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ABSTRACT

Amorphous and nanostructured SiO,:DR1 sol-gel films were prepared by dip-coating. X-ray diffraction studies were
performed to determine the long-order structure obtained in the films. The optical absorption (AO) measurements were
done in three different nanostructures of the SiO, network: lamellar, hexagonal and mixed. The AO measurements and
the second harmonic generation (SHG) intensity were carried out at different orientation steps of the chromophores
embedded in the films. These chromophore orientation distributions were obtained by means of the corona technique,
and they depend on the corona poling time. We physically model the optical absorption and the second harmonic
generation experimental results as function of the corona poling time, employing only one fitting parameter related to the
matrix-chromophore interactions. The physical model and the experimental results were in an excellent agreement. The
experimental results fitted by the model are shown in plots of order parameter against corona poling time and SHG
intensity against corona poling time. The lamellar structure provides a larger order parameter values than those obtained
for the other structures. A minimum value for the order parameter was detected by means of the optical absorption
measurements at short poling times. For the SHG measurements, four different chromophore concentrations were used.
As the concentration increases the measured SHG intensity increases too, but the increment is limited by the electrostatic
interactions among the chromophores, which is also considered in our model.
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1. INTRODUCTION

Sol-gel materials exhibit some interesting features for linear and nonlinear optical applications'. Among the sol-
gel method features it is remarkable the obtaining of highly homogeneous films starting from a liquid phase at room
temperature. And it is also possible to incorporate optically active organic molecules (chromophores) to the material. In
the sol-gel films the chromophores can maintain stable their optical properties better than in other kind of materials®.

Besides, the glassy transition temperature in sol-gel films can be higher than those ones of other polymeric
materials. A high glassy transition temperature restrict the movement of the chromophores, thus the chromophores in sol-
gel films can not be oriented as easy as in other materials, but the sol-gel films keep the chromophores orientation for a
considerable long time at room temperature”.

Even more, sol-gel films can get crystalline structure by means of surfactant incorporation during the liquid
phase stage of the sol-gel process’. All of these features becomes to the sol-gel films into a very interesting materials for
diverse optical research and applications.

Chromophores with a high permanent dipole moment can be oriented toward a specific direction in a sol-gel
film by means of the application of an intense external electric field®. The linear and nonlinear optical properties of these
films depend on the application time of the external electric field (poling time). For example, both the optical absorption
and the second harmonic generation of light by these kinds of films are different as the poling time increases.

Thus, it is important to understand and to describe the dynamical process involved in the chromophore
orientation under the application of an external intense electric field, just like the corona one. There are some works
about this topic, all of them do not provide a complete description of the physical process involved in the chromophores
orientation as function of the poling time. The most representative descriptions for an applied DC field are those given
by J. W. Wu® and by D. J. Binks et. al.”, and for an applied AC field are those given by Francesco Michelotti et. al.* and
by Thomas G. Pedersen et. al.’
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We are interested in the description of the chromophores orientation dynamics under the application of a DC
field, but we are mainly interested in the existent descriptions lacks, due to the approximate nature of the descriptions.
We propose a physical model which describes, also in an approximate way, the chromophore orientation dynamics, but
paying attention to those aspects which were not taken into account by the previous works. These aspects are: a) the
existence of a reasonable minimum value in the second order parameter (J. W. Wu® predicts the minimum but all its
values are not physically acceptable, D. J. Binks et. al.” does not consider the minimum existence), b) the correct
correspondence between the maximum value in the second order parameter and the asymptotic value given by the
stationary rigid oriented gas model (ROGM)'® (J. W. Wu® second order parameter maximum value does not correspond
to the exact one given by the ROGM, D. J. Binks et. al.” second order parameter maximum value corresponds to the
exact one given by the ROGM only for weak DC electric fields) and c) the incorporation of an effective electrostatic
dipole-dipole interaction (J. W. Wu® and D. J. Binks et. al.” do not consider it).

In Section 2 the physical model is developed starting from a damped harmonic oscillator equation, in contrast to
previous works which start from a rotational diffusion equation (RDE). In Section 3 we talk about the samples
preparation and the experimental conditions under which the optical absorption and the second harmonic generation data
were acquired. The experimental results, as well as their theoretical fits, are given in Section 4. Section 5 contains our
conclusions.

