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Abstract

We analyze the issues that must be considered on the road towards a practical fabrication method for organic
nonlinear optical thin films. The advantages and disadvantages of the most useful techniques for producing nonlinear
optical thin films are reviewed. We describe a promising molecular beam deposition techniques that has been developed
in our laboratory for the growth of ordered supramolecular self-assembled thin films that are nonlinear optically active

and maintain their polar order for large thicknesses.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The flexibility of molecular engineering makes
systems based on acentric supramolecular assem-
blies of organic conjugated molecules very inter-
esting for a multitude of information-processing
and photonic applications such as high speed
electro-optic modulation, optical switches, tera-
hertz wave generation, holographic storage,
anisotropic  charge-transport,  self-assembled
molecular nanowires, or nonlinear waveguides for
integrated frequency conversion systems using low
power semi-conductor lasers. The main charac-
teristics of the desired organic thin films for fre-
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quency conversion and telecommunication
applications are: (i) they must be noncentrosym-
metric, and therefore show second-order nonlinear
optical effects, (ii) their thickness must be of the
order of one micrometer and able to support
waveguiding, (iii) they must be homogenous and
of good optical quality over large dimensions, of
the order of centimeters.

Since molecules showing a second-order non-
linearity also tend to be dipolar, the electro-static
force works against an oriented polar order and
makes the problem of creating noncentrosymmet-
ric molecular assemblies quite difficult. Although
macroscopic assemblies of dipolar molecules have
been successfully grown in the form of crystals [1-
3], the problem of producing a large-area thin film
that consists of a noncentrosymmetric supramo-
lecular assembly of nonlinear optical molecules
has proven to be an even more difficult problem to
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tackle. In this work we want to focus on supra-
molecular self-assembled structures for use in
nonlinear optical applications, hence we will not
discuss the solution that consists in including the
nonlinear optical molecules in a polymer matrix
(either as a guest-host system, or as side chains)
and to electrically pole the polymer thin film to
achieve noncentrosymmetric packing [4-6].

Excluding polymers, there are two possible ap-
proaches that allow dipolar molecules to self-
assemble on a substrate to form a thin film: (1)
epitaxy on a lattice-matched, noncentrosymmetric
substrate, (2) self-assembly on other kinds of
substrates.

Although homoepitaxy of a molecule on the
lattice-matched surface of its own crystal has been
shown to work [7-9], in order to be able to obtain
a waveguiding film heteroepitaxy must be used.
The need to find a noncentrosymmetric substrate
precisely matched to the structure of the molecule
one wants to deposit makes this technique very
difficult to implement as a general tool for growing
organic thin films.

Self-assembly of a noncentrosymmetric film on
centrosymmetric or amorphous substrates requires
a ‘“‘global symmetry breaking condition” that
avoids the formation of independently oriented
thin-film growth at different positions on the sub-
strate. Even if one uses molecules that spontane-
ously form noncentrosymmetric crystals and
crystal growth is possible on a substrate, it will
generally result in independent nucleation of
crystals with different orientations at different
positions on the substrate. Subsequent crystal
growth will then result in a macroscopically
amorphous assembly of nano- or microcrystals,
and in large light-scattering losses in waveguides.
The “symmetry breaking condition” mentioned
above can be found, for example, in the substrate
structuring used to orient liquid crystals, where it
leads to an in-plane ordering of the molecules. For
supramolecular structures consisting of small
molecules, the one symmetry breaking condition
that has been found most successful is the sub-
strate itself, which breaks the symmetry along the
direction normal to its surface. Most supramolec-
ular noncentrosymmetric organic thin films have
been obtained with this principle [10-12], which

then leads to molecules that tend to orient per-
pendicular to the substrate and to a polar order in
the same direction. For supramolecular structures
where the molecular axis is parallel to the sub-
strate, some other symmetry breaking condition
that instructs the molecules to align along one
particular direction must exist. One possibility is
found in Langmuir-Blodgett (LB) films, where the
symmetry is broken by the dipping direction, and
by the fact that molecules are pre-ordered on the
water surface. LB Films with in-plane polar order
have been demonstrated [13].

