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Abstract. The development of both “soft” and “hard” fabrication tech-
niques for the patterning of nonlinear photonic devices in ionically self-
assembled monolayer (ISAM) films is reported. A combination of electron
beam lithography and reactive ion etching was used to pattern two-
dimensional holes with a lattice of 710 nm and diameters ranging from
550 to 650 nm. A soft alternative to this fabrication was also demon-
strated. Nanoimprint lithography was successfully employed to pattern
similar photonic structures with average hole diameters of 490 nm and a
lattice spacing of 750 nm, as well as Bragg gratings with a period of
620 nm. Potential impact of this fabrication process on the chemical
composition and nonlinear properties of the ISAM films was assessed
using Fourier transform infrared spectroscopy, x-ray photoelectron spec-
troscopy, and second harmonic generation. The spectroscopy tech-
niques confirmed that the chemical composition and bonding of the
ISAM films was not adversely affected by the thermal cycles required for
nanoimprinting. Second harmonic generation analysis also confirmed
that the nanoimprinting process did not affect the nonlinear properties of
the material, PCBS/PAH ISAM films, further indicating the suitability of
such materials for the nanoimprinting of nonlinear optical photonic

structures. © 2009 Society of Photo-Optical  Instrumentation — Engineers.
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1 Introduction

There is a sustained interest toward the development of
high-quality and robust optical components that would en-
able the further integration of photonic systems. Photonic
crystals offer a promising platform for the manipulation of
light compared to traditional methods relying on total inter-
nal reflection.’ By mrcumventlng index contrast confine-
ment, active and passive devices based on photonic crystals
could be more compactly designed. Most reports to that
effect have, however, been limited to “passive” structures.
A photonic crystal technology leveraging nonlinear optical
(NLO) materials would augment such platforms by includ-
ing active devices such as switches and interferometers.
Inorganic crystals, such as lithium niobate, are commonly
used for such purposes. The materials are, however, costly
and difficult to process and cannot easily be integrated with
silicon technologies. 23 Guest-host poled polymers are an
alternative to inorganic crystals; however, their NLO be-
havior is somewhat unstable,*” especially at high tempera-
tures.

Alternatively, ionically self-assembled monolayers
(ISAMs) are inexpensively fabricated and offer temporally
and thermally stable nonlinear optical properties without
the need of poling. % The synthesis of ISAMs is based on the
successive electrostatic buildup of oppositely charged
monolayers. A negatively charged substrate is first dipped

1932-5150/2009/$25.00 © 2009 SPIE

J. Micro/Nanolith. MEMS MOEMS

013011-1

into an aqueous polycation solution. The polycations elec-
trostatically bind to the negatively charged substrate, result-
ing in a charge reversal of the surface. The positively
charged substrate is then dipped into a polyanion solution
that will bind to the previously deposited polycation mono-
layer, reverting back to a negatively charged surface (Fig.
1). This assembly process is easily scaled and automated.
The inherent low cost of “soft” patterning techniques
such as nanoimprint lithography (NIL) offers a commer-
cially viable pathway for the manufacturing of photonic
and electromc devices requiring nanometer-scale feature
sizes. Nan01mpr1nt lithography consists of molding a ther-
moplastic polymer with a master by applying a constant
force at a temperature exceeding its glass transition tem-
perature. Under these conditions, the polymer flows and
conformably contacts the master. Demolding is performed
once the system temperature is lowered, resulting in a to-
pography of the imprinted polymer that is the negative im-
age of the master. Nanometer-scale feature sizes are readily
achieved because this technique is not limited by diffrac-
tion or scattering phenomena. In addition, NIL is not prone
to overetching problems encountered with wet etchmg
The technique is therefore readily conducive to the pattern-
ing of features of <10 nm.® In addition, typical dry etching
methods employed in microfabrication induce some level
of surface roughness that generates scattering losses.”
Nanoimprint lithography may reduce these losses by allow-
ing the fabrication of vertical structures with smoother side-
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Fig. 1 lonically self-assembled monolayer deposition technique. A
negatively charged substrate is alternatively dipped in polycation
and polyanion solutions, electrostatically building up oppositely
charged monolayers.

walls. Photonic structures such as microring resonators’
and photonic crystal structures”™'” have already been real-
ized using NIL.

