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Oblique Incidence Organic Molecular Beam
Deposition and Nonlinear Optical Properties
of Organic Thin Films with a Stable In-Plane
Directional Order**

By Chengzhi Cai, Martin M. Bésch, Bert Miiller, Ye Tao,
Armin Kiindig, Christian Bosshard,* Zhehong Gan,
Ivan Biaggio, llias Liakatas, Matthias Jdiger,

Hansjorg Schwer, and Peter Giinter

Organic thin films with non-centrosymmetric ordering of
dipoles are very attractive as waveguides for nonlinear optic
and electro-optic applications.[l'zl High electric field poling or
self-assembly has been widely used to align dipolar molecules
perpendicular to the film surface.” However, only a few ex-
amples of in-plane alignment of dipolar molecules have been
described, including epitaxy on a lattice-matched organic
substrate surface,®* in-plane poling,” and Langmuir-Blod-
gett film deposition.[*”) Based on a new type of nonlinear op-
tical material, we have demonstrated, to our knowledge for
the first time, that the dipolar molecules in an organic thin
film can be in-situ aligned in any desired direction within the
film plane by organic molecular beam deposition (OMBD)
at oblique incidence.!®! This one-component, relatively fast
(5 nmmin ™), OMBD based, and easily controlled thin film
growth technique provides a new tool for the production of
organic thin films with an in-plane directional order for sec-
ond-order nonlinear optics (NLO) and electro-optics.

Growth of organic thin films by OMBD (Fig. 1A) in ul-
trahigh vacuum (UHV) has many advantages over solu-
tion-based techniques,[g‘m] such as greatly reduced contami-
nation in the UHV environment, in-situ growth
monitoring, high density of chromophores, and reasonably
high growth rate. In addition, mask-defined microstruc-
tures such as strip waveguides, and integrated hetero-layer
structures, like light emitting diode (LED) devices,®!!l can
be fabricated by OMBD. Despite these advantages, OMBD
is still much less developed as compared to solution-based
techniques for the preparation of second-order NLO films.
The main obstacle lies within the materials.
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Fig. 1. (A) Hlustration of OMBD. An organic thin film on the substrate (a)
is growing out of the molecular beam (f), formed by evaporating the materi-
al from the effusion cell (d) into the chamber in UHV (< 10 mbar), which
is generated by a turbo molecular pump (h) and a liquid nitrogen shroud
(g). The growth rate and film thickness are monitored in situ with mono-
layer sensitivity by the quartz crystal thickness monitor (b) and the ellipsom-
eter (c). The deposition (on/off) is controlled by the shutter (e). In our
home-made OMBD chamber, the distance between beam source and sub-
strate is 26 cm. The incident (deposition) angle, defined as the angle be-
tween the molecular beam and substrate surface normal, is about 26°. (B) Il-
lustration of the self-assembly growth of ordered thin films. At elevated
temperatures, the supramolecular polymer (bottom) is degraded into the
monomers, which are emitted into the UHV chamber to form a molecular
beam (f), and deposited on the substrate surface (a) where they polymerize
again in a head-to-tail arrangement, directed by the substrate surfaces.

So far, organic NLO-active materials can be divided into
low molecular weight organic crystals and amorphous poly-
mers.'?! Only the former are OMBD compatible. How-
ever, single crystalline films with a large area and a useful
thickness are extremely difficult to grow, and crystalline
films are usually composed of micrometer-sized crystallites,
which lead to large scattering losses.”] On the other hand,
amorphous films with no crystallites or with crystallites of a
size smaller than about 100 nm do not have this drawback,
and they are much easier to grow by OMBD. Nevertheless,
although amorphous low molecular weight materials have
been widely used in LED devices,'"'? to the best of our
knowledge, they have not been reported for use in second-
order nonlinear optics. This may be due to the difficulties
in designing the materials, which should be at least: (i)
OMBD compatible with a proper vapor pressure and high
thermal stability; (ii) able to self-assemble non-centrosym-
metrically; (iii) amorphous or having low scattering losses;
(iv) highly stable against orientational randomization.