2. THEORY

2.1 Optical absorption
The optical absorption ¢ of one chromophore with a double conjugated bonds system and with its main inertia
moment /33 parallel to its main permanent dipole moment 15° can be written as

a(@)zam sin’ 6, )
where @, is the chromophore maximum optical absorption and 6 is the angle between the main chromophore axis and
the direction of the incident light. Thus, the total absorbance 4 of a film with N chromophores can be written as

A=qa, <sin2 6> , ()

with o equal to Ny, and “<>” the average over all the chromophores possible angles.

A dipolar chromophore under the influence of a DC electric field behaves like an oscillator. If we consider the
chromophores oscillations as harmonic ones, the most general harmonic oscillator equation will describe the movement
of each chromophore, i.e. each chromophore is described by the next equation

6+2y0+w'0 =2, 3)
3
where each dot means a derivative with respect to poling time, ¥ means a damping constant (related to the matrix-
chromophore interactions), E, is an extra field related to the chromophore-chromophore electrostatic interaction, and @’
is the natural frequency oscillation given by

W= ) (4)

with E the local effective electrostatic field around the chromophores.
The most general solution to equation (3) for one chromophore is

9-+(90a)2—F)(y+Q) 6 +(F—90w2)(y+£2)
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with ¢ the poling time, 0, the chromophore initial angle (before poling it can be any angle between 0 and 27 with

' 1.E
uniform probability), 8, the chromophore initial angular speed, £ = Y - ,and F =24

0
3

Since the system has azymuthal symmetry the average of equation (2) can be calculated as

0,=m .
[ 2msine, sin’ 9(:;90 .6, )d@o

<sin2 e(t;eo,e'o )> =% e , 6)
60

| 2msin6,de,

6,=0

with 6 (t;00,9 0) given by equation (5). The complete average is calculated by considering two most probable initial

angular speeds, given by the chromophore thermal agitation
' k,T
0, =+ I (M

33
with k3T all one chromophore thermal energy. Thus, the complete average is expressed as

<sin2 9(r;90,+90 )> +<sin2 9(:;90,—90 )>

. ' 8

<s1n2 9(:;00,90 )> = b 5 . ®)
N 2

being explicitly time dependent. As poling time increases equation (8) tends to zero, but that situation never occur in the

real systems, due to the chromophores thermal agitation. Actually, the chromophores distributes around some central
angle; the statistical distribution can be written as

.UsuE +0
G(o.=e """, ©

with 9 (¢) the distribution central angle. For simplicity, we consider as the central angle to

6 (t) = arcsin \/<Si1’12 O(t;eo,éo )> , (10)
6,.80

thus the useful average of equation (2) is

0=nr
[ 275in6[G(6.1)+ G (-6.1)]sin’ 040

(sin® O (r)) =2 — : (11)
[ 2msin0[G(6.1)+ G (-6.1)]d6

6=0

The optical absorption changes due to modifications in the chromophore orientation are usually expressed in
terms of the second order parameter ®. The second order parameter has a straightforward relation to experimental data
by the next equation

A(1)

O(t)=1-————7—. (12)
®) A(1=0)
In the other hand, the ROGM theoretically deduce the next second order parameter value for very large poling
times, employing the statistical distribution of equation (9) centered at zero
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Equations (12) and (13) are compatible, for very large poling times equation (10) tends to zero, in consequence,

equation (9) becomes into the same statistical distribution considered by the ROGM. Thus, equation (12) contains the
complete description of the material optical absorption as a function of the poling time.

In contrast, J. W. Wu® provides the next poling time dependent expression for the second order parameter

1
0 1-e 10 0 " 0
U, E 0 Uy E 5 Uy E
IO 12 12
k,T k,T k,T

with D,=n(n+1)D, D a diffusion constant and I,(x) the spherical modified Bessel functions. And D. J. Binks et. al.’
propose their analogue expression for dispersive materials (the diffusion constant is also poling time dependent)

B

2
k.T 3%, T )
d=1+3] -2 )— 5 coth('u3 ] (13)

@(1)=

O(1)=07| 1+ LBEPEN S , (15)

2.2 Second harmonic generation
The electric polarization of only one chromophore can be written as

p ()= +o,E () +BE () E, () +7,,E () E ()E, () +..., (16)
with p; the microscopic polarization along the chromophore i axis, £, . the time dependent electric fields acting on the
chromophore along the j, k, /... chromophore axes, o the chromophore linear polarizability, B the chromophore
second order hyperpolarizability and ¥, the chromophore third order hyperpolarizability.