Many attempts have been made to grow thin
crystalline films of nonlinear optically active mol-
ecules [14-16]. While most of these techniques
have the disadvantage that the films do not show
large area order (in the cm range), three main
techniques have been shown to produce thin films
that are preferentially ordered over large dimen-
sions: LB film deposition, Self-assembled mono-
layers from solution and molecular beam
deposition, all of which have advantages and dis-
advantages. Solution based deposition is relatively
easy to set up and has been intensively studied.
Vapor phase deposition, on the other hand, while
less developed offers the advantage of layer
thickness control of organic thin films with very
high chemical purity.

1.1. Langmuir-Blodgett films

The LB technique is the first technique that
provided the chemist with the capability to
construct ordered molecular assemblies. This
technique consists of using amphiphilic molecules
composed of a hydrophobic tail and a hydro-
philic head group and allowing them to accu-
mulate at the air/water interface. In this way a
monolayer is formed. Repeating this process al-
lows for the growth of multilayers to be
accomplished. Among the advantages that the
LB technique offers for the growth of anisotropic
thin films are the possibility of easily changing
the environmental parameters of a monolayer,
the ease and variety in the design of nonlinear
optical chromophores and the homogeneous
thickness that can be achieved. Most films that
have been grown adopted a centrosymmetric
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head-to-head or tail-to-tail arrangement. How-
ever, this technique has recently been used to
obtain noncentrosymmetric thin films with vari-
ous chromophores, which have been found to
display a herringbone arrangement [17-21], with
the direction of the herringbone structure given
by the dipping direction. The second harmonic
intensity was found to depend on the square of
the film thickness, showing the ordering obtained
over several monolayers, and nonlinear optical
waveguides using such films have been success-
fully demonstrated [22]. While this approach has
been relatively successful in obtaining noncen-
trosymmetric thin films consisting of ~100
monolayers, the LB technique has the disad-
vantage that it is very time consuming and in
many cases the structures are thermally unsta-
ble. This thermal instability has been attributed
to the weak intermolecular forces within the
layers.

1.2. Self-assembly of monolayers from solution

Self-assembled monolayers (SAM) and mole-
cular self-assembly are an attractive alternative
approach to second-order nonlinear optical
(NLO) materials. This technique is based on the
construction of covalently linked, intrinsically
acentric superlattices containing molecular chro-
mophoric subunits. SAMs are molecular assem-
blies that form spontaneously by the immersion of
an appropriate substrate into a solution of an ac-
tive surfactant in an organic solvent [12]. As a
result one obtains films consisting of densely
packed long chain organic molecules which are
chemisorbed on inorganic substrates through a
head group which has a specific affinity for the
substrate. These materials offer greater net chro-
mophoric alignment, greater number densities and
greater stability and structural control than LB
films. The general strategy is shown in Fig. 1. As a
first step the substrate is thoroughly cleaned, wa-
shed and dried to produce a well-defined surface.
In the second step the coupling layer is formed.
This layer will provide the binding specificity of
the NLO chromophore. The next step involves
introduction of the chromophore layer. In the last
step a capping layer is added to promote structural
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Fig. 1. Schematic representation of the SAM technique. A well
defined substrate is successively immersed in various solutions
containing the coupling agent (Cpl), the chromophore (Ch),
and the capping agent (Cap).

stability. A test of concept synthetic approach to
multiplayer NLO materials has been carried out
and recently the method has been used to produce
robust, densely packed thin films with high non-
linearities and further extended to produce multi-
layered films with high nonlinear optical properties
[23-25]. The major disadvantage afflicting this
technique comes from it being a solution-based
technique were side reactions and many molecule
interaction can interfere with the deposition pro-
cess. In addition the rates at which films are grown
with this technique are relatively slow for practical
uses.
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1.3. Molecular beam deposition

Organic molecular beam deposition (OMBD) is
a technique that consists in the evaporation of
molecules onto a thermally stabilized substrate
under high or ultra high vacuum (UHYV) condi-
tion. This technique is interesting because it has
many advantages over the solution based tech-
niques previously mentioned, such as greatly re-
duced contamination in the UHV environment, a
solvent free environment, superior control over
growth parameters, and reasonable growth rates.
In addition, mask-designed microstructures, such
as strip waveguides and integrated hetero-layered
structures, can be easily fabricated using this
technique.