To meet these requirements, we propose to use dipolar
chromophores, which form strong head-to-tail intermolecu-
lar hydrogen bonds, thereby forming linear supramolecular
assemblies">'¥ in the solid state. If the strong hydrogen
bonds that link the monomers can be broken while the
monomers are intact at evaporation temperatures, it is possi-
ble to sublimate such supramolecular polymers in ultrahigh
vacuum. This is in contrast to traditional polymers in which
monomeric units are covalently bonded. The sublimated
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monomers are then deposited on the substrate surface
where they polymerize again in a head-to-tail fashion
(Fig. 1B). A substrate surface that selectively bonds only
one end of the molecules is used to orient each polymer
chain in the same direction, forming a directional ordered
supramolecular polymer film. Microphase separation
through crystallization in such supramolecular polymers is
expected to be greatly reduced by the directionality of the
strong hydrogen bonding."¥ Formation of a strong hydrogen
bond network in the material should also lower the vapor
pressure, and stabilize the structural order of the material.

To explore the feasibility of the idea discussed above,
4-[trans-(pyridin-4-ylvinyl)]benzoic acid (1) and 4-(pyridin-
4-ylethynyl)benzoic acid (2) were selected as model com-
pounds. They are unlikely to display a high nonlinearity be-
cause of the absence of strong donor/acceptor substituents.
However, they have a rigid and linear molecular structure.
Accordingly, the possibility of individual molecules adopt-
ing differently bent conformations, which complicates the
supramolecular structural analysis of the materials, is neg-
ligible for 1 and 2. In addition, 1 and 2 are expected to form
strong intermolecular head-to-tail hydrogen bonds
(COOH:-N) in the solid state.["” Therefore, they are suit-
able materials for preliminary experiments. We have shown
that films of 2 grown on amorphous glass substrates have
an in-plane order with a direction parallel to the projection
of the molecular beam direction on the substrate surface.!'!
In this and the subsequent paper, we report the results of
using 1 as the film material. The melting point of 1 (350 °C)
is significantly higher than that of 2 (300 °C). This may lead
to a higher thermal stability against orientational random-
ization for films of 1 than 2. A practical reason for using 1
instead of 2 is the availability: many grams of 1 can be pre-
pared easily in one step (93 % yield) from cheap commer-
cially available materials, while four laborious steps (55 %
overall yield) are required to prepare 2.

0, 0,
n = —
HO N N A —— -[-H-O N A /N-]-
n

The strong head-to-tail hydrogen bonding (COOH:--N)
in the solid state of 1 and 2 was indicated by solid state N
NMR spectroscopy.'""'®! The only "N signals of 1 and 2 ap-
pear at =106 and —105 p.p.m. relative to that of CH;°"NO,
(0 p.p.m.), while that of the methyl ester of 2 is at -67 p.p.m.
The large upfield shift (about 40 p.p.m.) of the acid as com-
pared to that of the ester is not due to the substituent ef-
fect,'” but to strong hydrogen bonding on the nitrogen
atom (COOH:--N). In addition, low molecular weight 1
melts at 350 °C, dramatically higher than the melting point
(105-107 °C) of its methyl ester where the ~-OH group in 1
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is replaced with ~-OCH3, which prevents hydrogen bond for-
mation. In addition, the material is insoluble in common or-
ganic solvents at room temperature. On the other hand,
powder of 1 became slightly soluble in hot DMSO, and sub-
limated at 200 °C and 0.01 mbar, indicating that the hydro-
gen bond network can be broken at elevated temperatures.
'"H NMR and mass spectra of the sublimated materials con-
firmed that molecules of 1 were intact after sublimation.
SHG powder tests?” of the sublimated powder of 1 at 1, =
1.3 um showed a second harmonic light intensity compar-
able to that of a urea standard, suggesting a non-centrosym-
metric order of the molecules in the powder.

