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Abstract

The spatial modulations of complex refractive index and optical nonlinearity are
the essence to many functional components ranging from distributed feedback,
photonic crystals, gain coupled lasers, long distance high efficiency second harmonic
generation, etc. in today’s optical and optoelectronic technologies. In particular,
the possibility to separately modulate the real and imaginary parts of the refractive
indices have sparked intense theoretical interests because it enables the optical
analogue of parity-time symmetry, a concept originated from quantum field theory.
Such complex refractive index modulation (CIM) also leads to various intriguing
optical phenomena such as unidirectional invisibility, coherent perfect absorption,
and power oscillations. Beyond the regime of linear optics, modulating the second
order nonlinear optical susceptibility χ(2) of materials at the nanoscale represents
an ongoing technological challenge that is important for a variety of nonlinear
nanophotonic applications, such as mirrorless optical parametric generation.
Here, we exploit vapor-deposited organic small molecules to realize arbitrary
CIM and demonstrate passive PT-symmetry breaking in a composite organic thin
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film. The co-evaporation of three different organic materials a non-absorbing high
index host, a non-absorbing low index dopant, and an absorbing dopant form the
basis of individual layers, and the multiple CIM unit repeat units are designed for
optical structures with ∆ñ(r) = ∆ñ∗ (−r) at λ = 532 nm. So that this condition
of the real (n) and imaginary (k) components of the refractive index as even and
odd functions of position, r, satisfies the PT symmetry requirements. Based on
these composite small molecular organic thin films, we demonstrate unidirectional
reflectivity at PT symmetry breaking point, open up opportunities for organic
materials as a platform to explore PT symmetry in optics and more generally as a
means to create optical alloys with arbitrary complex refractive index modulation.
Going beyond the realm of linear optical systems, we exploit the large hyperpolarizability of intermolecular charge transfer (CT) states, naturally aligned at
an organic semiconductor donor-acceptor (DA) interface, as a means to control
the magnitude and sign of χ(2) at the nanoscale. Focusing initially on a single
pentacene-C60 DA interface, we confirm that the CT transition is strongly aligned
orthogonal to the heterojunction and find that it is responsible for a large interfacial
nonlinearity probed via second harmonic generation that is sufficient to achieve
d33 > 10 pm/V when incorporated in a non-centrosymmetric DA multilayer stack.
Using grating-shadowed oblique angle deposition to laterally structure the DA
interface distribution in such multilayers subsequently enables the demonstration
of a χ(2) grating with 280 nm periodicity, which is the shortest reported to date.
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Chapter 1 |
Introduction to organic optical and optoelectronic
materials and devices

Organic materials have gain growing interests in the fields of lighting [1–3] [4],
display [5–7], photovoltaics [8–10], optical sensing [11, 12], optical switching [13, 14],
data storage [15–17], and other emerging photonic technology [18]. Organic dyes
and pigments have long been established as the materials for coating [19] [20],
fluoresence [20–22], catalysts for photoredox chemistry [23–25], etc. although most
of the organic electronics and photonics remained in "pure research" domain until
late last century. Since the invention of low voltage operation and efficient organic
light emitting diodes (OLEDs) by Ching Tang and Steven van Slyke in 1987 [26],
remarkable progress have been made on synthesis and integration of organics toward
various practical photonic and electronic applications [14,27–32]. While OLEDs are
undoubtedly the most successful organic optoelectronic device to date [1, 3, 33], as
they are already being commercialized for displays and lighting by many companies
including Samsung, Sony, HTC, LC, Google, and BMW, there are more competitive
potentials for organics in the optical and optoelectronic market. Organic solar cells,
plastic fibers, and organic lasers, etc. are not far behind. These devices devices can
1

be solution processed for large area on many kinds of substrates at low cost and
with more mechanical flexibility [34–36] as well as spectral tunability [31, 37, 38],
in sharp contrast to silicon based technology which demands stricter fabrication
enviroment. These technologies based on organic materials, we believe, can be
complementing to, instead of replacing today’s inorganic semiconductor industry.
The organic materials can be broadly categorized into small molecules, polymers,
and biological macromolecules. Small molecules are small size (approximately 1 nm)
organic compounds and have low molecular weight. Polymers are longer and larger
molecules consisting of chains or repeat units of similar or identical monomers held
together by chemical bonds. Biological macromolecules are cellular components
and perform various necessary functions for living organisms. Small molecules and
polymers have been widely used for optical and electronic technology, although
biological macromolecules have become increasingly popular in the emerging areas
such as biophotonics and bioelectronics. Both small molecules and polymers are
colorful and flexible, with large and fast linear and nonlinear optical responses, most
properties tunable by chemical designs, as well as versatile integration capacities.
The physical processes that govern the operation of the organic devices, such as
optical and electrical excitation, photon absorption and emission, light propagation,
etc. are not significantly different for small molecules and polymers. There are
differences in terms of processing and other physical or chemical properties. For
example, small molecules can be both vacuum evaporated and solution processed,
but polymers are ususally only solution processed. Small molecules tend to be
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less stable above ambient temperature, while polymers can be cured to be hard
and tough in a wide temperature range. Both small molecules and polymers are
promising candidates for optical and optoelectronic devices such as OLEDs, liquid
crystal displays, and organic photovoltaics, and we do not distinguish between their
optical and electronic properties in general in this thesis.

1.1 Modulation of refractive index and optical nonlinearity of organic thin film materials
In the various optical and optoelectronic technology, the essential components
include the light source, and the optical transmission and modulation media.
Organic light sources are typically realized in two forms: electroluminescence (e.g.
OLEDs) which describes the photo emission in response to the application of electric
current or voltage, photoluminescence (e.g. organic lasers) which describes the
photon emission after by absorption of photons of typically higher energy, and
optical harmonic generation (e.g. second harmonic generation) which describes the
in phase photon emission initiated by coherent excitation of lower energy light. As
for optical transmission, waveguides are the media which confine the light in one
or two dimensions and enable low loss light propagation. In the waveguides, the
refractive indices of the transmission media are typically higher than those of the
surrounding dielectric environment, leading to confinement of propagation modes.
Organic materials have been used as thin films for various photonic and electronic
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devices for long a time and in a sense, enabled today’s semiconductor technology.
For example, in photolithography, photoresist (as a kind of photosensitive polymer)
layers are used on various films and substrates for patterning. Also, polymer
thin film waveguides have already been commercialized in the application for
modulator prototype [13]. Optical modulation, another essential component, can
be categorized in different ways. For example, in terms of the attribute of light
being modulated, there are optical modulations of amplitude, phase, polarization,
propagation direction, frequency, etc, as illustrated in Figure 1.1a . In terms of
operation principle to realize light modulation, there are all optical, electro-optic,
thermal-optic, acousto-optic, and magneto-optic modulations. For example, for a
polymer electro-optic modulator, upon applying a DC or low frequency electric
field, the fast change of the position, orientation and shape of the substituent in the
polymer leads to the change of its refractive index, and therefore, the amplitude,
or phase, or frequency, or polarization of the incoming light changes in response to
the change of refractive index. In terms of of the change of materials parameters
describing their optical properties, there are absorptive and reflective modulations.
The absorptive modulation is related to the change of the absorption coefficient
(in other words, the extinction coefficients or the imaginary part of the refractive
index) of the materials, the examples include electroabsorption, Franz-Keldysh
effect, quantum confined Stark effect, etc. The reflective modulation is related to
the change of the real part of refractive index of the materials, the examples include
Pockels effect, Kerr effect, refractive index change induced by thermal effect, etc.
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In the various optical and optoelectronic technology, the essential components
include the light source, and the optical transmission and modulation media.
Organic light sources are typically realized in two forms: electroluminescence (e.g.
OLEDs) which describes the photo emission in response to the application of
electric current or voltage, photoluminescence (e.g. organic lasers) which describes
the photon emission after by absorption of photons of typically higher energy,
and optical harmonic generation (second harmonic generation) which describes
the in phase photon emission initiated by coherent excitation of lower energy
light. As for optical transmission, waveguides are the media which confine the
light in one or two dimensions and enable low loss light propagation. In the
waveguides, the refractive indices of the transmission media are typically higher
than those of the surrounding dielectric environment, leading to confinement of
propagation modes. Organic materials have been used for waveguides for long
time and in a sense, enabled today’s semiconductor technology. For example,
in photolithography, photoresist (as a kind of photosensitive polymer) layers are
used on various films and substrates for patterning. Also, polymer waveguides
have already been commercialized in the application for modulator prototype [13].
Optical modulation, another essential component, can be categorized in different
ways. For example, in terms of the attribute of light being modulated, there
are optical modulations of amplitude, phase, polarization, propagation direction,
frequency, etc, as illustrated in Figure 1.1a . In terms of operation principle to realize
light modulation, there are all optical [39], electro-optic [40], thermal-optic [41],
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acousto-optic [42], and magneto-optic modulations [43]. For example, for a polymer
electro-optic modulator, upon applying a DC or low frequency AC electric field, the
fast change of the position, orientation and shape of the substituent in the polymer
leads to the change of its refractive index, and therefore, the amplitude, or phase, or
frequency, or polarization of the incoming light changes in response to the change
of refractive index. In terms of the change of materials parameters describing their
optical properties, there are absorptive and reflective modulations. The absorptive
modulation is related to the change of the absorption coefficient (in other words,
the extinction coefficients or the imaginary part of the refractive index) of the
materials, the examples include electroabsorption [44], Franz-Keldysh effect [45],
quantum confined Stark effect [46], etc. The reflective modulation is related to the
change of the real part of refractive index of the materials, the examples include
Pockels effect, Kerr effect, refractive index change induced by thermal effect, etc.
Notably important in the above paragraph is the modulation of refractive index
of materials for various kinds of optical and optoelectronic devices, as illustrated
in Figure 1.1b. For example, the modulation of linear refractive index n leads to
waveguide structures such as distributed Bragg reflectors and distributed feedback
structures for lasers, and also photonic crystals, which have nanoscale periodic
modulation of refractive index and the thus create periodic potentials for the moving
photons. To be more broad, the index of refraction of materials consists of the linear
and nonlinear parts, the real and imaginary parts. In terms of real and imaginary
index of refraction, the complex refractive index can be written as ñ = n + iκ.
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The real part, n, is defined by ratio of the speed of light in the vacuum to the
phase velocity of light in the medium. The imaginary part, κ, is the extinction
coefficient which represents the how fast the light attenuates while propagating
through the medium. Nonlinear refractive index describes the change of refractive
index in response to strong DC and AC electric field (of the electromagnetic waves),
and the amount of change has nonlinear (quadratic, third order, fourth order...)
dependence on the amplitude of the electric field.
These additional degrees of freedom in refractive index modulation leads to
lots of wonderful phenomena and devices, and here, we are especially intersted in
the extended optical modulation in the spatial domain (illustrated in Figure 1.1
). A good example of complex linear refractive index modulation is gain (the
opposite of attenuation, in the form of negative imaginary part of the index of
refraction) coupled lasers with additional index coupling, they out-perform the
pure index coupled lasers in terms of better single mode optical spectra with
higher side mode suppression and lower dynamic chirp. Another good example
is parity-time symmetry in optics, a field originated from quantum field theory
and has recently attracted a lot interests both theoretically and experimentally. In
the optical domain, PT symmetry is associated with a complex refractive index
profile ñ(r) = n˜∗ (−r), that is, a periodic structure which has the real refractive
index and the extinction coefficient as odd and even functions of the positions, r,
respectively. Good examples of nonlinear refractive index modulation are: two
beam coupling in photorefractive materials - the interaction of two beam results in
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spatially modulated intensity pattern and phase shifted index modulation pattern
(as a result of the nonlinear optical effect), and this leads to asymmetric energy
transfer from one beam to another); spatial self phase modulation - the phase
change is directly proportional to index modulation with a nonlinear dependence
on the electric field intensity of light, and this leads to self focusing and de-focusing,
and also far field concentric diffraction rings of the beam; quasi phase matching the modulation of second order nonlinear susceptibility to compensate the phase
mismatch of the light at fundamental and second harmonic frequency, and this
leads to higher efficiency of second harmonic generation over long propagation
distance.
Organic materials exhibit large absorption and gain due to the dipole optical
transitions between confined states, and also very fast and large optical nonlinearity
because the electrons in the organics such as π electrons tend to strongly delocalize
and this leads to large nonlinear polarization. Organic materials offers these intrinsic
advantageous for the extended refractive index modulation.