Organic thin films can be grown, as mentioned
before, by epitaxy on a lattice-matched substrate.
Such an organic molecular beam epitaxy (OMBE)
procedure needs lattice-matched growth condi-
tions and good film-substrate interactions for the
achievement of single domain crystalline organic
thin films that are required for nonlinear optical
applications [26]. This is a major problem with
OMBE. In the past the epitaxial growth of selected
classes of organic compounds has been demon-
strated [27-30], but ordered growth on inorganic
substrates could not be achieved due to the
incompatibility of lattice parameters and the weak
forces between the substrate and the organic films.
Because of these difficulties with OMBE, it is very
interesting to investigate other possibilities for
OMBD that do not require a lattice-matched
substrate and epitaxial growth.

In this work, we will show, for the first time to
our knowledge, that an almost perfect molecular
ordering can be achieved and maintained over
thicknesses of the order of 1 um by vapor depo-
sition of organic molecules on an amorphous glass
substrate.

2. Experimental

The growth of organic thin films was carried
out by vapor deposition of the material on cleaned
amorphous glass substrates. In this technique a
molecular beam is formed by evaporating the

material of interest in an effusion cell positioned
laterally to the substrate. This beam then propa-
gates in the vacuum chamber so that the molecules
approach the target without intermolecular inter-
actions. The material was purified by recrystalli-
zation and it was subsequently placed in a
molybdenum boat in a 10°® Torr vacuum, the
substrate was kept at room temperature, the
thickness of the films was monitored by a quartz
microbalance and determined by ellipsometry and
the growth was carried out at a deposition rate of
about 5 A/s. The amorphous glass substrates were
cleaned by immersing them in an ultrasonic bath
of acetone for 5 min and then in an ethanol bath
for 5 min. The substrates were then immersed in a
piranha solution (H;S04:30% H,0,, 70:30 v/v)
and left in it for an hour at 80 °C (warning: pira-
nha solution reacts violently with organic materi-
als), they were then rinsed with deionized water
and dried under vacuum at a temperature of 100
°C for 1 h. Semi-empirical calculations with AMI1
parametrization, were carried out using the MO-
PAC program as implemented in the Ceriuss suit
of programs in order to determine the optimized
structure of the molecule and its nonlinear optical
properties.

We performed transmission second harmonic
generation (SHG) experiments where the trans-
mitted, p-polarized SHG signals were measured as
the substrate was rotated from normal incidence
(0°) to grazing incidence (~90°) for both polari-
zation of the incident fundamental light. We used
7 ns long optical pulses from a Q-switched
Nd:YAG laser at a wavelength of 1064 nm. Blank
glass substrates showed no measurable nonlinear
response under the same excitation conditions.

3. Results and discussions

We believe that the best way to overcome the
individual disadvantages of the various techniques
mentioned above is to combine their main princi-
ples into new ideas. Using the advantages that
each individual technique has to offer could com-
pensate for the disadvantages of the other. In this
vein, experiments have been conducted that com-
bine the molecular design principles used in the LB
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and SAM techniques so as to preferentially orient
the molecules perpendicular to the substrate sur-
face with the OMBD in order to have better con-
trol of the growth process of the thin films. These
experiments in fact showed that growth of pref-
erentially oriented organic thin films on amor-
phous inorganic substrates by OMBD is indeed
possible.