Besides, the macroscopic electric polarization for a chromophores system can be written as

P ()= B () + 1, () E, () + 2,7 (VE, (D E (1) + X (VE, (E (VE, () +... (1)

where P, is the macroscopic polarization along the 7 laboratory axis, P/ is the system spontaneous polarization, y," is

the system first order susceptibility function, y;x is the system second order susceptibility function, yx® is the
system third order susceptibility function, and E, x, . are the electric fields acting on the chromophores system along the
J, K, L,... laboratory axes.

The microscopic reference system axes are identified by numbers. The 3 axis is always along the main
chromophore axis, and with the 1 and 2 axes form an orthogonal reference system. The orthogonal macroscopic
reference system axes are identified by letters. The z and 3 axes give place to an angle 6 between them. And the 3 axis
projection onto the x-y plane forms an angle ¢ with the x axis. This is just the relation between both reference systems.

The second order polarization of one chromophore with a double conjugated bonds system and with its main
inertia moment /33 parallel to its main permanent dipole moment 5° can be written as

7 (1) = BuE, (1)cos (3.7 ) (1) Ey. (t)cos (3.K)(1). (18)
And the chromophores system second order polarizations are
P ()= ij3<2> (¢)sin (3,0) ()G (Q)dQ, (19)
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with n=x, y, z ; N the chromophores number, G(£2) the chromophores statistical distribution and dQ a solid angle
element. Thus, the nonzero second order susceptibility functions are xma)(t) = ZXZ},(Z)(t) = xma)(t) = )(xyz(z)(t), xyzya)(t) =
2220 = 2020 = 22220, 2P O = 2o PO = Ko PO = £ PA0), 1-2(D), Which are explicitly expressed in the next

equations
2.7 (1) = N By cos” (3.x) (1) cos (3.2) ()G (@) d2 =

N , (20.1)
> [ By sin® (3,2)(£) cos (3.2) (1)G () d Q2
27 (1) = N B cos™ (3,9) (1) cos (3,2) (1)G (R) d2 =
N , (20.2)
Em” sin® (3,2)(¢)cos (3,2) ()G (Q)dQ
2.7 (1) = N| B cos(3,2) (¢)cos” (3,x) (1)G (@) d2 =
N (20.3)
?Iﬁ333 cos(3,z)(¢)sin’ (3,2)(¢)G(Q)dQ

2.7 (1) = N[ By, cos’ (3,2)(1)G (Q)dQ, (204)

or equivalently

Xm(2) (t) = xxzy(2) (t) - xm(z) (l‘) “2(2) (l ﬂm (
)z‘(z) (t) m(2) ([) = XW(Z) (t) WZ(Z) (t) ﬁm ( COSQ(I) <COS3 9(l‘)>), 21.2)

X“"(Z) (t) - XZ.Vy(Z) (t) = szy(Z) (t) = X:yx(Z) '8333

zzz(z) (t) Nﬁ}}} <COS 9 (Z)> 2 (214)
where “<>" are angular averages, which can be calculated following the same procedure explained in section 2.1.

By other side, the intensity of the illuminating beam of light I°, the fundamental beam, can be expressed in
terms of its electric field vectors as