Poled polymers are not easily compatible with nanoim-
printing and require an additional poling step during heat-
ing to ensure NLO behavior. In contrast, ISAM films are
compatible to the thermal cycles associated with nanoim-
printing, enabling a platform for the cost-effective mass
manufacturing of nonlinear devices in organic materials.

We report such development of both reactive ion etch
and nanoimprint lithography-based fabrication methodolo-
gies that uses ISAM films as a materials platform for pho-
tonic structures. A review of organic nonlinear materials is
first presented, followed by the experimental details of
ISAM film synthesis and patterning. Results demonstrating
both ISAM films’ suitability to the nanoimprinting process
and the fabrication of photonic devices in such materials
are then discussed.

2 Overview of Organic Nonlinear Materials

Multiple techniques have been reported to synthesize or-
ganic films featuring a NLO effect. Such materials include
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poled polymers, Langmuir—Blodgett (LB) films, covalent
self-assembled monolayer (CSAM) films, and ISAM films.

Poled polymers are the most common because they are
rapidly and easily deposited, with the polmg process usu-
ally being the most time-consuming step. * These materials
consist of a host polymer material that is doped with NLO
chromophore guests The doped polymers are not NLO
active as-deposited due to the random alignment of their
chromophores. Such poling will be induced by application
of an electric field that will impart the noncentrosymmetric
chromophore alignment necessary for NLO activity. Unfor-
tunately, the chromophore alignment is somewhat
unstable*’ and will eventually relax even at room
temperature This polar stability decreases even more at
high temperatures, rendering them impractical for ap]%hca—
tions and processes involving elevated temperatures.
Introduction of chromophores into a polymer will also de-
crease its glass transition temperature,4 which should be as
high as possible for the reasons outlined above. In addition,
because the polymers are not bound to any molecules, chro-
mophores have been reported to diffuse to the surface and
evaporate or sublimate at higher temperatures. * The result-
ing nonumform distribution results in increased scattering
of guided hght Covalent bonding of the chromophores to
the polymer backbone™* and cross-linking the polymers af-
ter poling. 21314 have been shown to reduce the decay of
chromophore alignment.

LB films are synthesized using a layer-by-layer film
deposition techmque that relies on hydrophilic and hydro-
phobic interactions. 3 This technique represents a promising
alternative to create NLO films because the chromolphore
alignment is now inherent to the assembly process.
though high electro-optic coefficients have been reallzed
LB films still drsplag undesirable atltzrrbutes The deposition
is time consuming, expensive, ~ and requlres special
equrpment to control the surface pressure "If the
condensed material aggregates before deposition, then this
defect will transfer to the substrate'® and persist throughout
the deposition.16 1819 These LB films also possess poor
temporal and thermal stabilities. 16171920 1 creased stabil-
ity has, however, been demonstrated with cadmium arachi-
date by controlling the phase of the deposited monolayer. 1
Another limiting factor is the narrow range of materials that
can be deposited because the system must be able to form a
monolayer on the surface. 17.20

CSAM films are more stable’’ due to the involvement of
covalent bonds rather than hydrogen bonds. A monolayer is
spontaneously formed on a substrate and then chemically
activated so another monolayer can covalently attach to
it>*%  The deposition process is also time
consuming,11 2 because it requrres activation steps for
the deposition ¥ The films require 100% reaction yield to
prevent nucleation and propagation of defects rendering
the synthesis of thick films difficult.'® Fmally, films
formed at high temperatures“ may not be suitable for inte-
gration with integrated circuit (IC) technology.