The first issue that had to be tackled is the
structural incompatibility of most organic mole-
cules with the inorganic substrates discussed pre-
viously. A preferential unidirectional orientation
of the chromophores has been obtained perpen-
dicular to the surface of an amorphous substrate.
In this approach, use is made of the natural sym-
metry breaking features of the substrate surface.
The thin films are based on a hydrazone derivative
named 5-bromo-5-formyl-2, 2'-bithiophene 4-ni-
trophenyl hydrazone (BITINPH) similar to other
hydrazone derivatives developed for second order
nonlinear optics [31]. The structure is shown in
Fig. 2(a). In the solid state, it shows relatively high
nonlinearities, as observed by the Kurtz powder
test. The molecules are designed with two hydro-
gen-bonding sites (Fig. 2(a)), which we believe to
be involved in the out of plane ordering mecha-
nism (Fig. 2(b)). One site corresponds to the oxy-
gen on the nitro group that acts as hydrogen bond
acceptor and the other site corresponds to the NH
group that acts as the hydrogen bond donor. The
nitro group site allows the molecules to interact
with hydroxyl groups on the substrate surface via
an O-H---O hydrogen bond. The molecule thus
orients itself out of the plane of the substrate. The
other site (NH) serves as an interaction site with
the nitro groups of other molecules via an N-
H:---O hydrogen bond, thus forming a pseudo
polymer chain that extends out of the substrate
plane. The fact that one hydrogen-bonding site can
only act as a donor and the other can only act as
an acceptor guarantees that the molecules will
build an oriented “polymer” chain. By designing
the organic molecule so that one end posses a
hydrogen bond acceptor and the other a hydrogen
bond donor, one ensures that the ordering that will
take place is unidirectional.

Thin films grown with this methods do not re-
quire a periodic order in the substrate, which
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Fig. 2. (a) Chemical structure of BITINPH. (b) Model for out
of plane alignment.

makes them compatible with many different sub-
strates, overcoming in this way the restrictions on
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Fig. 3. MOPAC optimized structure of BITINPH.

the choice of substrate imposed by lattice match-
ing.

Fig. 3 shows the optimized structure of the
BITINPH with the dipole moment superimposed
on the structure. Table 1 shows the calculated
tensor elements of the molecular hyperpolariz-
ability. This table shows that there is only one
major component of the tensor that contributes to
the second-order properties of this molecule. These
results show that the molecule can be thought of as
a one-dimensional rod like molecule.

The Polarized absorption spectra which were
measured using s- and p-polarized light at different
incidence angles were measured and from these
spectra, the dichroic ratio, defined as (Ap—As)/
(Apt+As), can be determined (Table 2). Here Ap
and As are the absorptions due to p-polarized and
s-polarized light respectively. A difference in
absorption for p- and s-polarized light indicates a
different projection of the molecular properties
unto the directions of the optical electric field
corresponding to s- and p-polarization [32,33].
Table 2 shows the dichroic ratio calculated from
the polarized absorption spectra of an approxi-
mately 150 nm thick BITINPH thin film at four
different incidence angels. The dichroic ratio is
seen to increase when moving away from normal

polarizability is oriented perpendicular to the
substrate, corresponding to a molecular tendency
for orientation normal to the film plane.

The measurement of second-order nonlinear
optical  susceptibilities  [dj = ng,f(—2w, w,m)/
2d;], gives further confirmation of the molecules
orientation while providing additional details on
the degree of molecular ordering. Fig. 4 shows the
transmitted p-polarized SHG for both p- and s-
polarized excitation light at 1064 nm. No strong
azimuthal orientation was observed within the
substrate plane in these experiments. This indicates
that the films posses uniaxial symmetry about the
substrate normal [34-36]. We define this direction
as the 1-direction, and assume rotational symme-
try around it, so that the only nonvanishing non-
linear optical coefficients that describe the
deposited film are dy;; and di33 = ds1;3 = din (We
assume Kleinmann symmetry) [37]. The effective
nonlinear optical coefficient whose square ampli-

Table 2

Dichroic-ratio calculated from the polarized absorption spectra
of an approximately 150 nm thick BITINPH thin film at three
different incidence angels

Incidence angle (deg) Dichroic-ratio

incidence to larger angles, corresponding to a sit- 0 0

uation where the electric field of the light acquires 60 0.05

a component perpendicular to the substrate. These 50 0.13

results demonstrate that the axis of largest optical 40 0.17

Table 1

MOPAC calculated hyperpolarizability tensor elements
Brxx Bxr Bxzz By Brx Byzz Brzz Brxx Bow
2463 14 1 12 114 1 1 44 1
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Fig. 4. (a) Transmitted p-polarized SH intensity at 532 nm as a function of the angle of incidence of an (a) s- and (b) p-polarized beam.

tude gives the efficiency of the SHG process is then
given by

p — p:dey(b) = dy1y cos®(b) + 3dy33 cos(b) sin®(b)
(1)

S—p: deff(b) = d122 COS(b) (2)