1.2 Organic thin film processing
For most of the optical and optoelectronic applications, the small molecular organic
materials need to be purified by physical methods, because the as purchased organics
purified by chemical methods rarely have purity greater than 99.9%. The impurities
have different energy levels and can form electric traps which significantly affect the
electronic and optical transitions. Zone refining and thermal gradient sublimation
8

are both very effective physical purification methods, and gradient sublimation is
the most widely used one. In the sublimation method, a thermal gradient is created
along the length of the vacuum tube, and the source materials are loaded at one
end. As shown in Figure 1.2, the starting materials sublime and travels through
the tube, then the target materials re-condense at the locations of the tube cooler
than the heated source area (typically near the end down the tube), backfilling the
tube with an inert gas can be used to improve the molecular flow. The impurities
with very different vapor pressures re-condense at other spots in the tube, thus the
purer target materials can be separated from the impurities and collected.
After the purification, the organic materials are deposited on the pre-cleaned
substrates, which are typically transparent conductive oxides (TCO) coated glass
(for optoelectronic devices), sapphire, and transparent plastics, etc. The substrate
preparation usually involves two steps, wet chemical cleaning and surface treatment.
The wet cleaning procedure involves sonicating the substrates in organic solvents
including deionized water, detergent, trichloroethylene (TCE), acetone (ACE),
and isopropyl Alcohol (IPA). Surface treatments typically follow the wet cleaning,
and the typical methods are plasma treatments [49] and UV/ozone cleaning [50].
UV/ozone cleaning is generally effective for removing organic contaminates - the
organic compounds are decomposed into volatile substances (water, carbon dioxide,
nitrogen, etc) by strong oxidation induced by ultraviolet rays. As illustrated in
Figure 1.3, the ultraviolet rays are generated by the UV light source such as lowpressure mercury vapor lamp, typically with a wavelength of 184.9 nm or 253.7
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nm. For the 184.9 nm ultraviolet rays, the decomposition and formation processes
can be described by O2 → O+O, and O+O2 → O3 . For the 253.7 nm ultraviolet
rays, the strong oxidizer atomic oxygen O is generated during and formation and
decomposition O3 . Then the organic contaminants are decomposed by ultraviolet
rays and generate ions, free radicals, excited molecules, and neutral molecules.
The most common organic thin film deposition techniques are spin coating
[51–53] and vacuum thermal evaporation. A spin coating process involves dispensing
a small amount of fluid onto the center of a substrate and then then spinning the
substrate at very high speed (on the order of 103 to 104 rpm). During the spinning,
the fluid spreads due to the centrifugal force and evaporates, leaving on the surface
of the substrate a relatively uniform thin film of the desired organic material. Spin
coating can have relatively poor repeatability, because even subtle variations of
process parameters such as the fluid preparation, spin acceleration, final speed
and temperature, and the fume exhaust would result in dramatic variations of the
obtained film. Nevertheless, spin coating is a relatively low cost process for large
area polymer thin film deposition, and has been widely used in the conventional
integrated circuit technology.
The small molecular thin films are typically deposited by vacuum thermal
evaporation. This involves the sublimation of the organic materials from a resistively
heated boat, and the recondensation of the organic vapor on the substrate, as
illustrated in Figure 1.4. The deposition typically takes place at pressure level of
10−6 to 10−7 torr, and the deposition rate is controlled mostly by the temperature
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of evaporation source, and monitored by a quartz crystal monitor.
In general, there are three modes of thin film growth: layer by layer (Frankvan der Merwe mode), layer plus island (Stranski-Krastanov mode), and island
(Volmer-Weber mode), as depicted in Figure 1.5. Many amorphous organic thin
films are grown in layer by layer mode, as molecules tend to form thin films
and are more strongly bonded to the substrate than other molecules. In case of
molecular crystals, the interactions among molecules depend on their shapes and
packing, and the interactions between molecules and the substrate depend further
on the orientations of the admolecules and also the surface energy of the substrate.
Therefore, the mode of growth depends on the detailed conditions of strength of
the anisotropic interactions among molecules, the neighbor molecules, and the
substrate. For example, if the substrate is flat and inert, the molecules tend to
form crystalline domains via self assembly. Although the crystal orientation of
the substrate nominally matters little, the substrate crystallinity and morphology
can introduce strains to molecular growth. Layer by layer growth occurs when
the strength of interaction among molecules and their lateral neighbors is larger
than that of the interlayer molecular interactions. Island growth occurs when the
interactions among molecules in the same layer is much stronger than the interlayer
interactions. The growth modes may evolve with increasing film thickness, for
example, from thin film phase which is largely formed by layer by layer growth mode
to bulk phase which is formed by either layer plus island or island growth mode.
These unique characteristics of organic thin film growth on one hand, enables lots
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of devices possibilities using organic thin films which require no lattice matching,
and on the other hand, make organic thin film growth sensitive to various factors
such as surface treatment, substrate temperature, and molecular templating.

1.3 Thesis organization
This thesis work is focused on two parts: passive parity time symmetry via complex
refractive index modulation, and sub-wavelength modulation of χ(2) optical nonlinearity in organic thin film waveguides. We investigate on the materials structures
and properties for the introduction of changes of the complex refractive index and
the generation of optical nonlinearity, design and examine the innovative optical
structures for the realization of these index complex linear and nonlinear refractive
index modulations. These explorations of the organic optical and optoelectronic
materials aim at understanding the relationship between macroscopic optical phenomena and microscopic materials properties, and also demonstrate new capacities
of these materials for linear and nonlinear optical devices in a broad range of optical
spectra.
Chapter 2 introduces the fundamental physics in electronic transition, the light
matter interactions, and the optical properties in organic semicondutors, simple
index modulation structures including slab waveguides and photonic crystals are
also introduced. In Chapter 3, the basic concept and optical phenomena related to
parity time symmetry are reviewed, and passive parity time symmetry breaking in
organic thin films and waveguides have been demonstrated. Chapter 4 describes
12

the nonlinear optical materials and phenomena with theoretical models, and the
unique properties and opportunites of organic nonlinear materials and devices
are introduced. Chapter 5 summarizes second harmonic generation induced by
intermolecular charge transfer states, and the relationship between the macroscopic
optical nonlinearity and the microscopic parameters related to the electronic transitions and ordering. In Chapter 6, sub-wavelength modulation of χ(2) optical
nonlinearity is demonstrated, and opens up various new opportunities for organic
nonlinear materials for integrated photonics and electrically controllable optical
systems. Chapter 7 summarizes the thesis work and discusses further perspectives.
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Figure 1.1. |Optical modulation.a, optical modulation categorized in terms of the
attribute of light being modulated, From [47]. b, the extended idea of spatial refractive
index modulation, including complex linear refractive index modulation and nonlinear
susceptibility modulation, and their associated examples.
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Figure 1.2. Schematic diagram of gradient thermal sublimation used for organic
materials. From [48]

Figure 1.3. Mechanism of UV ozone cleaning. The ozone is generated by the absorption
of ultraviolet rays at 184.9 nm by oxygen, and then the ozone generate oxygen and atomic
oxygen to absorb the 253.7 nm ultraviolet rays. The strong oxidizer, atomic oxygen reacts
with the organic compounds as effective processes of cleaning and substrate modification.
From http://www.techvision.co.jp/english/products/ozone.htm.
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Figure 1.4.
Schematic of vacuum thermal evaporation.
http://www.ece.utep.edu/research/cdte/Fabrication/index.htm.

From

Figure 1.5.
Cross sectional views of three modes of thin film
growth:
a) Volmer-Weber, b) Frank-van der Merve, and c).
From
https://en.wikipedia.org/wiki/Stranski-Krastanov_growth
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Chapter 2 |
Fundamentals of optical properties of organic materials and index modulated optical structures

When light propagates through an optical medium, it interacts with atoms and
molecules of the medium. The electrons are lighter than protons and nuclei, and are
more likely to be perturbed by the electric or magnetic fields of light. For example,
optical absorption happens when the electrons absorb the photons and transit to
the higher energy levels. Or for example, photon emission (radiative recombination)
happens when the electrons at higher energy levels relax and eventually fall back
to the ground state energy levels, and photons of different energies emit. Or for
example, light scattering happens when the electrons are perturbed by the electric
field of the incident light and photons are sent out without energy change but at to
a different direction. This chapter introduces the the molecular transitions and also
the optical and electronic properties, including complex and nonlinear refractive
indices, of organic molecules.
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2.1 Molecular vibronic transitions and the Franck-Condon
principle
Light absorption and emission are closely related to the molecular structures of
organic materials, as these optical processes are in many instances determined by
the electronic transitions in molecules. The spectra of organic materials arise from
the electronic, vibrational, and rotational transitions in the molecules, and these
transitions greatly depend on the sizes and shapes of the molecules, as well as the
strength and stiffness of their bonds. The energy change associated with electronic
transitions is larger than that of the vibrational transition, and rotational transitions
has the least associated energy change. The electronic transition leads to distortions
of electron distribution without significantly changing nuclear configuration, and
the nuclei realign to the new electron configuration by undergoing vibrations, and
rotational transitions are also usually superimposed on vibrational transitions.
Among these complicated molecular transitions, we are particularly interested
in the electronic and vibrational transitions which have more pronounced impacts
on overall lineshape of the ultraviolet and visible molecular spectra. The intensities
of vibronic (a combination of vibrational and electronic) transitions, or the absorption/emission of a photon, or the hopping of the charge carriers in localized states,
are analyzed by the Franck-Condon principle. It states that the nuclear position
and momentum remain unchanged during the electronic transition, but readjust
themselves after the redistribution of the electrons. The vibronic transition can be
26

depicted in an energy diagram shown in Figure 2.1

Figure 2.1. The Franck-Condon principle energy diagram. Vibrational levels are
energetically favored in electronic transitions, since the vibrational transitions correspond
to minimal change in nuclear coordination. In the potential well, the transition between
vibrational states 0 and 2 are favored, the blue perpendicular arrow illustrates an
absorption process and the green perpendicular arrow illustrates an emission process.
From https://de.wikipedia.org/wiki/Franck-Condon-Prinzip.