In comparison, ionically self-assembled monolayer films
are created with uncomplicated equrpment 526 with bilayer
formation times on the order of minutes,””’ and with an
inherent NLO stability that does not involve poling.s’zs’zg’29
In addition, deposition is performed at room temperature
and is easily automated and scalable with no limit on sub-
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strate size. Finally, unlike LB and CSAM ﬁlms,lg’19 nucle-
ation of defects in the film will not propagate throughout
the deposition.m’31 The NLO-active polyelectrolyte con-
tains chromophores on its side chains that result in a non-
centrosymmetric material system that is necessary to
present second-order nonlinear behavior.”” This chro-
mophore orientation is both thermally and thermodynami-
cally stable.’> Measurements of the second-order suscepti-
bility have demonstrated stability over a period of three
years.32 At higher temperatures, chromophore alignment
was maintained in poly S-119/PAH ISAM films.'> Al-
though the intensity of the second harmonic—generated sig-
nal decreased by ~20% at 150 °C, this signal fully re-
verted to its original value on cooling. This indicates that
thermal cycles do not result in a permanent chromophore
misalignment demonstrating that ISAM films are fully suit-
able for nanoimprint lithography

Earlier efforts found poly[1-4-(3-carboxy-4-
hydroxyphenylazo)  benzenesulfonamido]-1,2-ethanediyl,
sodium salt] (PCBS)/poly(allylamine hydrochloride) (PAH)
films exhibited an rs; coefficient ranging between 1 and
2 pm/V, which is less than lithium niobate with an rs;3
coefficient of 32 pm/V. When ISAM films are deposited,
the chromophores near the interfaces are oriented both to-
ward and away from the substrate due to their binding to
the PAH layers above and below them, resulting in a com-
petitive chromophore alignment that reduces the overall
second-order susceptibility.12’27’33’34 Chromophores in the
bulk of the monolayers (not at the interfaces) possess ran-
dom orientations; thus again, there is a high degree of
cancellation.™** More recent hybrid covalent/ionic self-
assembly methods using Procion Brown has resulted in
films showing rs;; coefficients as high as 20 pm/ v,
roughly two-thirds that of lithium niobate.* This method is
based on the ionic bonding of the polyanion to the sub-
strate, followed by the directional covalent bonding of a
monomeric NLO chromophores to the polyanion
layer.G’”’34 This structure results in higher NLO behavior as
the competitive dipole alignment and random orientation in
the bulk are eliminated, resulting in a high degree of chro-
mophore order.>'"?

Many methods have been developed to pattern ISAM
films. One general approach is to treat ISAM films like
conventional photoresists by leveraging polyelectrolytes
that chemically react under ultraviolet irradiation. This will
induce the formation of bonds between the monolayers that
are less soluble in certain solvents.”>’ Although promis-
ing, this method is limited to materials that can react in
such a manner. Alternatively, creating surface relief grat-
ings in ISAM films on exposure to linearly polarized light
has also been reported.35’ The approach is however lim-
ited to the patterning of the film surface. Sculgtured ISAM
films also present a novel patterning method. ° This tech-
nique is, however, restricted to applications desiring mem-
branelike structures. ISAM structures have also been real-
ized using liftoff techniques. A photoresist is first patterned
with standard lithography, and ISAM films are then grown
over the patterns. Biologically active ISAM testing array40
and ISAM cantilevers®' were realized with this liftoff tech-
nique. More recently, a soft microstamping technique was
also used to pattern ISAM films.** In this approach, ISAM
materials were first adsorbed onto the patterned surface of a

J. Micro/Nanolith. MEMS MOEMS

013011-3

Table 1 Chemicals used to synthesize and pattern PCBS/PAH
ISAM films with RIE and NIL.

Material Manufacturer
PCBS Aldrich
PAH Aldrich
PMMA 950k A2 MicroChem
HPR 504 Fuijifilm
Microposit 354 Developer Shipley
MIBK:IPA 1:3 MicroChem
Chrome Etch; Semi Grade Fuijifilm

EL MicroChem
Acetone J.T. Baker
Isopropyl Alcohol J.T. Baker
Sulfuric Acid J.T. Baker
Hydrogen Peroxide J.T. Baker
Trichloro (1H, 1H, 2H, Aldrich
2H-perfluorooctyl)-silane

Red Hi-Temp Silicone Permatex

poly(dimethylsiloxane) stamp and then transferred onto a
surface by stamping. Feature size was limited by the stamp
size and the ability to grow and transfer films as the stamp
critical dimensions decrease or as the film thickness in-
creases. This work focuses on an alternate soft approach to
the patterning of ISAMs that rather reiles on imprinting of
the films, rather than their stamping.