Films of 1 with a thickness of 100-400 nm were deposited
on amorphous glass substrates by OMBD (Fig. 1A). The
substrates are made of amorphous glass (microscope slides,
2 x 2 cm?). The cleaning procedure was simple: we im-
mersed the substrates in an ultrasonic bath of acetone
(5 min) and ethanol (5 min), and dried at 120°C and
107 mbar for 0.5 h. Before OMBD, 1 was ground into a
fine powder, and degassed at 120°C and 10™° mbar for
15 h. During OMBD, the base pressure in the chamber was
5 x 10” mbar, and the evaporation and substrate tempera-
tures were 200 °C and 30 °C. The deposition rate was (5.0 £
0.5) nmmin~. The thickness of the films was in-situ con-
trolled by a quartz microbalance, calibrated by ellipsom-
etry, atomic force microscopy, and «-step measurements.
The films appeared transparent and homogeneous. The ab-
sorption spectra showed that the films were transparent in
the range 400-2000 nm. The absorption maximum (Amax)
was at 363 nm, and the cut-off edge (90 % transmission) at
about 400 nm.

We used scanning electron microscopy (SEM) to study
the surface morphology of a film of 1 grown on an amor-
phous glass substrate at 100 °C (Fig. 2). At such a high sub-
strate temperature (75 = 0.65 T},,), normal low molecular
weight organic materials are expected to easily crystallize
into micrometer-sized crystallites due to high mobility of
the molecules, leading to high scattering losses within the
film. For the supramolecular assemblies 1, however, the
film appeared featureless (Fig. 2). Its roughness (root mean
square value, RMS) was 5 + 3 nm as measured by atomic
force microscopy. This value is smaller than the substrate
roughness. Even though the film may consist of crystallites,
their sizes appear smaller than 100 nm (Fig. 2), hence the
scattering losses should be significantly lower than that in
most organic polycrystalline films.

In order to determine the structural order of the films,
X-ray diffraction in both reflection and transmission
mode has been performed. The measurements cover the
source materials (sublimated and unsublimated 1), and thin
films grown on glass, fused silica and silicon substrates. The
main peak in the 0/20 scan was always found at 20 = 24.9°
(d = 3.57A). For the thin films deposited on glass sub-
strates, we have only found this main peak with a large half
width. For a 400 nm thick film of 1 deposited at a substrate
temperature of 30°C, for example, the full width at half
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Fig. 2. SEM image (scale bar at the bottom: 1 um) of a film of 1 grown on
an amorphous glass substrate at 100 °C. To prevent sample charging, the film
is covered with a 5 A Pt layer.

maximum corresponds to 0.841°. Assuming that this broad-
ening is only due to particle size, the average particle di-
mension is about 10 nm, according to the Scherrer formula.
However, this is not in agreement with the results of our
solid state >N NMR studies of the sublimated samples,
which show no sign of the free pyridyl group, that is, the
molecules are mostly (>99 %) head-to-tail hydrogen
bonded to long chains. Another more likely explanation
for this broadening could be a disturbed stacking sequence
perpendicular to the substrate surface. In the Laue trans-
mission experiments with white radiation (Upax = 40 kV),
we were not able to observe any reflections, nor even with
long exposure times (>24 h) or grazing incidence of the X-
ray beam. Instead, we observed strong radiation damages
of the glass substrate in contrast to the reflection measure-
ment carried out with much lower energy E = 10 keV. In
order to obtain more information on the structure of the
thin films, we now study their nonlinear optical properties.
Since 1 is hardly soluble in common organic solvents, it
was not possible to measure its molecular second-order po-
larizability (f) by electric field-induced second-harmonic
generation (EFISH) and hyper-Rayleigh scattering."
Semiempirical calculation was then performed using the
MOPAC Hamiltonian (AMI1, Cerius?, Molecular Simula-
tions Inc.). The results indicate that the second-order polar-
izability of the linear polymer of 1 is dominated by its ten-
sor component along the long molecular axis (f,.). This
implies that the molecule has a significant hyperpolarizabil-
ity only for light polarized along the long axis of the mol-
ecule. For the bulk material, the induced second harmonic
polarization that radiates the second harmonic light is giv-
enl!! by P, = ¢ diiE”;E”; (the Einstein summation con-
vention applies), where d;j is the second order susceptibil-
ity tensor, E; is the electric field vector component of the
fundamental wave along the j axis, P**; is the second har-
monic polarization component along the i axis, and ¢ is the
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permittivity of vacuum. If the molecules in a film are pref-
erentially oriented along an axis, denoted as the X’; axis,
djj of the film then possesses a large ds33 component, and
only a small d5;; component. Assuming a loss-less material,
Kleinmann symmetry dictates d311 = di31 = dq13; While dyqy,
ds31, ds13, and dq35 should be zero.