As illustrated in Figure 2.1, the molecular potential energy of the system
increases when the nuclei are displaced from the equilibrium positions, described
by the energy potential diagram. Such potential well for nuclei is asymmetric since
the energy associated with nuclear displacements are different for increasing and
decreasing internuclear distance (as represented by the nuclear coordination). The
discrete vibrational states are formed in the potential well, and the vibrational
behaviors are affected by both harmonic and anharmonic oscillations. Within
Born-Oppenheimer approximation in the quantum mechanical analyses, the ground
0

0

vibronic state and the upper vibronic states are |ενi and |ε ν i, which can be
described by wave functions. Also, the electronic wavefunctions depend on the
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nuclear configuration (different vibrational states) [1], and thus the dipole moment
of vibronic transition is

0

Z

0

hε ν |µ|νi = µ 0


Ψ∗ν 0 (R)Ψν (R)dτN .

(2.1)

where µ 0 is a constant obtained from integral over the electron coordination, dτN

denotes derivatives of nuclear coordination, Ψν (R) and Ψ∗ν 0 (R) are wavefunctions,
and R denotes nuclear coordination. Evident in this expression, the transition
dipole moment is the largest when there is the greatest overlap of wavefunctions
between the initial and final vibrational states. In the Franck-Condon description,
the electronic transitions are considered vertical, and the transition probability can
0

0

be determined by the |hε ν |µ|νi|2 .

2.2 Molecular response to light excitation
When molecules are exposed to external electric fields, which can be both DC field
and AC field (e.g. of electromagnetic field), the electrons of the molecules tend
to be displaced. This molecular response to the electric field can be described
more rigorously by quantum mechanics [1], and the perturbation (distortion of the
electrons) caused by the field is given by
#»
H (1) = −~µEz .
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(2.2)

#»
where µ
~ is the electric dipole moment, and Ez is the electric field (can be DC or
AC) which is along the ẑ direction. Using the Hellmann-Feynmann relationship
dE
dP

= h ∂H
i in which P is the dependent parameter, and the partial derivatives of
∂P

the hamiltonian is
#»
∂H
∂H (0) ∂H (1)
∂H (1)
∂(−~µEz )
#» = #» + #» = #» =
#» .
∂|Ez |
∂|Ez |
∂|Ez |
∂|Ez |
∂|Ez |

(2.3)

The electric dipole moment thus can be written in the derivative series with respect
#»
to |Ez | as
dE
d2 E
dE
# » 1 d3 E
#»
h~µi = − # » = −( # » )0 − ( # » )0 |Ez |− ( # » )0 |Ez |2 −...
2 d|Ez |3
d|Ez |
d|Ez |
d|Ez |2
2

(2.4)

3

d E
d E
where ( dE
# » )0 ,( # » 2 )0 ,( # » 3 )0 are the first, second, and third order derivatives
d|Ez |
d|Ez |
d|Ez |
#»
of energy at |Ez |= 0. In other words, to quantify the tendency of the electrons to

be displayed by the external electric field, the total electric dipole moment is the
sum of the permanent and the induced electric dipole moment, so as given by
#» 1
#»
|h~µi|= µ0z + αzz |Ez |+ βzzz |Ez |2 ...
2

(2.5)

Here, αzz is the molecular polarizability in the ẑ direction and βzzz is the first
order hyperpolarizability in the ẑ direction. There are more higher order hyperpolarizability terms which are comparatively much smaller than βzzz . All the
polarizability terms are tensorial, which are to be discussed in details later. By
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comparing equations 2.4 and 2.5, the following identifications can be made:

dE
µ0z = −( # » )0 ,
d|Ez |

(2.6a)

d2 E
αzz = −( # » )0 ,
d|Ez |2

(2.6b)

d3 E
βzzz = −( # » )0 .
d|Ez |3

(2.6c)

These polarizability terms represent microscopic electronic and optical properties
of materials. In the light matter interaction, the optical properties of the molecules
are determined by the dynamic polarizability - the molecular polarizability when
the eletric field is oscillating at a frequency. The dynamic polarizability terms
are frequency dependent can be calculated by time-dependent perturbation theory.
With the time dependence term added, the perturbation introduced by the electric
field oscillating along ẑ direction at frequency ω, can be written as

H (1) (t) = −2µz Ez cos ωt.

(2.7)

And the expectation value of the z-component of electric dipole moment µz is
written as a function of the time dependence electron wavefunctions according to

Z
hµz i =

Ψ∗ (t)µz Ψ(t)dτ.
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(2.8)

Very similar to the expression of 2.5, the dynamic electric dipole moment are related
to the permanent dipole moment, polarizability, and hyperpolarizabilities according
to
hµz i = µ0z + αzz × 2Ez cos ωt + βzzz × 6Ez cos2 ωt...

(2.9)

From 2.9 we would obtain the dynamic polarizability α, as the average of αxx , αyy ,
and αzz , and also the hyperpolarizabilities.

2.3 Optical properties of organic materials
The macroscopic molecular properties in response to the electric field are closely
linked to the microscopic optical properties of organic materials. With the expressions for the polarizabilities of individual molecules, some bulk properties of
the material can be calculated, including the real part of the refractive index, the
extinction coefficient, and the optical nonlinear susceptibility. To further analyze
these terms, we look into the change of a dielectric medium interacting with light.
The external field is created across the medium, and an opposing field is induced
in the medium itself to balance the external effect. Such induced surface charge
density is called polarization , P [1], the magnitude of which has the expression

P =(

ε − ε0 #»
ε − ε0
#»
)ε|E|= (
)σ = (εr − 1)ε0 |E|.
ε
ε

#»
where σ is the charge density arises from the applied field E.
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(2.10)

2.3.1 Refractive index
The relationship between the real part of refractive index, n, and the polarization is
relatively straightforward. For non-polar molecules, the polarization arises from the
# »
induced local electric field, Eloc [1], and is linearly proportional to the polarizability
via
# »
P = αN |Eloc |.

(2.11)

where N is the density of molecules. The induced local field is related to the applied
# »
field via Eloc = E +

P
.
3ε0

Taken into the frequency dependence, the refractive index

can be written as

nr (ω) = (

αN
1 + 2α(ω)N/3ε0 1
)2 ≈ 1 +
.
1 − α(ω)N/3ε0
2ε0

(2.12)

It is shown in this expression that the refractive index nr (ω) increases linearly
with P . Most of the organic materials have relatively small nr ω due to their large
Coulombic potentials, and most likely, nr (ω) ≈ 1.7 in the infrared frequency range.
Some organic materials have even lower refractive index. For example, Teflon has
nr ≈ 1.3 over all the visible range because of its unique chemical structure, and
some porous organics exhibit refractive index lower than 1.2.
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2.3.2 Extinction coefficient
The imaginary part of the refractive index, the extinction coefficient, κ, is related
to the electric dipole transition moment, #»
µ . To better quantify the absorption
probability, the dimensionless oscillator strength, f , is introduced. For a transition
between the lower energy level |ii and higher energy level |f i [1], f is directly
proportional to | #»
µ |2 as
ff i = (

4πme νf i #» 2
)| µ | .
3e2 ~

(2.13)

where νf i is the light frequency of absorption, and me is electron mass. The
oscillator strength is related to the integrated absorption coefficient, A (a parameter
easily extracted from experimental measurement results) of materials due to their
shared correlations to the transitions probability | #»
µ 2 |, following the expression

ff i = (

4me cε0
)A
NA e2

(2.14)

Here, NA is the Avogadro constant, and the integrated absorption coefficient,
R
A, is calculated as A = (ν)dν, where (ν) is the molar extinction coefficient.
These expressions together show the connections among the oscillator strength,
f , the transition dipole moment, µ, and the extinction coefficient, κ, which can
be calculated from the molar extinction coefficient, (ν). Molecules with large
polarizability typically have large oscillator strengths, f ≈ 1 for strong transitions
((ν) on the order of 105 M −1 cm−1 ), and f ≈ 0.001 for weak or forbidden transitions
((ν) on the order of 102 M −1 cm−1 ). Many organic materials tend to have large
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molar extinction coefficients because of the allowed dipole optical transitions between
confined states, making them advantageous as the absorptive or emissive optical
components.

2.3.3 Nonlinear optical susceptibility
The hyperpolarizabilities, physically, is related to the anharmonicity of the potential
wells for electrons. Because the motion of electrons deviate from those in the
harmonic potential well, more oscillation frequencies, 2ω, 3ω etc. appear, where ω
is the fundamental frequency. The hyperpolarizabilities can be referred to as bond
hyperpolarizability when the valence electrons are delocalized on specific bonds,
or molecular hyperpolarizability when the valence electrons are delocalized in a
molecule such as those with aromatic rings [2]. The electronic coupling among
the atoms and molecules should be considered in the macroscopic description of
nonlinear susceptibility. In case of strong coupling, the bulk nonlinear susceptibility
should be described by band or band like theory. In case of weak coupling, the
bulk nonlinear susceptibility can be simply described by the sum of many localized
oscillators. Taking the second order nonlinear susceptibility, χ(2) , as an example,
the χ(2) tensor can be expressed as:

(2)

χijk = Floc βhΘijk iN

(2.15)

where β is the molecular hyperpolarizability, Floc is the local field factor, N is the
concentration of the oscillators (more precisely speaking the charge transfer states,
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to be discussed later), and Θijk is the orientational parameter. The nonlinear optical
susceptibilities represent magnitude of the macroscopic nonlinear respons of the
medium, and the nonlinear response can be expressed as the induced polarization
as a power series in the electric field as

P = 0 [χ(1) E + χ(2) E.E + χ(3) E.E.E + ......]