3 Experimental Details
3.1 ISAM Film Synthesis and Characterization

Table 1 provides an overview of the materials used to fab-
ricate photonic structures in ISAM films and their manufac-
tures. The ISAM films were grown both on glass slides
(Fisher Scientific) and prime silicon wafers (Silicon Valley
Microelectronics, Inc). A 590-nm-thick oxide layer was,
however, thermally grown on the silicon wafers using a
Minibrute Single Stack oven. This allows working with a
starting surface similar to the glass slides typically em-
ployed for ISAM synthesis. The substrates were chemically
treated in a piranha solution consisting of a 2:1 solution of
H,S0O,:H,0, for 15 min. The piranha removed organic
contaminants while inducing a negative surface charge on
the substrate via a hydroxylation process.

The NLO-active polyanion, PCBS, was used in conjunc-
tion with the NLO-inactive polycation, PAH, for the syn-
thesis of the ISAM films. The average molecular weight of
PCBS is 369 g/mol while the one of PAH is 90 g/mol.
Both polyelectrolytes were dissolved in deionized (DI) wa-
ter to create 10-mM solutions. The pH of both solutions
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Fig. 2 Schematic diagram of the SHG measurement apparatus.

was adjusted to 7 by adding NaOH and HCI, in order to
ensure the consistency of the thickness of each deposited
monolayer.

Films were synthesized at room temperature using a
Richard-Allen Scientific DS/50 automated slide stainer.
The anionic substrates were dipped in the 10-mM cationic
PAH solution for 3 min and then rinsed in DI water for
2 min. The now cationic surface was then dipped in the
10-mM anionic PCBS solution for 3 min, followed by an-
other 2-min rinse in DI water. The DI water was continu-
ously replenished and agitated in order to remove excess
polyelectrolytes and prevent cross contamination. The so-
lutions were refreshed every 12 h. The deposition always
ended with a PCBS layer in order to ensure an optimal
nonlinear susceptibility. !

The morphology of the PCBS/PAH ISAM films were
assessed using a DI-3100 atomic force microscope (AFM)
operated in tapping mode, as well as with a Hitachi S4800
high-resolution scanning electron microscope (SEM). The
chemical composition and bonding of the PCBS/PAH films
was evaluated with a Nicolet 8700 FT-IR Spectrometer for
Fourier transform infrared spectroscopy (FTIR) and a Kra-
tos Axis 165 x-ray photoelectron spectrometer (XPS).

Second harmonic generation (SHG) was measured using
a Q-switched Nd:YAG pulsed laser (Spectra Physics
Quanta-Ray GCR 130) at A=1064 nm (Fig. 2). The
pulse frequency was f=10 kHz, and the pulse width was
7=15 ns at an energy of E=500 mJ. The beam encountered
a first prism, in which over 95% of the pulse energy was
removed. The remaining reflected beam was further attenu-
ated using filters and then polarized. A high-pass filter pre-
vented any light with a wavelength of >700 nm from being
transmitted, therefore eliminating any SHG produced from
the optical elements themselves. The beam was then split in
two toward a photodetector that recorded the reference
beam and toward a lens that focused it onto the sample. The
sample was mounted on a stage controlled by stepper mo-
tors. After transmission, the beam was collimated and then
transmitted through a band-pass filter (between 380 and
600 nm), which filtered out the 1064-nm component of the
beam. The final spike filter, at 532 nm, ensured that the
only light from SHG was collected by the photomultiplier
tube.
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Fig. 3 Optical test apparatus for guiding light in ISAM waveguides.