1 =R (o] +[2 (o +[e (). (2)

where & is the vacuum permittivity, ¢ is the speed of light in vacuum and “< >” indicates a temporal average. Besides,
for a non-polarized fundamental beam of light, its electric field magnitudes have the next values

c0s9(t <cos3 9(t)>), (21.1)

cosO <cos3 0 (t)>) , (21.3)

o 1°
E’|= cosé, (23.1)
' CETT
](0
E°|= , (23.2)
: CcE,TT
© ° .
E°|= siné (233)
CcE,T

with £ the incident angle of the fundamental beam of light on the film surface. Figure 1 shows the geometrical relation
among a chromophore, the light electric field vectors and an external DC electric field applied along the z axis.
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Fig. 1. Relation between microscopic and macroscopic coordinates. The fundamental beam and the second harmonic generated
beam are shown. 0 is the angle between the chromophore main permanent dipolar moment and the external DC field along the z
axis. & is the angle formed by the z axis and the fundamental beam of light direction. The x axis is on the incidence plane. The y
axis is orthogonal to the incidence plane. E is any fundamental electric field component. P.>® is a polarization vector related to
the harmonic electric field, P,’® is the chromophore induced polarization along the z axis.

Thus, the intensity of the second harmonic generated beam can be calculated in a similar way to equation (22)

[Zm( ) CE T < P(Z) (t) 2 +‘PZ(2) (t)‘2>’ (24)
but with the macroscopic second order polarlzations given, considering equations (19), (21) and (23), by
NB..I°
R(z) (t)= L«cose (t)> - <cos3 6 (t)>)(cos§ +1)siné cos€, (25.1)
' CE\TT

Py(z) (t)= M«Cose (t)> _ <COS3 0 (t)>)(cos§ +1)siné, (25.2)

ce, T

<cos3 (9(t)>SiIl2 S+
Pz(z) (t)= Nﬂ3331 \
cE,T ((cose(t)>—<cos 6(t)>) S teo s+

From equations (24) and (25) it is possible to obtain an expression for the SHG intensity as function of the
poling time
(<COSG (t)> - <cos3 0 (t)>)2 (cosé + 1)2 (cos2 E+ 1) +
(1) - <cos3 0 (t)>sin2 &+ 1
2
(Nﬁ‘lw) sin” & ,
((cos (1))~ (cos’ 9(;))) —+cosé + 82 g

where the angular averages can be calculated as was done in section 2.1.
J. W. Wu® employs the next equations for the angular averages evaluation

cos 5 sin& . (25.3)

, (26)

Proc. of SPIE Vol. 6331 633116-6



°E ' g
[1 ,U3 'u3 12 lu}
BT 1 -2Dt +l kBT kBT (e—ZDt —6Dt)
g 6 g
| & k=
kT k,T
W'E  (W'E
k, T *\ k,T
<cos€ (t)> - <cos3 6 (t)> _2 | = o20 2k 5 (e""D’
5 0 7 ()E
I u} E [ :u3
| kT | &, T
It (#30E] W'E s W'E
0
kBT i kBT ' kBT ( —12Dt 72th)
14 'k
1, Hs
k,T
1 2
kT k,T k,T
<COS3 0 (l‘)> = g BOE 1= +% B - B (e—th —6Dt) +
E
IO ['l;; T Il [:‘Z} ]
B A
;LLSOE [ (u3OE]
2
1—e 120t _2 kyT kyT (e—éDt —1th)+
I !‘L}OE 7 I ‘LL30E
2 kT ) k,T
> [“3°EJ w'E (ug‘)E)
0 4
ksl i kT kyT ( e 120 _ ef2ODt)
14 / u}"E
| k,T

D. J. Binks et. al.” propose the next equations for the angular averages evaluation

WE
<c0s9(z‘)> —<cos3 6(t)> = lz; 5 [1 + T;l’[l 17% . —211
15+[ o ]
4 pI'E &{té _t;]
15 kT 1,1,
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<cos3 0 (t)> =

1
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3. EXPERIMENTAL

All the studied samples were SiO, films prepared by the sol-gel process. All of the films were doped with the
nonlinear chromophore Disperse Red 1 (DR1), because this chromophore possesses an important permanent dipolar
moment (13’ = 8.7 D).

Two kinds of samples were employed for the optical absorption studies: amorphous and nanostructured. Two
amorphous films were prepared by spin-coating with the DR1 chromophores linked to the SiO, matrix, these films differ
themselves in the presence of Carbazole, one of them does not contain Carbazole molecules.'"'? In the other hand, four
nanostructured samples were prepared by dip-coating with the DR1 chromophores as guests, these films differ
themselves in their crystalline structure: lamellar, hexagonal or mixed; for one of the lamellar samples it was employed
the ionic surfactant Sodium Dodecyl Sulfate (SDS)", the rest of the samples were prepared with different molar ratios
between Carbazole and the ionic surfactant Cetyl Trimethyl Ammonium Bromide (CTAB)".