(2.16)

Here, χ(1) is the linear term that describes the linear materials properties such as
refractive index, dispersion, birefringence, and absorption; χ(2) is the quadratic term
that is related to the nonlinear optical processes such as second harmonic generation
in non-centrosymmetric materials, and χ(3) is the cubic term that is related to the
nonlinear optical processes such as third harmonic generation, stimulated Raman
scattering, phase conjugation and optical bistability.

2.4 Optical structures for index modulation
The modulation of complex refractive indices and optical nonlinearity enables
various optical structures for applications ranging from optical waveguides, optical
resonators, optical modulators, etc. Here, two simple linear index modulated
structures, slab waveguide and photonic crystals are described.
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2.4.1 Slab waveguides
Slab waveguides have simple forms - a substrate with refractive index ns , a film of
refractive index nf , and a cladding of refractive index nc , as depicted in Figure 2.2.
The light propagation (and also decay for lossy materials) can be rigorously described
2

∂E(r,t)
by the Maxwell equation ∇2 E(r, t) − n c(r)
= 0, which has the general form of
2
∂t2

solution for the electric field: E(r, t) = E0 exp[i · n(r)k0 · r − ωt)], where k0 is the
wave vector in vacuum.

Figure 2.2. Cross sectional view of a simple slab waveguide structure, a plane wave
propagates along the ẑ direction in this waveguide with an incidence angle θ, and the
electromagnetic field is mainly confined in the film. From [3]

For light traveling in the waveguide, the electromagnetic field is either confined
to the thin film to allow light propagation without much loss, or significantly spreads
to the substrate or the cladding layer with loss. The relationship nf > ns ≥ nc
should be satisfied for propagation mode and otherwise the waveguide is leaky. The
modal dispersion of guided wave propagating in the ẑ direction can be described
by a parameter named the propagation wavevector β = Nef f k0 , where Nef f is
the effective refractive index that describes the index dispersion for the whole
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waveguides, and satisfies the relationship nc ≤ ns ≤ nef f ≤ nf . The number of
allowed mode in the waveguide mainly depends on the film thickness and Nef f , no
propagation mode is allowed below the critical thickness, as shown in Figure 2.3.

Figure 2.3. Typical modal dispersion in a slab waveguide with refractive indices of the
layers satisfying nf > ns ≥ nc , k0 h represents the thickness of the film and m represents
the number of modes. From [4]

2.4.2 Photonic crystals
The concept of photonic crystals has broken the boundary between solid state
physics and classical electromagnetism - photonic crystals are nanostructures with
periodic modulation of the refractive index and they possess photonic band gaps
in the range of optical frequency. The periodic index modulation, which is on the
wavelength or sub-wavelength scale, is akin to the solid state crystal lattice, where
the latter creates periodic potentials for electrons and thus produce the energy
band gaps for semiconductors, insulators, etc. The photonic crystal structure can
be as simple as alternating sequence of two different optical materials with different
refractive indices, and this one-dimensional (1-D) photonic crystal can be made into
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distributed Bragg reflectors (DBRs), the thickness and index of repeating layers are
designed to produce a strong reflection band due to the constructive interference
of the reflections from all the interfaces of the two different materials. Similarly,
the periodic index modulation can be introduced to two dimensional (2-D) and
three dimensional (3-D) structures, as depicted in Figure 2.4. All these photonic
crystals have band gaps defined by the index and thickness of the materials as
well as the propagation angle of light since the wave experiences different periodic
optical potential at different angles.
In the periodic dielectric medium, waves can propagate without much scattering,
in analogy to the electron propagation surrounded by periodic potentials created
by ions. The light propagation mode can be described by the solutions of the
corresponding Maxwell’s equation, in analogue with eigenvalues in Schrödinger’s
equations. An magnetic field equation is obtained using source-free Faraday’s and
Ampere’s laws at frequency ω

~ × 1∇
~ ×H
~ = ( ω )2 H.
~
∇

c

(2.17)

The periodic potential of a photonic crystal corresponds to a periodic function
~ i ) for the vectors of the primitive optical
of the material permittivity (~x) = (~x + R
~ i (i corresponds to the dimensions of the photonic crystals). In such a
lattices R
~ x = ei~k~x H
~ ~ according to the
case, the solution of 2.17 can be expressed as H~
n,k(~
x)
Bloch-Floquet theorem for eigenvalue problems in periodic potentials. Here, the
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~ ~ is a periodic envelope function that satisfies
eigenvalues are ωn (~k), and H
n,k
~
~ + i~k) × H
~ ~ = ( ωn (k) )2 H
~ ~.
~ + i~k) × 1 (∇
(∇
n,k
n,k
ω
c

(2.18)

This periodic function yields a different eigenvalue problem over the photonic
crystal lattices (akin to the primitive cells of solid state lattices) at each Bloch
wavevector ~k. The discrete eigenvalues ωn (~k), which are labeled by n = 1, 2, · · ·,
form discrete bands for photons. The band structure, or dispersion diagram in a
more optical term, are usually mapped out by ω and ~k, real number ~k corresponds
to propagation modes and complex number ~k corresponds to exponential decay.
~ i ), where G
~ i is the
Moreover, these eigenvalues are periodic: ω(~k) = ω(~k + G
~i · G
~ j = 2πδi,j .
reciprocal lattice vector of the primitive lattices and defined by R
Similar to the solid state crystals, the eigenvalue solutions need to be calculated
only for the smallest ~k in a region called first Brillouin zone which is defined in the
reciprocal space. For example, for a 1-D photonic crystal, R1 = a and G1 = 2π/a,
and the first Brillouin zone is within the region between k = −π/a and k = π/a.
The photonic band gaps form due to Bragg scattering. If the Bragg condition
k · a = π (where k is the wave vector and a is the lattice constant or periodicity
of photonic crystals) is satisfied, the reflection from each interfaces (lattice), no
matter how small it is, adds constructively to produce strong reflection from the
whole structure. Therefore, light propagation is forbidden in the photonic crystals
when the Bragg condition is satisfied. Mathematically, one can analyze the origin
of photonic band gaps in terms of the solutions of the electric field of propagating
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waves and the perturbation of the permittivity in the dielectric environment. For
example, for an 1-D system in the vacuum, i.e., uniformly  = 1, the eigenvalue
solutions of planewaves is ω(k) = ck, as shown in Figure 2.5a. The electric field
~
of the light has the form E(x)
e±iπx/a , so that it can be expressed as a linear
combination of even and odd functions e(x) = cos(πx/a) and o(x) = sin(πx/a).
Assuming that the dielectric environment is perturbed and the permittivity then has
the form (x) = 1 + ∆ · cos(2πx/a), this oscillating potential breaks the degeneracy
between e(x) and o(x). As a result, the e(x) field lies in lower frequency than o(x)
since it concentrates more in the high-index regions. This band shifting creates a
photonic band gap, as shown in Figure 2.5b.
Beyond these theoretical or conceptual interests, 1-D and 2-D photonic crystals
have been commercialized for optical components such as thin film coating and
photonic crystal fibers, and 3-D photonic crystals have been extensively studied for
commercial applications. For example, III-Nitride photonic crystals have been used
in LEDs and led to 73% unencapsulated light extraction efficiency [8]. Also for
example, photonic crystal fibers (also called holey fibers) have been widely used for
amplifiers [9–11], lasers [12–14], and terahertz generation [15–17]. In the fiber lasers
and amplifiers, the active core is usually rare earth dopants such as ytterbium and
erbium, which increase the index of the fiber core, and this is usually compensated
by doping other light elements such as fluorine. With the photonic crystal structure
introduced to the fiber, the wave guiding properties are determined only by the
photonic crystal structure but not index difference between the core and cladding

40

in the conventional case.
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Figure 2.4. Photonic crystal structures.|a, schematics of 1-D, 2-D, and 3-D periodic
structures, b, scanning electron micrographs showing the exemplary photonic crystal
structure with the corresponding scales. Adapted from [5] and [6].

42

Figure 2.5. Dispersion curves, frequency ω vs. wavevector k.|a, in a uniform 1-D
dielectric environment, there is no photonic bandgap, and the dashed lines show the
"folding" effect of Bloch theorem that represents another wave vector. b, with periodic
perturbation introduced in the dielectric environment, a photonic band gap forms due to
the splitting of the degeneracy at the boundaries of the first Brillouin zone at k = ±π/a.
Adapted from [7].
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Chapter 3 |
Passive PT symmetry via complex refractive index
modulation in organic thin films

3.1 Introduction to PT symmetry in optics
The notion of PT symmetry was originally pursued in the context of quantum
mechanics, where it is recognized that a certain class of non-Hermitian Hamiltonians
can nevertheless possess entirely real energy spectra if they remain unchanged under
spatial inversion and time reversal [3, 4]. The parity operator T̂ is p̂ → −p̂ and
x̂ → −x̂. The time reversal operator T̂ is p̂ → −p̂, x̂ → −x̂, and i → −i. A PT
symmetric Hamiltonian satisfies the relationship [5]

P̂ T̂ Ĥ = Ĥ P̂ T̂ =

p̂2
p̂2
+ V̂ ∗ (−x̂) =
+ V̂ (x̂).
2m
2m

(3.1)

Otherwise, a Hamiltonian is associated with PT symmetry breaking.
While difficult to achieve in the quantum mechanical domain, this concept can
be implemented and tested in optics due to the formal equivalence between the
Schrödinger and paraxial optical wave equations [6–10]. The electromagnetic wave
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function is related to quantum state wave function via E(x, z, t) = Ψ(x, z)ei(kz−ωt) ,
which satisfies Schrödinger equation i ∂Ψ(x,z)
= ĤΨ(x, z), where Ĥ =
∂z
1 ∂2
2k ∂z 2

+ V (x, z) +

k02 −k2 2k
.
2k

1 ∂2
2k ∂x2

+

In the optical domain, PT symmetry is associated with a

generalized form of photonic crystals in which the real and imaginary components of
complex index of refraction (ñ = n + ik) are varied independently [6–10]. [1,7,10,11].
For example, for an 2-D waveguide on the x̂ − ẑ plane in which ẑ is the wave
propagation direction, the index modulation profile is ˜(x, z) and the optical
potential or Hamiltonian can be written as

k02
k02
˜
V (x, z) =
∆˜(x, z) =
∆˜(x) exp(iqz).
2k
2k

(3.2)

˜
The potential satisfies the PT symmetric requirement Ṽ (x, z) = Ṽ ∗ (−x, −z) if (x)
is real.