The light of a tunable laser (Santec TSL-210V) with a
wavelength ranging between A=1510 and 1630 nm was
guided through a polarization-controlled lensed fiber to per-
form transmission measurements (Fig. 3) A piezoelectric
stage was used to align the tip of the fibers with the fabri-
cated waveguide. An InGaAs photodetector then collected
the transmitted light.

3.2 Patterning of ISAM Films by Reactive lon
Etching

The process flow used to pattern ISAM films is shown in
Fig. 4. The ISAM films were prebaked on a hot plate at
180°C for 1 h [Fig. 4(a)] to remove residual water result-
ant from the aqueous nature of monolayer growth. A
580-nm-thick protective HPR 504:ethyl lactate (EL) 5:7
layer was spun on the substrates with a spread cycle for 5 s
at 100 rpm and a spin cycle for 30 s at 4000 rpm [Fig.
4(b)] to prevent contact with chrome etch, which attacks
the PCBS/PAH ISAM films. The substrate was then baked
at 180°C to drive off residual solvents before a 35-nm
low-stress chrome layer was sputtered with a Lesker Mag-
netron Sputtering System operating at a pressure of

ISAMs PMMA
S$i02 cr G
(a) Si 504:EL
ISAMs
504:EL Si02
ISAMs (e) Si
Sio2
(b) Si PMMA
Cr | [ |
Cr 504:EL
i si | I
(c) Si @
N PMMA
PMMA N\ cr il B8
Cr 504:EL
504:EL ISAMs
i Si
(d) Si (9)
ISAMs
Sio2
(h) Si

Fig. 4 Process flow depicting the fabrication of photonic structures
in ISAM films using EBL and RIE.
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Fig. 5 Process flow illustrating the creation of silicon masters.

2.5 mTorr and a power of 300 W [Fig. 4(c)]. This chrome
layer masked areas of the ISAM films during the subse-
quent oxygen plasma.

PMMA 950k electron beam lithography (EBL) resist
was then spun [Fig. 4(d)] on the chrome masking layer and
exposed [Fig. 4(e)]. Spin parameters for PMMA 950k con-
sisted of a spread cycle for 5 s at 100 rpm and a spin cycle
for 30 s at 4000 rpm. The substrates were then baked at
180°C. This process resulted in a PMMA thickness of
120 nm. Typical Raith 150 EBL exposure parameters were
an accelerating voltage of 2 keV, a 10-um aperture, and a
15-pA beam current. Following exposure, the PMMA was
developed in an MIBK:IPA 1:3 solution for 30 s, placed in
a IPA stop bath for 15 s, rinsed in DI water for 15 s, and
finally dried with nitrogen. Before the chrome etch step, the
sides of the ISAM films were protected with HPR 504:EL
5:7.

The chrome masking layer was etched (f), enabling the
HPR 504 and underlying PCBS/PAH ISAM layer to be
patterned by the oxygen reactive ion-etching (RIE) plasma
in Fig. 4(g). Manual agitation in a chrome etch solution was
not sufficient to “wet” some periodic structures because of
air-bubble formation. Therefore, chrome was etched using
ultrasonic agitation until completion was visible, typically
after immersion for 15 s. The TRION Reactive Ion Etch
system was used to dry etch the ISAM films. The oxygen
plasma was lit with an oxygen flow rate of 15 sccm, a radio
frequency (RF) power of 60 W, and a chamber pressure of
5 mTorr. Finally, the protective, HPR 504 and chrome
masking layers are removed in an ultrasonic acetone bath
leaving patterned ISAM films shown in Fig. 4(h).