The second harmonic generation (SHG) experiments
were performed in transmission mode using a BMI
Nd:YAG laser delivering 7 ns long pulses at a wavelength
of 1064 nm at a repetition rate of 10 Hz. The second har-
monic signal of the films as a function of the incident angles
© is shown in Figure 3A. The second harmonic intensity
P = (I”)? reaches its maximum when the fundamental po-
larization is parallel to the substrate plane (incident funda-
mental ray perpendicular to the substrate). This is expected
when the ordering direction of the film is parallel to the
substrate surface.

(A) O, (B)

2 .
0 30 60 90 120 150 180

O [deg.] D [deg.]

Fig. 3. SHG intensity (/*”) as a function of the incident angle ® (A) and po-
larization angle @ (B) of the fundamental (1o = 1064 nm) incident on a
200 nm thick film of 1 grown on a glass substrate at 30 °C by OMBD. The
deposition coordinates {X;, X, X3} are defined as follows: X3 is the projec-
tion of the molecular beam on the substrate surface; X5 is the surface nor-
mal and rotation axis for (B); X; is perpendicular to both X, and X3, and is
the rotation axis for (A). @ = 0 or @ = 0 denotes that both E” and E*” are
parallel to X3. The curves are typical for all films of 1 grown under similar
conditions. The scattering of data at ® = 0 and @ = 0 is due to multiple re-
flections.

Figure 3B shows the influence of the polarization angle
@ of the fundamental wave on the components of the sec-
ond harmonic signal with polarization parallel (p) and per-
pendicular (s) to the X3 direction. For a film with a pref-
erential transition dipole orientation parallel to the
substrate surface, the second harmonic polarization compo-
nents are given by

P*?3(@ = 0°, ) = &g ds33 cos’(®) + d3yy sin*(P) 1)

szl(@ = OO, (D) =2 &o d113 COS(@) s1n(<P) =
& d113 cos(20)  (2)

The second harmonic signal detected in the experiment
is proportional to the square of the second harmonic polar-
ization amplitude P*°. The signal due to the polarization
component P?’; along X5 follows the dependence pre-
dicted by Eq. (1). Since we know from the previous meas-
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urement that the preferential molecular direction is paral-
lel to the substrate, we conclude that the contribution of
the largest nonlinear-optical coefficient ds33 corresponds to
the maximum of the curve and the contribution from the
small d31; coefficient corresponds to the minimum. We also
see that the signal due to P>y (signal polarization along
X1) oscillates twice as fast as a function of @, as predicted
by Eq. (2), with the contribution of dy5 = d31; correspond-
ing to the maximum of the curve. Since P*”; has its maxi-
mum for @ = 0, the contribution of ds33 is obtained when
both fundamental and second harmonic waves are polar-
ized along X3, which is therefore the direction along which
the long molecular axes are preferentially oriented.

These measurements prove that the molecules are prefer-
entially aligned along the projection of the molecular beam
direction on the substrate surface (the X3 axis). This align-
ment direction was the same as that of the films of 2, and
was confirmed by repeated experiments. It is dependent on
the deposition coordinates depicted in Figure 3, but not on
the rotation angle of the substrate around its surface normal
(the X, axis) during the deposition. Therefore, using such
supramolecular assemblies and oblique incidence OMBD,
one can in-situ orient the film anisotropy to any desired in-
plane direction relative to the substrate edges simply by
choosing the angle between the substrate edges and the pro-
jection of the molecular beam on the substrate.

The second harmonic intensities (/*”) at different regions
of the large films (2 x 2 cm?) varied within 10 %, which was
within the experimental error, indicating a high homogene-
ity of the film over the large area. In addition, the second
harmonic intensity /*” increased quadratically with the film
thickness (Fig. 4). This behavior is characteristic for films
having a uniform non-centrosymmetric order that does not
decrease with increasing film thickness.”!! The strong hy-
drogen bonding between molecules of 1 is expected to stabi-
lize this order. Indeed, the SHG intensity only slightly de-
creased before the temperature reached 190 °C (Fig. 5). On
the other hand, /** of the films of 2 diminished rapidly start-
ing from 180 °C. Therefore, the thermal stability of the films
of 1is higher than that of the films of 2, probably related to
the higher melting point of 1 (350 °C) than 2 (300 °C).