Very recently, such complex optical potential has been realized by nano-patterned
silicon-on-insulator (SOI) waveguide incorporating Germanium/Chromium combo
structure, as depicted in Figure 3.1. The "Complex Index Modulation" (CIM) has
sparked intense theoretical interest because it is the basis for achieving parity-time
(PT) in optics that may lead to a range of new capabilities important for photonic
integration such as one-way mode conversion [1, 11] as well as more exotic effects
such as power oscillation [12, 13], as well as more exotic effects such as coherent
perfect absorption [14], and unidirectional invisibility [15, 16].
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Figure 3.1. |Periodic PT symmetric metamaterial structure. a, periodic sinusoidal shaped combo structure on top of Si waveguide embedded in SiO2 . b Mode effective
refractive index profiles showing the modulation of the real (left) and imaginary (right)
parts, and the complex index profile created by the sinusoidally shaped Si (which brings
in real index modulation) and Ge/Cr (which brings in imaginary index modulation).
From [1]

3.2 Unidirectional light reflection at PT symmetry
breaking point
In quantum mechanics, the phenomena of non-Hermitian Hamiltonians to have
entirely real spectra indicates skewed eigenmodes in the vector space. Also interesting is the breaking of PT symmetry at the emergence of the exceptional points, the
Hamiltonian and the parity-time operators no longer share common eigenfunctions
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and the eigenstates become degenerate. In the optical analogy, PT symmetry
breaking is associated with a lot of intriguing phenomena including unidirectional
reflection. To understand such unidirectionality, we study analyze light propagation and attenuation in an 1-D structure with index modulation profile ∆˜(z) =
∆(cos(qz) − iδ sin(qz))(4nπ/q + π/q ≤ z ≤ 4nπ/q + 2π/q). The electric fields in
the index modulated medium are the combination of the forward and backward
propagating waves, written as E(x, y, z) = A(z)E(x, y)eik1 z + B(z)E(x, y)e−ik1 z .
This CIM waveguide has asymmetrical directionality, since the Fourier series
coefficients for forward and backward propagating modes are different. Analytically,
the average modulation of the CIM profile ∆˜(z) = ∆(cos(qz) − iδ sin(qz)) in the
entire period is

∆˜(x) = Cq exp(iqz) + C−q exp(−iqz) + C0

(3.3)

R 2π/q
q
δ
(cos(qz)−iδ
sin(qz))dz
=
i
,C
=
(cos(qz)−iδ sin(qz))
q
2π
4π π/q
π/q
R 2π/q
q
exp(−iqz) = 1−δ
,
and
C
=
(cos(qz) − iδ sin(qz)) exp(iqz) = 1+δ
. The
−q
8
4π π/q
8

where C0 =

q
4π

R 2π/q

attenuation and mode coupling can be further analyzed by the coupled mode
equations under slowly varying envelop approximation via [1]:

dA(z)
δ
1−δ
= − αA(z) + i
κB(z)ei2∆kz ,
dz
2π
8

(3.4a)

dB(z)
δ
1+δ
=
αB(z) − i
κA(z)e−i2∆kz .
dz
2π
8

(3.4b)

where α and κ are the attenuation and mode coupling coefficients, and the phase
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mismatch ∆k = k1 − k. The forward and backward propagating waves have no
distinct tendencies to lose or gain energy, but they exchange energy (or couple to
each other) differently unless the ratio of the modulation of the imaginary and real
parts of the permittivity, δ, is zero or ∞, i.e. the structure has pure refractive
index or loss (gain) coupling.
Mathematically, the reflection, transmission, and mode coupling can be analyzed
by transfer matrices according to










 A(L)  M11 M12   A(0) 

=

.
B(L)
M21 M22
B(0)

(3.5)

where
M11 = (cosh(γL) − (
M12 = i

δ
γ + i∆k) sinh(γL)/γ)ei∆kL ,
2π

1−δκ
sinh(γL)ei∆kL ,
8 γ

M21 = −i

1+δκ
sinh(γL)ei∆kL ,
8 γ

M22 = cosh(γL) + (

δ
α + i∆k) sinh(γL)/γ)ei∆kL .
2π

(3.6a)
(3.6b)
(3.6c)
(3.6d)

Using the transfer matrices, the reflection for left and right incidence, and transmission are calculated as Rl = |M21 /M22 |2 , Rr = |M12 /M22 |2 T = |1/M22 |2 (in case of
normal incidence), respectively. The transmission is reciprocal, but the reflection
can be asymmetric for light incidence from the two directions. One observe that
when δ = 1 (which corresponds to the PT symmetry breaking point), the reflection
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for left incidence Rr is always 0 for any ∆k, resulting in the most pronounced
asymmetry in the reflections.
Moreover, for waveguides with multiple modes, the design of CIM can lead to
one-way mode conversion. Take a waveguide which supports two modes, k1 and
k2 , for example. With the introduction of ∆˜(z) = ∆(cos(qz) − iδ sin(qz)) and
q = k1 − k2 , the photon modes gain additional spatial frequency, k1 + q for forward
propagation and −k1 +q for backward propagation. The mode transition point from
antisymmetric to symmetric emerges only when ∆k = ±(k1 − k2 ) + q = 0, where
the + and − signs represent the forward and backward propagation, respectively.
Here, to visualize the unidirectional reflection effect in a simple 1-D CIM
waveguide, we simulate the optical characteristics of a digitized CIM structure
using transfer matrix method with different ratio δ =

ñ(x) =

∆k
∆n

described by





n0 − ∆n + i∆k, 0 < z < L4






 n0 − ∆n − i∆k, L < z < L
4
2



n0 + ∆n − i∆k,






 n0 + ∆n + i∆k,

L
2
3L
4

<z<

(3.7)

3L
4

<z<L

where L = 2π/q is the modulation period, ∆n and ∆k are the magnitude of
complex refractive index modulation.
In the simulation, there are fifteen periods as a total, n0 is set to 1.5, ∆n and
∆k are both set to 0.1. Figure 3.2 shows the transmission, reflection, and field
distributions of the CIM structure, respectively. Light reflection from the CIM
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structure for right incidence is so strong especially at 600 nm due to the gain and
constructive interference of reflections from multiple interfaces. In sharp contrast,
the reflection for left incidence is zero over all the wavelength range. The dramatic
difference of the reflections from the two sides is ascribed to the asymmetric coupling
between the forward and backward propagating waves. In the mean time, the light
transmission from the CIM structure is reciprocal, regardless of the direction of
light incidence, because the attenuation for both forward and backward propagating
waves suffer the same attenuation (see 3.4a and 3.4b). Figures 3.2c,d,e, and f
further show the electric (TE case) and magnetic (TM case) fields for 600 nm light
incidence from two sides. Only the right incidence case leads to clear and definitive
interference patterns, indicating a unidirectional waveguide with the introduction
of CIM. Figure 3.3 show these optical characteristics of a simple DBR structure
that has the same ∆n as the CIM structure, but 0 imaginary refractive index. A
clear bandgap (strong reflection region) emerges for light incidence from both the
left and right. Moreover, the oscillatory interference patterns for both left and right
incidence are shown in the field profiles, in sharp contrast to the unidirectional
CIM structure. The effects on the reflection and transmission of δ in the complex
index modulated structures are further illustrated in Figure 3.4.
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3.3 Passive PT symmetry in organic composite thin
films via complex index modulation
3.3.1 Complex index modulation using small molecules and polymers
As indicated by Equation 3.2, PT symmetryin general requires balanced gain and
loss, however it is also possible in purely passive materials (i.e. k>0 [7]) when the
real and imaginary index components are modulated with equal amplitude such as,
e.g. in the one dimensional case ñ(x) = n0 +k0 +∆n cos(qx)+i∆k sin(qx). Previous
efforts have achieved modulation of the modal effective index in nano-patterned Si
waveguides that approximate this one dimensional (1-D) profile [1, 12], however the
direct realization of CIM and PT-symmetric optical materials with intrinsic optical
constant modulation (i.e. a material in which n and k can be varied independently)
remains challenging to date [1, 11].
Here, we exploit vapor-deposited organic small molecules as a platform to realize
arbitrary CIM and demonstrate passive PT-symmetry breaking in a composite
organic thin film. Organic materials are well-suited for this purpose because they
have strong optical responses and can be mixed in arbitrary proportion to form
optical quality films with large index contrast and no lattice matching concerns.
As shown in Figure 3.5a, it is possible to fabricate a thin film with 1D CIM in
the substrate-normal direction by co-depositing three different materials: a non-
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absorbing high index host, a non-absorbing low index dopant, and an absorbing
dopant. By continuously varying their individual rates, it is possible to vary ∆n
(proportional to the low-index dopant concentration) and ∆k (proportional to the
absorbing dopant concentration) independently of one another throughout the
thickness of a film and therefore realize arbitrary CIM in the film normal direction.
To demonstrate this approach, we use the organic semiconductor
tris(8-hydroxyquinolinato)aluminum [Alq3 ] as the high index material, TeflonTM AF
1600 as the low index material, and the laser dye 4-(dicyanomethylene)-2-methyl6-(4- dimethylaminostyryl)-4H-pyran [DCM] as the absorbing material with the
goal of designing a passive PT system for operation at a free space wavelength
λ = 532 nm [17]. The optical constant dispersion of each material is summarized in
Figure 3.6. Due to the anomalous dispersion in the vicinity of the DCM absorptive
transition at λ ∼ 525 nm (and more generally the Kramers-Kronig relation between
n and k for any material), it is in general only possible to maintain a specified CIM
profile over a narrow wavelength range.
Figures 3.6a and 3.6b display the refractive index measured at λ = 532 nm for
two-component mixed films consisting of Alq3 :Teflon and DCM:Teflon, respectively.
In both cases, the real and imaginary refractive index components vary approximately linearly with composition in accord with a simple Bruggeman effective
medium approximation (EMA; dashed lines) [18]. The range of complex indices
accessible with the full three-component optical alloy systems is summarized in the
n-k plane for a wavelength of λ = 532 nm in Figure 3.6c. Here, the pure material
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indices (large dots) constitute the vertices of a skewed triangle (light blue shaded
region) that bounds all complex index combinations achievable with different alloy
compositions; DCM concentration was limited to 44% because this yields sufficient
extinction and minimizes crystallization.
The dashed line boundaries of the curved triangle are the Bruggeman-calculated
two-component indices that connect the corresponding pure material (or limiting
44% DCM mixture) vertices while the crosses are experimental alloy measurements.
While the experimental data generally fall within the bounded region, the threecomponent EMA calculations do not agree quantitatively with the corresponding
measurements. This failure likely reflects physical aspects not captured in the
basic EMA model such as differences in molecular packing/film density that vary
with composition as well as the solid-state solvation effect, where DCM absorption
red-shifts with increasing background refractive index [19]. This latter complication
is clearly evident in Figure 3.6c, where the extinction coefficient of 44% DCM in
Teflon is substantially lower than for an equivalent concentration in Alq3 because
DCM absorption in the former is blue-shifted by approximately 80 nm.