The flatness of the data near normal incidence in
the p-p measurement of Fig. 4(a) is an indication
that the contribution from d,3;3 is quite small, a fact
that is confirmed by the s-p measurement which
explicitly determines di3; (Fig. 4(b)). The value the
of nonlinear optical coefficient dj;; can be deter-
mined by calibrating the SHG intensities from the
films with the intensities measured from a refer-
ence quartz crystal, which has a nonlinear optical
coefficient d;; = 0.3 pm/V. In this way a value of
dip of 52+0.2 pm/V and d;3; of 0.4£0.2 pm/V
was obtained for films with thickness of approxi-
mately 100 and 800 nm. The second harmonic
intensity was measured at various points on the
same film in order to evaluate the homogeneity of
the films. The films had dimensions of about 3
cmx 3 cm and the second harmonic intensity var-
ied only to within less than 15% indicating a high
homogeneity of the film. An additional important

observation is that the second harmonic intensity
increased quadratically with film thickness up to a
thickness of 800 nm, this fact confirms the regu-
larity and the thickness-independence of the non-
centrosymmetric order. This also shows that the
symmetry-selective self-assembly process initiated
by the substrate, becomes independent from the
substrate, and is determined only by the molecular
arrangement as the film grows.

The ratio between the experimentally deter-
mined values of dj; and dj3; is quite large (=13)
when compared to, e.g., poled -electro-optic
polymers where the ratio between these coeffi-
cients is near 3 indicating that the preferential
molecular orientation is only a small trend riding
on an essentially random orientational distribu-
tion. This large ratio measured for our films is an
indication that the nonlinear optical properties of
our films are not given by just a small preferen-
tial orientation, but are indeed determined by a
much more regular molecular arrangement. Spe-
cifically, the average orientation of the axis of
electronic delocalization of the individual mole-
cules (corresponding to the largest diagonal
molecular hyperpolarizeability) must be perpen-
dicular to the substrate with only a small statis-
tical variance.
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This is the first time to our knowledge that such
a good noncentrosymmetric molecular orientation
is obtained over macroscopic film thicknesses and
large surface areas by vapor deposition of a single
molecular species on an amorphous substrate.
Inducing the noncentrosymmetric order by using
selective hydrogen bonding to the substrate and
between the molecules leads to a much better
molecular ordering than with the technique de-
scribed in [13], which requires control of the
molecular beam direction relative to the substrate.
Because the present technique combines the
advantages of the solution based techniques with
those of the vapor deposition techniques a much
simpler and faster way for the growth of order thin
films is obtained.

4. Conclusions

Several methods to produce homogenous non-
linear optical organic thin films have been re-
viewed. The methods based on the OMBD
technique, once applied to high-nonlinearity mol-
ecules offer many advantages over solution-based
techniques (like purity, high control of film thick-
ness, and a high density of chromophres). We have
shown a simple and efficient new method to pro-
duce supramolecular self-assembled thin films with
well-defined polar ordering perpendicular to the
substrate surface. This method combines the advan-
tages of solution base techniques with the advan-
tages offered by vapor deposition techniques thus
providing a much simpler and faster way for the
growth of order thin films.

The resulting films are homogenous over a large
area, and a regular, molecular ordering can be
maintained over a large thickness of the order of 1
pum. The fact that the films were grown on amor-
phous glass substrates circumvents the need for
surface epitaxy. The quality of the films and the
simplicity of the fabrication method make this
novel technique very attractive for the fabrication
of nonlinear optical waveguides for frequency
conversion or electro-optic modulation. Despite
the relatively low nonlinearity (d;;; = 5 pm/V) that
has been obtained in this first demonstration, the
high degree of molecular ordering and the fact that

the films consist of only one component make
them potentially very interesting when compared
to present candidates for organic electro-optic
modulators, poled polymers. The higher degree of
order and tighter molecular packing in our films
should also lead to a better photostability when
compared to amorphous systems with embedded
chromophores.

A further detailed investigation of the mecha-
nism that leads to the molecular ordering as well as
optimization of the growth conditions is being
performed. Since the ordering in these films can be
maintained over large thicknesses, a study of the
waveguiding properties of these films is also
planned. This may lead to a new generation of
organic waveguides for frequency conversion and
electro-optic modulation.
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