The studied nanostructured samples exhibit one of the X-ray spectra shown in figure 2.

120000 4 : . . :

100000 3.5 6.9 17.2 B
hexagonal

80000

p Fig. 2. X-ray diffraction patterns obtained for each one of the
2> 600004 1 nanostructured films. Mixed crystalline order share the
% lamellar lamellar and hexagonal X-ray diffraction peaks.
£ 40000
20000 4 17.2 g
mixed
0
(I) é 1‘0 1‘5 2‘0
20 (degrees)

For the SHG studies all the samples were amorphous. These samples were prepared by spin-coating with the DR1
chromophores linked to the SiO, matrix in the next DR1:Carbazole:TEOS molar ratios: 1:3:1, 1:5:1, 1:10:1 and 1:20:1."
The chromophores orientation was induced by means of the usual single point corona technique’, employing a DC
voltage equal to 6 KV, an electrodes separation distance equal to 12 mm and a poling temperature equal to 120°C.

The optical absorption studies were carried out with a ThermoSpectronic Genesys 2 spectrophotometer. The optical
absorption was recorded for different samples poling times, employing a 490 nm wavelength natural light at normal
incidence (incident light reached the film with the same applied corona field direction).

The SHG studies were carried out in-situ during the corona poling. The fundamental beam of light was provided by a
non-polarized Nanolase YAG:Nd laser at 1064 nm, the SHG intensity detector was a Hamamatsu photomultiplier and the
data acquisition was carried out by a Tektronix oscilloscope. Figure 3 shows an experimental setup schematic diagram.
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4. RESULTS

The optical absorption experimental results as well as their theoretical fits are shown in figures 4 and 5. The
fitting parameters are shown in table 1. The fits corresponding to our model were done following the reported
procedure'®. The fits corresponding to the J. W. Wu model were done employing equation (14). In figure 5a) there are
two J. W. Wu model fits, one of them is consistent with the maximum order parameter @, the other one with the

minimum ®.
0,64 o.._. 4
0,54 a) .
S 04 .
5 e
5 03 -
£
5 02 1 . . : . . .
e Fig. 4. Optical absorption experimental results with their
3 0.1 il corresponding fits for: a) lamellar film with SDS, b) amorphous
o 0,04 ] film with Carbazole and ¢) amorphous film without Carbazole.
o1 Symbols represent experimental data. Continuous lines are our
i . ' . . . ] model fits. Dotted lines are the J. W. Wu model fits.
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Fig. 5. a) Optical absorption experimental results with their corresponding fits for a lamellar film with CTAB. b) Optical
absorption experimental results with their corresponding fits for a hexagonal film with CTAB. Symbols represent experimental
data. Continuous lines are our model fits. Dotted lines are the J. W. Wu model fits.

Proc. of SPIE Vol. 6331 633116-9



Our optical absorption experimental data can not be fitted by the D. J. Binks et. al. model, because our order parameters
are out of the D. J. Binks et. al. model validity region. The optical experimental data of the sample with a mixed
nanostructure do not appear in figures 4 and 5, because the sample exhibited optical degradation, however the sample
shown a minimum in the second order parameter ®.

Table 1. Fitting parameters employed in figures 4 and 5. There are two values for some fitting parameters of the Lamellar
(CTAB) sample, they correspond to the couple of J. W. Wu model fits shown in figure 5a).

Sample /}/(S-l) q)max DWu (S-]) (,u'30E/kBT)Wu
Lamellar (SDS) 7.0x10** | 0.58 0.00200 4.10
Amorphous with Carbazole 2.5x10" | 0.35 0.00200 2.30
Amorphous without Carbazole | 1.0x10” | 0.36 0.00048 2.30
Lamellar (CTAB) 5.0x10% [ 0.39 | 0.01000(0.02200) | 2.50 (7.70)
Hexagonal (CTAB) 1.8x10% | 0.39 0.40000 2.57

The SHG intensity experimental results as well as their theoretical fits are shown in figure 6. The fitting parameters are
shown in table 2. The fits corresponding to our model were done following the reported procedure. The fits
corresponding to the J. W. Wu model were done employing equations (27). The fits corresponding to the D. J. Binks et.
al. model were done employing equations (28).