3.3.2 PT symmetry breaking in the CIM structure
Using the alloy complex index range available from Figure 3.6c, we have designed
and tested a series of CIM films to explore passive PT symmetry breaking. To
simplify fabrication and realize a spatially conjugate refractive index profile that
can be constructed with discrete layers, the original complex exponential CIM
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functional dependence, ñ = n0 + (∆n/2)[1 + cos(qx)] + i(∆k/2)[1 + sin(qx)], is
digitized as Equation 3.7. Here, the complex grating is designed to operate as
a first order Bragg reflector at normal incidence (L = 155 nm) with n0 = 1.68,
∆n = 0.04, and various extinction magnitudes ∆k used for different CIM films.
After empirically determining the required material compositions, ten periods
of the repeat unit defined in Equation 3.7 were deposited on an 1 mm thick
SF10 glass substrate (nSF 10 = 1.73) chosen to closely match the average real
index of the CIM composites. Macroscopic sample symmetry was subsequently
achieved by sandwiching the organic film with a second piece of SF10 bonded by a
low temperature, index-matching thermoplastic (Meltmount, n = 1.704, Cargille
Laboratories, USA), as illustrated in Figure 3.7a.
Figures 3.7b and 3.7c display the TE polarized reflectivity spectra measured
at 8◦ incidence for films with ∆k = 0 and ∆k = ∆n, respectively. In Figure 3.7b,
the reflectivities obtained for both forward (RF ) and backward (RB ) incident light
(cf. Figure 3.7a) are nearly identical as expected for a lossless film (∆k = 0)
based on reciprocity considerations. By contrast, the nominally PT symmetric
film (∆k = ∆n) in Figure 3.7b displays a large contrast between RF and RB that
peaks at λ ∼ 520 nm, slightly blue-shifted from the design wavelength due to the
off-normal incidence. The reflectivities become reciprocal again at wavelengths λ >
580 nm where DCM absorption is negligible. Of particular note is the fact that RB
reaches a minimum of ∼7% at the wavelength of maximum contrast − equal to the
Fresnel reflectance expected from the air/SF10 front surface of the sample − and
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thus the internal CIM film is virtually reflectionless at this point as expected for a
film exhibiting PT symmetry.
Figure 3.8 explores the angular dependence of RF and RB (λ = 532 nm, TE
polarization) for a series of four samples with ∆k ranging from zero to approximately
4∆n. The dashed lines indicate the simulated reflectivity of each structure obtained
via transfer matrix modeling [20]. The apparent noise at low angles is due to high
frequency Fabry-Perot (FP) oscillations (∼Figure 3.8b, inset) occurring between
the SF10/air interfaces of the sample. Consistent with Figure 3.7b, the forward and
backward angular reflectivities are nearly identical for ∆k = 0 shown in Figure 3.8a.
Increasing ∆k in Figures 3.8b and 3.8c leads to increasing contrast between RF
and RB near normal incidence that maximizes at ∆k = ∆n (Figure 3.8c) and then
subsequently decreases for ∆k > ∆n (Figure 3.8d). The discrepancy between the
model and data for the highest DCM concentration case shown in Figure 3.8d
is ascribed to lower film quality and greater scattering due to nascent DCM
crystallization.
Whereas asymmetric reflectivity alone is not particular to CIM films and can
be achieved in simpler systems (e.g. an absorbing film deposited on a reflector),
the non-monotonic dependence of the contrast between RF and RB is a unique
signature consistent with passive PT symmetry breaking at the exceptional point
∆k = ∆n [1, 11, 21]. This trend is summarized quantitatively in Figure 3.9, which
RF −RB
plots the reflectivity contrast ratio CR = | R
| at 5◦ incidence versus the
F +RB

normalized index asymmetry parameter δ =
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∆k
,
∆n

where RF and RB in this case are

internal reflectivities obtained upon correcting for SF10 reflection and transmission.
The maximum in CR at δ = 1 is associated with the PT phase transition and
can be understood analytically from coupled mode theory, where it can be shown
that

RB
RF

= ( 1−δ
)2 [1, 11]. The contrast ratio is thus CR =
1+δ

2δ
,
1+δ 2

which is plotted in

qualitative agreement with the data in Figure 3.9. When δ = 1, the eigenvalues of
the film scattering matrix become degenerate and the backward going reflectivity
vanishes in a manner similar to that for a coherent perfect absorber [22] [14] [23].
This behavior at the exceptional point, which has recently been generalized beyond
CIM [1], is intuitively understood from Fourier expansion of the complex index,
ñ(x) = Σm Cm exp(imqx), which becomes one sided (e.g. C−m = 0) when δ = 1
and thus leads to RB = 0 since there is no coupling between forward and backward
going waves [24].
In summary, we have proposed and demonstrated composite small molecule
organic thin films as a platform to explore PT symmetry in optics and more
generally as a means to create optical alloys with arbitrary complex refractive
index modulation. It is a straightforward matter to extend the discrete CIM
demonstrated here to a continuous complex exponential index profile, and efforts
to achieve analogous index variation within the plane of the film are currently
underway. In addition, we note that the Alq3 :DCM system can deliver high gain
>500 cm-1 under optical pumping and thus there is an opportunity to realize index
profiles with balanced gain and loss to explore active PT symmetry breaking [25,26].
Taken together with the mechanical versatility and enormous synthetic freedom
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afforded by small molecules and polymers, this materials class offers an exciting
opportunity to realize new PT -based photonic functionality for devices throughout
the visible and near infrared spectrum.

3.4 Experimental
3.4.1 Fabrication
Organic thin film composites were created through thermal co-evaporation of Teflon,
Alq3 , and DCM from independent sources at a chamber base pressure of 10−7 Torr.
The rate of each source was monitored individually with a separate quartz crystal
microbalance with computer-controlled PID feedback to maintain each rate within
5% of its target value. The multilayer films used for PT exploration were deposited
on 1 mm thick SF10 glass substrates (n = 1.73) chosen to closely match the average
real index of the CIM composites. Macroscopic sample symmetry was subsequently
achieved by sandwiching the organic film with a second piece of SF10 bonded by a
low temperature, index-matching thermoplastic (Meltmount, n = 1.704, Cargille
Laboratories, USA).

3.4.2 Characterization
The refractive index dispersion of thin films deposited on both B270 glass and silicon
substrates was measured via variable angle (θ = 55◦ , 65◦ , and 75◦ ) spectroscopic
ellipsometery in the wavelength range 250 < λ < 1700 nm. Cauchy models were
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used initially to determine film thickness in the non-absorbing spectral range
(λ > 800 nm), followed by the construction of Tauc-Lorentz multiple oscillator
models to describe the complex index over the entire spectral range. All of the
composite films measured by ellipsometry were uniform and had thicknesses ranging
40 − 50 nm.
The reflectance spectra of PT sandwich structures was measured in a spectrophotometer using transverse electric (TE) polarized light at an incidence angle
of 8◦ . Angular reflectivity profiles were collected using a frequency doubled YAG
laser (λ = 532 nm) together with a pair of automated rotation stages under TE
polarization; the angular resolution of this system is approximately 0.1◦ . For weakly
absorbing films, Fabry-Perot oscillations were observed near normal incidence with
an angular period consistent with the 2 mm total sample thickness and reflection
from the air/SF10 interfaces. The internal reflectance, Rint , of the organic film
inside the SF10 sandwich was calculated to first order neglecting coherence as
Rint =

Rext −RAG
,
TAG TGA

where RAG , TAG , and TGA are the reflectance of the air to SF10,

transmittance of the air to SF10 and transmittance of the SF10 to air interfaces,
respectively. Qualitative fits to the angular reflectivity data were calculated using
standard transfer matrix modeling, with complex index and thickness parameters
varied within 5% of their design values.
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3.5 Progress: PT symmetry in large area waveguides
While the multilayer thin film structure provides a PT symmetric structure showing
unidirectional invisibility, it is difficult to be scaled to large area or incorporate
gain for a wider range of applications especially on larger optical platforms. One
route to circumvent this issue, we find, is to construct large area organic thin film
waveguides with modulation of the effective complex refractive index. Figure 3.10a
shows the process flow of the fabrication of the waveguide substrate and the
subsequent introduction of the lossy materials for achieving the index modulation
profile depicted in Figure 3.10b. Laser interference lithography is used to fabricate
the photoresist grating structure based on the low index Cytop/glass substrate, the
achieved periodicity Λ ≈ 260 nm. The obtained polymer grating is hard baked and
then used as a shadow for oblique angle deposition of CuPc (the lossy material)
only on one side of the gratings. The whole waveguide structure is finised by the
planarization with a layer of low index photoresist on top of the gratings.
This arrangement results in a effective refractive index profile with the real
part varying approximately sinusoidally as a function of position due to the index
contrast between the upper and lower photoresist layers, and the loss varies with
changing thickness of CuPc. Because CuPc concentrates mainly on one facet of the
gratings, resulting in an approximate π / 2 degree phase shift between the real and
imaginary index modulation. Therefore, the approximate effective refractive index
profile follows the form ∆ñef f (z) ≈ (∆nef f /2)[1 + cos(qz)] + i(∆kef f /2)[1 − sin(qz)]
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for the fundamental mode. This guided mode is coupled into and out of the
photoresist layers by the low index fluoropolymer (CYTOP) layer, the thickness of
which is determines the evanescent modal spread to the glass substrate.
This CIM scheme is understood from a simple analytical model depicted in
Figure 3.10c. The profile of the sinusoidal surface is described by h(z) = (h0 /
2)[1 + cos(qz)], as defined by the thickness of the lower photoresist layer patterned
by interference lithography, where h0 is the distance between peak and valley and
q = 2π/Λ is the grating periodicity. The CuPc flux comes at an angle of θdep
to the surface normal, and is abruptly stopped at when tan θdep > 2/h0 q, which
corresponds to the spot that the deposition flux is in parallel with the maximum
slop of the grating shape. Assuming a unity sticking coefficient of CuPc molecules
on the photoresist grating, the thickness of the CuPc deposited onto the grating
profile is dP C (z) = d0P C cos θdep [1 − sin(qz)], where d0P C is the nominal thickness
of CuPc deposited on a flat substrate via flux from a normal incidence angle.
Therefore, the lossy profile of the waveguide introduced by CuPc thickness variation
is phase-shifted from the photoresist grating by one-quarter of a period.
Figure 3.10c shows the designed CIM grating waveguide structure. Here, Λ = 260
nm, h0 = 40 nm, d0P C = 5 nm, and θdep = 65◦ . Taken together these structure
parameters and the index dispersion illustrated inFigure 3.10b, this waveguide has
index variation ∆nef f = ∆kef f ≈ 0.017, and is designed for the leaky fundamental
TE mode at wavelength λ = 640 nm at free space.
We have experimentally realized such CIM waveguide structure, and demon-
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strated asymmetric diffraction of the forward and backward propagating waves in
Littrow configuration at PT symmetry breaking point. From this starting point, we
continue to explore the gain and loss balanced PT symmetric structures. Active PT
symmetry is more intriguing and potentially more useful for applications such as
unidirectional lasing and optical switching. One possible approach is to introduce
the gain material selectively on one facet of the gratings via oblique angle deposition.
However, due to the low gain coefficient of most of the organic dyes (usually on
the order of 100 cm−1 at maximum), it is still challenging to achieve balanced gain
and loss. Another approach is interference pumping, that is, pumping the CIM
waveguide by two laser beams interfere with each other. The phase shift between
the real and imaginary indices, in this case, is controlled by the distance between
the interference maxima and the peak of the photoresist gratings.
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Figure 3.2. |Optical characteristics of the CIM structure.a, transmission from
either side, the inset shows the complex index profile. b, reflection for left and right
incidence on the CIM structure. c, and d are the electric field distributions for TE light
incidence on the left and right sides of the CIM structure, respectively. e and f are the
magnetic field distributions for TM light incidence on the left and right sides of the CIM
structure, respectively.
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Figure 3.3. |Optical characteristics of the DBR structure.a, transmission from
either side, the inset shows the index profile. b, reflection for left and right incidence on
the DBR structure. c, and d are the electric field distributions for TE light incidence on
the left and right sides of the DBR structure, respectively. e and f are the magnetic field
distributions for TM light incidence on the left and right sides of the DBR structure,
respectively.
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Figure 3.4. |Optical characteristics of the complex index modulated structures with the index modulation ratio, δ equal to 0, 0.5, 1, and 2.a, transmission.
b, reflection for light incident on the left and right sides