3.3 Patterning ISAM Films by Nanoimprint
Lithography
The process flow for creating silicon masters using in NIL
is shown in Fig. 5. EBL was used to create masters in
silicon. PMMA 950k resist was spun on the silicon sub-
strates [Fig. 5(a)] and exposed [Fig. 5(b)] with the same
parameters presented in Section 3.2. Chrome was deposited
using an electron beam evaporation system to a thickness
of 30 nm as measured by a crystal thickness monitor [Fig.
5(c)]. Sputtering was not used because of step coverage
issues. Liftoff was performed in an ultrasonic acetone bath
to remove the resist and overlying chrome layer, resulting
in negative-toned chrome patterned silicon [Fig. 5(d)].
The chrome pattern masked the underlying silicon dur-
ing the silicon etch [Fig. 5(e)]. Deep silicon etching was
performed using two different systems, depending on their
respective availability. An STS ICPRIE was used at a pres-
sure of 20 mTorr, with a C,Fg flow of 80 sccm and a SFg
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Fig. 6 SEM images of 500 bilayer PCBS/PAH ISAM fiims are
shown in (a) and (b).

flow of 100 sccm. The inductively coupled plasma (ICP)
power was 2.5 kW, and the RF power was 20 W. A cryo-
genic etch was also performed on the Oxford ICPRIE. The
exposed silicon was etched with a SF¢ flow of 45 sccm, an
O, flow of 9 sccm, a pressure of 7.5 mTorr, an ICP power
of 400 W, and a RF power of 6 W. After pattern transfer
into the silicon, the chrome was removed with the wet
chrome etch [Fig. 5(f)]. Finally, to prevent the ISAM films
from adhering to the silicon masters, a monolayer of
trichloro(1H,1H,2H,2H-perfluorooctyl)-silane was applied
to the Si master as an antistiction layer. The silane and
master were placed under vacuum for 1 h, resulting in a
monolayer of silane forming on the master.

Jenoptik HEX 01 and HEX 02 hot embossing systems
were used to imprint the ISAM films. The system consists
of two horizontal metal plates whose temperature, position,
and force exerted are controlled by manufacturer provided
software. All nanoimprinting was performed under vacuum.
The glass transition temperature of similar ISAM films was
evaluated at 140°C by nanoindentation.” These initial
studies also indicated that raising the film temperature
slightly above their glass transition did not significantly af-
fect their molecular alignment. An imprinting temperature
of 145°C was therefore chosen in order to ensure clean
molding of the material. The imprinting of the films will
also require some displacement of the material. This dis-
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(b)

Fig. 7 AFM images of 500 bilayer PCBS/PAH ISAM film with an (a)
10-um scan size and a (b) 1-um scan size.

placed material is likely to assume a different molecular
alignment than the rest of the film, possibly inhibiting the
NLO properties in regions located near the edges of the
patterns. As will be discussed below, the imprinted material
did retain strong NLO properties even after imprinting, in-
dicating that the thickness of this edge material was not that
significant at least for the structure dimensions studied
here.

4 Results and Discussion
4.1 [SAM Film Characterization

The 500 bilayer PCBS/PAH ISAM films are continuous
and homogeneous as shown in Figs. 6(a) and 6(b). AFM
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Fig. 8 Thermal investigation of the SHG of PCBS/PAH ISAM films.

images on the 500 bilayer PCBS/PAH films are shown in
Figs. 7(a) and 7(b). The average roughness of these films
was 12.4 nm.

The thermal stability and polymeric nature of ISAM
films suggest their amenability to NIL for their high-
throughput patterning. To that end, the thermal stability of
PCBS/PAH films employed here had to be thoroughly ex-
amined in order to assess whether the thermal cycling in-
volved in NIL would degrade the chromophore alignment
and affect their nonlinear properties.

SHG measurements were taken on PCBS/PAH ISAM
films to investigate how heating affected the nonlinear op-
tical properties of the films. The SHG signal was measured
on both an unheated film and a film heated for 15 min at
T=145°C in the hot embossing system that was subse-
quently used for the imprinting work itself. The similitude
between the SHG intensities coming from the two slides
(Fig. 8) indicates that the chromophore alignment was not
significantly affected by the thermal exposure and is there-
fore compatible with NIL. A bare slide SHG signal was
also measured (and amplified 50 times for visibility in Fig.
8) demonstrating that the SHG signal was resultant from
the NLO ISAM films and not substrate itself.

XPS was then employed to verify that the NIL thermal
cycling did not affect the chemical composition of the
films. To that end, another set of PCBS/PAH ISAM films
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Fig. 9 FTIR spectra of PCBS/PAH films that have been heated and
then cooled back to room temperature.
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Table 2 Percent mass composition of PCBS/PAH ISAM films after
being heated to different temperatures and cooled back to room
temperature.

