q(294 K)

3 wt% DR1 in sol-gel resin 8.7 (7.7 in cold poling) 22 (19 in cold poling) –
13 wt% DR1 in
polycarbonate resin

26 (20 in cold poling) 63 (50 in cold poling) 0.8
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Interesting features have been observed in the temporal evolution
of the second harmonic intensity during corona poling of the films at
room temperature and during a simultaneous poling and heating of
these two materials to a higher temperature, about 120�C. The SHG
data obtained on two types of our host polymers indicate that the pro-
cess of orientation of the DR1-dopant molecules depends in a compli-
cated way on temperature and the poling electric field. The
maximum of the second harmonic intensity in the DR1-doped sol-gel
resin matrix could not be achieved at higher temperatures, rather
opposite, the second harmonic signal and the NLO coefficients decayed
in the film when it was kept under poling field at elevated tempera-
tures. The Tg of the sol-gel resin (undoped) was found to be near
60�C. It means that a large number of dye molecules should be
oriented with the applied external field at elevated temperatures.
The reduction of SHG with increasing temperature can be related to
an increase of the material conductivity, which facilitates current flow
through the film, and a reduction in the voltage drop across the film.
Thus, the corona discharge becomes less effective for the orientation of
molecules in the sol-gel film at high temperatures.

An important attractive feature of the polycarbonate host was its
high value of the glass transition temperature (Tg ¼ 150�C) in neat
polymer. The non-centrosymmetric alignment of chromophores can
last longer in a PC polymer than e.g. in PMMA. However pre-glass
transition phenomena, which are known to occur in polycarbonate
may also affect the dye orientation order in this host. The orientation
mobility of DR1 in PC was deduced from the average rotational
mobility parameter q(T) measured with the v(2) at 294 K relative to
v(2) at temperatures above Tg. The q parameter equal to 0.8, found
in our polycarbonate resin film (weight average molecular weight
MW 64,000) doped with 13 wt% DR1, is different from the value of
about 0.06 found in a film of polycarbonate (MW ¼ 38100, Tg ¼ 65�C)
doped with 5 wt% DR1 in Ref. [10]. This difference, being attributed
to higher mobility of the dye, may indicate the presence of larger voids
enabling rotation of the dye molecules in our material and allowing for
faster orientation relaxation.

CONCLUSIONS

The in situ dc electric field induced SHG technique is very useful for
screening the NLO polymers with short and long orientation relax-
ation times. The relaxation parameters were derived here from a
simple one-term stretch-exponential function; however, a more com-
plex function is required to fit the decay of v(2) in poled films. A short
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relaxation time s � 5–12 min of decay of SHG was found in films of
newly synthesised sol-gel hybrid polymer doped with DR1, corona-
poled at room temperature, �200 min after high-temperature poling.
A longer relaxation time s � 50–150 min was found in the DR1-doped
polycarbonate films poled at room temperature, the s value was of the
order of years after high-temperature poling.

Large values of the (resonantly enhanced) second-order NLO coeffi-
cients deff, and d33 were found in the DR1-doped materials. A high
value of the rotation mobility parameter q was found in DR1=PC film.
The q parameter could not be derived for the sol-gel resin due to a
spurious effect of a strong reduction of the second harmonic intensity,
which occurred during corona poling of the material at elevated
temperatures.
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