Figure 3.5. |a, Schematic showing the approach used to fabricate an organic thin film
with complex refractive index modulation. Three different organic materials, one with
high index and no extinction, another with low index and no extinction, and the last with
high index and high extinction, are co-evaporated with different time-varying rate profiles
to achieve a specified complex index profile. b, Optical constant dispersion of the organic
materials (tris(8-hydroxyquinolinato)aluminum [Alq3 ], TeflonTM AF 1600, and the mixture DCM(4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran):Alq3 )
used in this study to achieve complex index modulation at a design wavelength of λ =
532 nm.
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Figure 3.6. |a, Refractive index obtained for Teflon:Alq3 composites at λ = 532 nm; the
extinction coefficient at this wavelength is negligible. b, Refractive index and extinction
coefficient obtained for DCM:Teflon composites at the same wavelength. Dashed lines
in (a) and (b) indicate predictions from Bruggeman effective medium (EMA) modeling.
Error bars reflect the standard error calculated in ellipsometry fitting. c, Summary of the
complex indices achievable in the three component Alq3 :Teflon:DCM optical alloy. The
light blue shaded region represents the range of indices possible within the two-component
EMA-calculated boundaries (dashed lines calculated from measured large circle endpoints)
and the black crosses indicate three-component experimental data points. The lower
extinction observed for 44% DCM in Teflon as compared to the same concentration in
Alq3 is due to blue-shifted DCM absorption in the former that results from the solid-state
solvation effect.
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Figure 3.7. |a, Schematic of the CIM film and sample structure used for reflectivity
measurements together with the discrete layer implementation of a complex exponential
index profile. The forward and reverse incidence reflectivity spectra measured for samples
with ∆k = 0 and ∆k = ∆n are shown in panels b and c, respectively. In the latter case, a
strong asymmetry in reflectivity is observed near the λ = 532 nm design wavelength and
the internal reflectivity of the CIM film within the SF10 sandwich vanishes for reverse
incident light.
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Figure 3.8. |a, schematic of prism-coupled angular reflectivity measurement on the CIM
structures. Angular reflectivity profiles obtained at λ = 532 nm for films with increasing
∆k as indicated in the upper left corner of each panel. Starting with the symmetric
case, ∆k = 0 in b, the asymmetry in reflectivity near normal incidence increases for
∆k < ∆n in c, peaks for ∆k = ∆n in d, and then subsequently decreases for ∆k > ∆n
in e. Dashed lines indicate qualitative reflectivity fits calculated via transfer matrix
modeling. The inset in c shows that the scatter in each plot near normal incidence is due
to high frequency Fabry-Perot oscillations between the air/glass interfaces of each sample
due to the coherence of the laser used in the measurement.
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Figure 3.9. |Internal reflectivity contrast ratio calculated using the data of Figure 3.8 at
5◦ incidence corrected for air/SF10 surface reflectance and plotted versus the normalized
∆k
index asymmetry parameter δ = ∆n
. The non-monotonic dependence and peak with CR
= 1 provide strong evidence of PT symmetry breaking at the exceptional point, δ = 1.
The dashed line indicates the analytical model described in the text and error bars for the
data are estimated from multiple sample measurements (y-error) together with parameter
(∆n and ∆k) variations used in the model predictions of Figure 3.8 (x-error).
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Figure 3.10. |CIM waveguide scheme. a, process flow of photoresist grating fabrication and CuPc oblique angle deposition. b, complex refractive indices of photoresist
and CuPc. c, CIM waveguide structure designed to support the fundamental TE mode
at λ = 640 nm with effective refractive index profile ñef f = nef f + ikef f . From [2].
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Chapter 4 |
Nonlinear optical phenomena and spatial modulation of optical nonlinearity in organic optical materials

4.1 Introduction
In the history of optical science and technology, optical materials have long been
assumed to be linear, that is, their optical properties are independent of light
intensity and the frequency of light is never changed by the medium. The invention
of laser in 1960 by Theodore H. Maiman [1] and Gordon Gould based on the
theoretical work by Charles Hard Townes and Arthur Leonard Schawlow [2] enabled
the observations of the interactions between high intensity and coherent light
with materials than previously impossible. Many nonlinear optical behaviors of
optical media have since been discovered. The nonlinear optical phenomena include
the change of the materials refractive index depending on the light intensity, the
violation of the principle of superposition in nonlinear optical media, the change of
the frequency of light passing nonlinear optical media. For example, optical second
harmonic generation (SHG) is a process of combining two photons with energy
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hν into one photon with energy 2hν, so that this is a frequency doubling process.
Similarly, third harmonic generation is a process of the conversion of three photons
into one photon. These common nonlinear optical phenomena are displayed in
Table 4.1. The field of nonlinear optics have offered a plethora of opportunities.
For example, second harmonic generation, sum frequency generation and difference
frequency generation have led various lasers emitting different wavelengths. Kerr
effect have led to optical rotators, isolators, and wave plates.
Table 4.1. A summary of several nonlinear optical phenomena and their frequency and
energy conversion effects. The first column shows the name of these nonlinear optical
phenomena, the second columns shows the interaction of light with an optical medium
having χ(2) or χ(3) leads to higher harmonic generation, and the third column shows the
energy diagram of the multi-photon processes. From [3].
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Optical nonlinearity is inherently the result of light matter interaction. The
nonlinear optical (NLO) materials possess NLO properties, and if the light intensity
is larger than the thresholds, the electric field of the light modifies the optical media
in terms of refractive index and absorption, which in turn modify the the field of
light or even generate another light field.
At present, many NLO devices, especially those for optical communication
technologies are based on inorganic materials such as lithium niobate (LiNbO3 ),
potassium titanyl phosphate (KTP), potassium dihydrogen phosphate (KDP), beta
barium borate (BBO), gallium arsenide (GaAs), and indium phosphide (InP),
mainly because they have good thermal and mechanical stability, a wide optical
transparency domain, and high laser damage threshold. On the other hand,
organic thin films have long been pursued for nonlinear optical (NLO) applications
such as frequency conversion [4–6], electro-optic modulation [7–9], spectroscopy,
and imaging [10, 11], because they combine large and fast nonlinear responses
together with versatile processing and integration capabilities [12–16]. Many of
these functions, such as electro-optics (EO), second harmonic generation (SHG),
optical parametric oscillation (OPO), and optical rectification (OR), rely on the
second order NLO susceptibility, χ(2) in a non-centrosymmetric materials system,
which in turn depends on high dipole moment charge transfer (CT) transitions
that maximize the (first) molecular hyperpolarizability, β [12, 15, 17]. Such χ(2) is
mostly based on π− conjugated molecules (choromophores) with strong electron
donating and accepting substituents at the ends of the π−conjugated structure.
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These molecules must be ordered to exhibit macroscopic NLO response, which is
typically realized by electric poling of the individual NLO molecules in a glassy
polymer matrix to break centro-inversion symmetry [5, 12, 16, 18].

4.2 Microscopic origin of optical nonlinearity
When the electromagnetic field enters an optical medium, the electron clouds
are displaced or distorted from the original place with respect to the positive
charge center (nuclei), this in turn creates oscillating electric dipole moments in the
medium, which oscillate at the same or different frequencies of the incoming light.
This light matter interaction can be analyzed by an electron spring model [3, 19], as
the Coulombic attraction between the positively and negatively charged centers can
be modeled by the spring restoring force (Lorentz model) as depicted in Figure 4.1.
The oscillating electric field stretches or compresses this spring of redistribution of
electrons, which sets the electrons into motions. If the stretching or compression is
relatively small, the motion of the electrons typically follow the oscillation of the
light field, i.e. in simple harmonic motion. If the stretching or compression is very
large and the electrons experience different potentials in the opposite displacement
directions from their natural central position, electron oscillations with higher
frequencies 2ω, 3ω, 4ω, etc. appear, where ω is the fundamental frequency which
is typically the oscillating frequency of the external excitation field (of light).
Macroscopically, the source of all the oscillations gives rise to polarization, P (t),
which describes the tendency of the optical media to be displaced by the electric
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field, and P (t) has one DC part and many AC parts which are proportional to the
higher powers of E following

P (t) = E(t) + χ(2) E 2 (t) + χ(3) E 3 (t) + ...

(4.1)

Figure 4.1. Lorentz electron oscillator model. The Coulombic force between the
positively and negatively charged centers of the material is modeled by a spring with
stiffness given by the spring constant ks . The external electric field exerts a force
F = −qE on the electrons, while the Coulombic force serves as a restoring force given
by Fres = −ks x − ax2 − bx3 − ... The magnitude of the stretch, x, is determined by a
balance between the forces of the external electric field and the system restoration, and
thus an electric dipole moment p = ex is created. From [3]

The potential energy U of a nonlinear electron spring deviates from that of a
harmonic oscillator (i.e. anharmonicity), and can be described by

1
1
1
U = ks x2 + ax3 + bx4 + ...
2
3
4

(4.2)

as also illustrated in Figure 4.2. The electron is in an asymmetric potential well,
that is, the displacement of the electrons in the +x direction results in different
restoring force from that in the −x direction, this arises from the odd power series
as a function of x given in Eqn. 4.2. To analyze the electron motion in the nonlinear
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potential well, we write down the net force on electrons as

Figure 4.2. |Illustrations of potential of a simple harmonic oscillator (blue curve) and
potential with anharmonicity (red curve).