2,0 — 2,0 —
1,84 1 1,84 i
~ 16] 1 S 16 1
S 14] 1 8 141 1
©
~ 1,24 4 > 1,24 E
> 1.0] 1 B 1.0 1
= c
(2]
= 0.8+ e D 0,8 E
FC_.-’ 0,64 - £ 06 -
= 04] - © 041 -
O T
I 02] 1 » 0,21 1
9 00] 1 0,04 1
-0,2 T T T T T T T T 0,2 T T T T T T T T
250 0 250 500 750 1000 1250 1500 1750 250 0 250 500 750 1000 1250 1500 1750
Poling Time  (seconds) Poling Time (seconds)

Fig. 6. SHG intensity experimental results with their corresponding fits. Symbols represent the experimental data. a)
Continuous lines are our model fits, dotted lines are the J. W. Wu model fits. b) Continuous lines are our model fits,
dotted lines are the D. J. Binks et. al. model fits.

Table 2. Fitting parameters employed in figure 6. Cis proportional to (Nfs33I%)* and T, is a time shift. It was considered a
‘U30E/kBT value equal to 3.1, consistent with experimental data, for our model and for the J. W. Wu one.
For the D. J. Binks et. al. model, a 1 °E/kpT value in its validit region was considered: 1.0.

vy [ C@u)| T,(s) | E,(V/m) | Dy, (s | Cwu(@u) | Dpins (s | Coins (a11)
1:20 | 0.45x10% | 0.38 110 0 0.0018 0.28 0.030 14
1:10 | 0.34x10% 1.84 110 0 0.0028 1.34 0.071 19
1:5 | 0.22x10% 6.08 110 | 3.999x10° | 0.0044 2.29 0.110 22
1:3 | 0.11x10%® | 17.06 80 6.056x10° |  0.0099 2.97 0.250 20

In figures 4, 5 and 6 our model exhibits a good agreement with experimental data. In figure 4 our model follows the
same behavior than the J. W. Wu one at large poling times, but there are differences between them at short poling times,
it is most evident from figures 4c), 5a) and 5b). In figure 5a) our model agrees with all the experimental data, but J. W.
Wu model is not able to fit both short poling and long poling times experimental data. Table 1 show an inverse but
consistent behavior between the damping constant y and the diffusion one D, both are related to the chromophores
mobility but their experimental order of magnitude are quite different. With the ®,,,, knowledge, both models require of
only one material parameter.

Proc. of SPIE Vol. 6331 633116-10



There are some details to consider in figures 6. Our model fits experimental data very well, but with a shifted plot,
maybe due to the model harmonicity assumption. J. W. Wu and D. J. Binks et. al. models immersed in equation (26)
follow in a qualitative way the experimental data behavior, but they do not obtain an exact match between experimental
data and the model. In figure 6b) the dotted line does not take an asymptotic behavior, the dotted line raise continuously
as the poling time increases, which means that our materials are not dispersive (in the D. J. Binks et. al. model sense),
being better described by the other two models. In table 2, the C parameter of our model is in a good agreement with the
samples molar ratios, due to the incorporation of an effective dipole-dipole electrostatic interaction; the C parameter of
the J. W. Wu model increases with the chromophores concentration but not as expected, and the D. J. Binks model does
not follow the same pattern than the other two models. With respect to the chromophores mobility parameters yand D of
table 2, all of them are consistent.

5. CONCLUSIONS

It was proposed a physical model for the chromophores orientation dynamics, in amorphous and nanostructured sol-gel
films, under the presence of a corona field. The orientation was studied experimentally with optical absorption and SHG
intensity measurements in the films for different poling times. The experimental results were satisfactorily fitted by our
model. For comparison, other two models fitted the experimental data. From one of them we can say that our samples
were not dispersive. The incorporation of the dipole-dipole electrostatic interactions in our model had not been
considered by the other two, being this interaction the one which explain some features of the SHG experimental data
behavior.
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