Temperature Oxygen Nitrogen Carbon Sulfur
(°C) (%) (%) (%) (%)
35 20.6 12.8 60.0 6.5
100 19.9 13.1 60.5 6.5
150 22.0 10.2 62.2 5.5
200 21.3 1.3 61.7 5.7

were subjected to a 10-min thermal cycle consisting of
heating them to temperatures ranging from 7=35°C to T
=200°C for 10 min, and then cooling them back to room
temperature. As seen in Table 2, the atomic composition of
the PCBS/PAH films was not affected by the heating
cycles.

This assessment was further confirmed by FTIR. The
similarities between the FTIR spectra after exposure to the
10-min thermal cycles (Fig. 9) further demonstrate that the
heating did not alter the chemical bonds within the films.
More specifically, the open-chain azo (-N=N-) feature™
indicative of the PCBS is seen at 1600 cm™! and the (C—H)
bending indicative of PAH is seen at 1383 em™.® Finally,
SHG experiments were also performed on fully imprinted
films in order to verify that the ISAMs retain their nonlin-
ear properties following actual nanoimprinting. These re-
sults are presented further below.

4.2 Patterning ISAM Films by Reactive lon Etching

For comparison to NIL, a RIE technique was first used to
pattern the PCBS/PAH ISAM films because a standard wet
chemical etch was not known for such materials and be-
cause this dry etch technique could eventually be easily
adapted to other types of ISAM films. A 3-um-wide wave-
guide with 4 um of air cladding on either side was fabri-
cated using this process in 400 bilayer PCBS/PAH ISAM
films [Fig. 10(a)]. Figure 10(b) shows a side view of the
resulting oxygen plasma etch profile. The plasma success-
fully etched through both the HPR 504 protective layer
(lighter polymer above) as well as the ISAM films (darker
polymer below). Although the etch is very anisotropic, the
morphology of the resulting sidewalls is rougher than de-
sirable. This roughness can be attributed to the raggedness
of the etched chrome. Finally, hexagonal photonic crystal
structures with a lattice spacing of 710 nm and hole diam-
eters ranging between 550 and 650 nm were also success-
fully realized [Fig. 10(c)].

4.3 Patterning ISAM Films Using Nanoimprint
Lithography

A suitable master had to be fabricated in order to similarly

pattern the ISAM films by nanoimprinting. Silicon was se-

lected due to its ease of processing and access to estab-

lished processes for its machining. Although not as resistant
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Fig. 10 PCBS/PAH ISAM films patterned with RIE (a) A waveguide,
(b) the sideview of that waveguide, and (c) a photonic crystal struc-
ture were fabricated in PCBS/PAH ISAM films using EBL.

to wear as nickel, for instance, silicon is significantly
cheaper and therefore enables more flexibility in terms of
design modification.

Figure 11(a) shows the silicon master used to create a
3-um-wide waveguide with a 590-nm period Bragg grat-
ing. The etching process resulted in a very uniform aniso-
tropic array with no apparent underetching. EBL was also
used to fabricate 490-nm-diam pillars [Fig. 11(b)].
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Fig. 11 Silicon masters of an (a) 3-um waveguide with a 590-nm
period Bragg grating and (b) 490-nm-diam pillars are shown.

Figure 12(a) shows a 3-um-wide waveguide structure
successfully imprinted into an ISAM films. A 3-um-wide
waveguide with an integrated 620-nm period Bragg grating
is also shown in Fig. 12(b). Finally, in Fig. 12(c), a hex-
agonal photonic crystal structure with an average hole di-
ameter of 490 nm and a lattice spacing of 750 nm is shown
imprinted in the ISAM films.