The nonlinear optical coefficient (ds3) of 0.55 =*
0.05 pm V! was obtained from the Maker-fringe method!**!
at the fundamental /4y = 1064 nm, calibrated with a quartz
reference (dy; = 0.3 pm V™). There was no overlap of the
second harmonic (4,,, = 532 nm) and the absorption charge
transfer band of the films (1max = 363 nm), hence reso-
nance enhancement can be neglected. This value was lower
than that of the films of 2 (ds3 = 0.75 £ 0.07 pm V™), prob-
ably due to the less linear and rigid structure of 1 than 2.
The nonlinear optical coefficients may be increased by an
appropriate choice of deposition angle (the angle between
the molecular beam direction and the substrate normal).
Unfortunately, due to our chamber design we were not able
to change this angle. We have started to perform experi-
ments in a different UHV system. Preliminary results show
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Fig. 4. Square root of the SHG intensity [(/*”)"”] for films of 1 grown on
glass substrates at 30 °C by OMBD as a function of the film thickness (L).
The straight line is the linear least-squares fit to the experimental data. Fun-
damental light of 4y = 1064 nm was used.
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Fig. 5. SHG intensity (/**) for a 200 nm film of 1 grown on glass at 30 °C by
OMBD as a function of temperature (T) with a heating rate of 7.2 Kmin™.
Fundamental light of o = 1064 nm was used.

4.4 times and 6.8 times increase in the ds; value by chang-
ing the deposition angle from 10° to 20°, and to 30°.

In conclusion, we have proposed a new type of organic
nonlinear optical material: amorphous supramolecular
polymers of small molecules that are linked in a head-to-
tail arrangement via strong hydrogen bonding. Such mate-
rials can be sublimed, and they self-assemble or polymerize
again in a head-to-tail arrangement. Therefore, they are
particularly suitable for growth of thin films by OMBD.
This novel approach to grow NLO-active organic thin films
was demonstrated with model compounds 1 and 2, showing
that it is possible to preferentially orient the molecules to
any desired direction within the substrate plane by oblique
OMBD. Hence, this technique can be used to fabricate, for
example, stacked organic layers of the same molecules but
varied orientations. This can be easily done by rotating the
substrate around its normal during deposition. For non-
linear optics, it is possible to deposit waveguides with peri-
odic modulation in the sign of the nonlinearity by using
masks and turning the substrate by 180° between deposi-
tion steps. Such structures can be designed to allow effi-
cient nonlinear interaction at almost any wavelength
through the well-known quasi-phase matching process.
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Moreover, the ordering of the films was thermally stable
and did not decrease with increasing film thickness at least
up to 400 nm. Although the nonlinear optical coefficient
(d33) of these films is still too low for practical applications,
the results reported in this and the subsequent paper pro-
vide a hint on how to increase this value by optimization of
the materials and deposition conditions.

Experimental

4-[trans-(Pyridin-4-ylethenyl)|benzoic acid (1) was prepared according to
[23]. The crude product (light yellow powder) was purified by precipitation
from hot pyridine to give a white powder. The product was hardly soluble in
H,0, MeOH, DMF, CHCI; etc., and slightly soluble in hot DMSO. 'H NMR
and electron ionization mass spectra of the product and its sublimate either
from low vacuum (0.01 mbar) or from UHV (10~ mbar) were identical. 'H
NMR (300 MHz, potassium salt in 5 mM KOH/D,0): 829 (d, J = 6.2 Hz,
2 H);7.77 (d,J = 8.3 Hz,2 H); 7.45 (d, J = 8.7 Hz, 2 H); 7.30 (d, ] = 6.2 Hz,
2 H); 7.20 (d, J = 16.6 Hz, 1 H); 6.94 (d, J = 16.2 Hz, 1 H). EI MS m/z (%):
225 (100, M*), 180 (67, [M—HCO,]"). Anal. calc. for C;4H;NO, (225.25): C
74.65, H 4.92, N 6.22; found: C 74.57, H 4.74, N 6.21. M.p. 350 °C (decom-
posed, measured by DSC with a scan rate of 5 Kmin™).
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