The SHG, XPS, and FTIR analysis presented previously
indicated that the thermal cycles associated with NIL did
not affect the composition of the PCBS/PAH ISAM films.
This assessment was further confirmed by performing SHG
measurements on actual imprinted patterns in order to
verify that the nonlinear properties of the films were still
unaffected by overall process. To that end, ISAM films
were imprinted for a period of 2 h at 150°C and a pressure
of 10 kN with masters with fill factors ranging from 0 to
25%. The films exhibit similar SHG results after nanoim-
printing (Fig. 13), indicating again that the NIL process was
not affecting the nonlinear optical response of the material.

As discussed in Section 3, there is a strong possibility
that some molecular misalignment of the material located at
the very edge may inhibit the nonlinear activity near those
edges. The SHG results presented here would indicate that
this edge misalignment, although likely, is not significantly
affecting the NLO of the structure as whole, at least for the
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Fig. 12 (a) 3-um waveguide structures imprinted into the PCBS/
PAH ISAM films is shown (a) and (b) with an integrated 620-nm
period Bragg grating as shown. (c) A hexagonal photonic crystal
structure with an average hole diameter of 490 nm and a lattice
spacing of 750 nm is shown.

dimensions studied here. We would also expect the issue to
fully scale for photonic crystals eventually aiming to oper-
ate in visible and near-visible range. Indeed, the proportion
of the volume to be displaced, and thus, the relative thick-
ness of this edge material would be expected to remain
constant as whole design is scaled down.
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Fig. 13 SHG of PCBS/PAH ISAM films after being imprinted with
different area fill factors based on 5-um circles.

4.4 Guiding in ISAM Waveguides

A laser tuned to A=1510 nm was coupled to an ISAM
waveguide fabricated by the RIE technique. From an initial
10-mW laser power, quided transmission of 240 nW was
observed. Coupling inefficiency does not completely ex-
plain this loss. Transmission measurements of silicon
waveguides measured on the same setup was found to have
powers two to three orders of magnitude higher. The side-
wall roughness and the inhomogeneous sites found within
the PCBS/PAH ISAM films contribute to this loss via scat-
tering.

A similar assessment was also performed on waveguides
that have been fabricated by imprinting rather than by dry
etching. In this case, the transmitted power was, however,
too low to make a quantitative assessment of the related
guiding efficiency. The significant decrease in sidewall
roughness that results from eliminating the RIE step should
result in a higher transmitted power because of the rela-
tively smooth nanoimprinted walls. As before, the inhomo-
geneous sites contribute to the loss of transmitted power
because they act like scatter sites. As well, the inhomoge-
neous sites result in incomplete imprinting because more
time is needed for sufficient polymer flow. This incomplete
imprint reduces the refractive index contrast, making the
waveguides more susceptible to scattering losses. Addi-
tional work is underway to further refine the morphology of
the films, making them fully suitable for optical waveguid-
ing.

5 Conclusions

The development of a fabrication platform enabling the use
of ISAM films in photonic devices has been reported. More
specifically, we have demonstrated the use of NIL to pattern
PCBS/PAH ISAM films. Photoelectron and infrared spec-
troscopy confirmed that the chemical composition of the
films was not affected by the heating cycle required by
NIL. In addition, measurement of the SHG also confirmed
that the NIL process did not affect the alignment of the
chromophores responsible for the nonlinear properties of
the material. These observations confirm that these materi-
als are suitable to be patterned by nanoimprinting, a key
feature that would enable the cost-effective manufacturing
of nanophotonic devices leveraging these materials.
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PCBS/PAH ISAM films were successfully patterned us-
ing both plasma etching and NIL. In the first case, a com-
bination of EBL and RIE was used to machine photonic
crystals structures with spacings of 710 nm and hole diam-
eters ranging between 550 and 650 nm. In turn, similar
structures were also produced by the direct nanoimprinting
of the films. Photonic crystals structures with an average
hole diameter of 490 nm and a lattice spacing of 750 nm
were successfully imprinted. Bragg gratings with a period
of 620 nm were also produced with this method. The inher-
ent nonlinear optical stability of ISAM films, in addition to
their ease of processing, is anticipated to enable develop-
ment of related commercial devices with substantially re-
duced manufacturing costs.
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