Fnet = m

d2 x
= eE − ks x − ax2 − bx3 − ...
dt2

(4.3)

where m is the mass of the electrons. Here, we are especially interested in the χ(2)
optical nonlinearity originated from the medium. The anharmonic oscillator that
describes the motion of the electrons satisfies the equation

d2 x
dx
e
+Γ
+ ω02 x + Ax2 = E(ω, t)
2
dt
dt
m

(4.4)

where Γ is a damping constant, ω0 is the resonant frequency, and α is the
anharmonic force constant. Here, E(ω, t) is the electric field of the incoming light
and considered the local field in the medium. The displacement x(t) creates an
oscillating electric dipole moment p(t) = ex(t) = αE(t) for each oscillator, where
α is the molecular polarizability. The macroscopic polarization, or the total dipole
moments per unit volume is described by
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P (t) = Ne ep(t) = Ne αE(t)

(4.5)

where Ne is the number of dipoles per unit volume. Neglecting the damping
term Γ, the polarization and susceptibility terms can be expressed as

P0 =

ANe e3 E02
ω2
m2
ω02 (ω 2 − 4ω 2 )(ω02 − ω 2 )2
Ne e2
m(ω02 − ω 2 )

(4.6b)

−Ne Ae3
m2 (ω02 − 4ω 2 )(ω02 − ω 2 )2

(4.6c)

0 χe =
χ(2) =

(4.6a)

From these analyses, one understands that optical nonlinearity can be explained
by the anharmonicity of electron motions in a nonlinear optical medium. However,
in such anharmonicity model, the tensorial characteristics of the nonlinear d
(2),s

(2),s

coefficients (related to χ(2) via dijk = 12 χijk ) are not considered in the calculation
of the nonlinear restoration force constant A. Phillips and van Vechten developed a
theory for DC permittivity of tetrahedrally coordinated (a typical crystal structure
for ionic materials) compounds in the 1960s [20–22]. They proposed that the energy
gap of the material is related to the DC permittivity via (0) − 1 = Ω2p /Eg2 . Here,
Ωp is the plasma energy of the valence electrons. The average gap is considered to
consist of a covalent and ionic part, Eh and C via the relationship Eg2 = Eh2 + C 2 .
The asymmetric potential mainly comes from the ionic part, and C can be described
by C = be2 ( ZrAA − ZrBB ) exp[−ks (rA + rB )/2]. Here, b is a constant, ZA and ZB are the

83

valence of the two elements A and B that form the bond, and ks is the Thomas-Fermi
screening constant.
Based on this theory, there are two approaches to calculate the nonlinear
susceptibility. One is the two-band model [20, 23, 24], a filled valence band and
an empty conduction band, and the matrix elements are evaluated for second
order susceptibility. Following this description, Kleinman expresses a d tensor
a2

2

element of zincblende compounds as d14 = 0.245 |e|0 ( aa0 )(3/2) ECh ( a0eEg )(1/2) χ3/2 , where
a0 is the Bohr radius and χ is the linear susceptibility, this description agrees
with experiment. Another approach is the charge transfer or bond charge model,
which evaluates the variations of linear susceptibility under the perturbation of
the electric field [25]. Following this approach, for example, the first molecular
hyperpolarizability can be explained within the framework of a two-stage charge
transfer process. Both approaches describes the second order susceptibilty well, as
used for the calculation of some d tensors.

4.3 Macroscopic description and tensorial expression
of optical nonlinearity
Macroscopically, SHG (or SFG, or SDG) is a coherent optical process, which requires
the conservation of both energy and mometum. To characteristics of SHG such as
efficiency and frequency, the propagation of the electromagnetic waves in nonlinear
optical media is described by the nonlinear Maxwell’s equations [26]. We start with
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the two following equations:

∇×h=i+

∂e
∂
∂d
= σe + 
+ pN L ,
∂t
∂t
∂t

(4.7a)

∂h
.
∂t

(4.7b)

∇ × e = −µ

Here, taking curl of Equation 4.7b and using Equation 4.7a, we get

∂ 2e
∂2
∂e
+ µ 2 + µ 2 pN L .
∇ e = µσ
∂t
∂t
∂t
2

(4.8)

Here, vector identity and ∇ · e = 0 are used. Equation 4.8 in a scalar notation, is
written as
∇2 e = µσ

∂e
∂ 2e
∂2
+ µ 2 + µ 2 pN L (r, t).
∂t
∂t
∂t

(4.9)

In the cases of SHG and SFG, we consider three waves propagating in the z
direction with frequencies ω1 , ω2 , and ω3 as

1
e(ω1 ) (z, t) = [E1 (z)ei(ω1 t−k1 z) + c.c.],
2

(4.10a)

1
e(ω2 ) (z, t) = [E2 (z)ei(ω2 t−k2 z) + c.c.],
2

(4.10b)

1
e(ω1 ) (z, t) = [E3 (z)ei(ω3 t−k3 z) + c.c.],
2

(4.10c)

Here, we assume that the power flow of ω3 comes from the electric fields of ω1 and
ω2 , or in other words, ω1 and ω2 are the fundamental fields and ω3 is the generated
nonlinear field. Therefore, ω1 + ω2 = ω3 .
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Using slowly varying envelop approximation and assuming zero loss, the nonlinear parametric interactions are described by

iω1
dE1
=
dz
2

r

dE2
iω2
=
dz
2

r

dE3
iω3
=
dz
2

r

µ
dE3 E2∗ e−i(k3 −k2 −k1 )z ,
1

(4.11a)

µ
dE1 E3∗ e−i(k1 −k3 +k2 )z ,
2

(4.11b)

µ
dE1 E2 e−i(k1 +k2 −k3 )z ,
3

(4.11c)

When ω1 = ω2 , that is, in the case of second harmonic generation, Equation 4.11c
p
(2ω)
becomes dEdz = −iω µ d[E (ω) (z)]2 ei∆kz . Here, the phase mismatch is

∆k = k2 − 2k1 = k (2ω) − 2k (ω) .

(4.12)

This expression illustrates the energy conversion from the fundamental to the
second harmonic wave. Under the assumption of non-depletion, that is, the power
of the fundamental is not depleted for the conversion to the second harmonic, one
can take E (ω) as a constant independent of z. Assuming E (2ω) = 0, one obtains the
SH field after propagating over a distance of l along the NLO medium following

E

(2ω)

r
(l) = −iω

µ
ei∆kl − 1
d[E (ω) ]2
.

i∆k

(4.13)

The output intensity is proportional to E (2ω) (l)E (2ω)∗ (l), and the SH power conver-
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sion efficiency is calculated to be

ηSHG

2
2 2 2
P O2ω
3/2 ω d l sin (∆kl/2) P Oω
= 2(µ/)
,
=
P Oω
n3
(∆kl/2)
A

(4.14)

where A is the cross section of the input beam, P O2ω and P Oω are the powers
of the fundamental and SH beams. Here, we notice that SH conversion efficiency
is significantly limited by the phase mismatch term

sin2 (∆kl/2)
,
(∆kl/2)

and this results

in the interference pattern of the SH power. The distance between the main
peak and the first zero of this interference pattern is defined as coherence length
lc =

2π
∆k

=

2π
,
k(2ω) −2k( ω)

this sinc2 function is depicted in Figure 4.3. Such coherence

length is an evaluation of the maximum length of the optical medium for efficient
SHG. After traveling for the distance of lc , the two beams are exactly 180◦ out of
phase with each other, resulting in severe destructive interference. For most of the
nonlinear crystal, lc is on the order of 1 − 10 µm due to the dispersion of the NLO
material.

Figure 4.3. Lineshape of sinc function.
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We understand from these nonlinear Maxwell’s equations that the nonlinear
generation and wave interactions originates from the nonlinear polarization P (ωi ),
or in other words, there is no frequency conversion if P (ωi ) = 0. P (ωi ) is a vector,
which is significantly affected by the symmetry properties of materials, and can be
given in a general expression:

(2)

Pi (ω1 + ω2 ) = 0 Σij Σnm χijk (ω1 + ω2 , ω1 , ω2 )Ej (ω1 )Ek (ω2 ),

(4.15)

where the wave frequencies satisfy the relationship ω1 + ω2 = ω3 . Therefore, one
needs to determine six tensors

(2)

(2)

(2)

(2)

χijk (ω1 , ω3 , −ω2 ), χijk (ω1 , −ω2 , ω3 ),
χijk (ω2 , ω3 , −ω1 ), χijk (ω2 , −ω1 , ω3 ),
(2)

(4.16)

(2)

χijk (ω3 , ω1 , ω2 ),

χijk (ω3 , ω2 , ω1 )

and also six additional tensors in which all the frequencies are replaced by
their negatives. Because Pi (−ω1 , −ω2 ) = Pi (ω1 + ω2 )∗ , Ej (−ω1 ) = Ej (ω)∗ , and
Ek (−ω2 ) = Ek (ω2 )∗ , the second order susceptibilities of the positive and negative
(2)

(2)

frequencies are related to each other via χi,j,k (−ω1 − ω2 , −ω1 , −ω2 ) = χijk (ω1 +
ω2 , ω1 , ω2 )∗ .
Similar to linear optical properties such as linear refractive index, χ(2) can also
depend on wavelengths. Kramers-Krönig relationship applies to nonlinear optics as
well, i.e. the real χ(2) nonlinear dispersion can be calculated from the integration
over a frequency range in which the material absorbs, unlike the conventional linear
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Kramers-Krönig relation that requires the integration over the whole frequency
range. Near the absorption band, the χ(2) optical nonlinearity changes dramatically
with frequency, and the nonlinear response takes relatively long time due to the
interactions between the electrons and molecular or atomic levels. Far away from
the absorption band, χ(2) is nearly independent of frequencies, and the nonlinear
response is instantaneous because the atomic or molecular levels involved are virtual
and there is no real absorption process [27, 28].
For nonlinear optical interactions in most of the inorganic materials such as
oxides and semiconductors, quite often the frequencies of waves are much lower than
the resonance frequencies of the NLO materials. Under the nonresonant conditions,
the χ(2) optical nonlinearity is virtually independent of frequencies. Therefore, the
indices of χ(2) can be permuted without the permutation of frequencies, which
yields

(2)

(2)

(2)

(2)

(2)

(2)

χijk (ω3 = ω1 + ω2 ) = χjki (ω3 = ω1 + ω2 )
χkij (ω3 = ω1 + ω2 ) = χikj (ω3 = ω1 + ω2 )

(4.17)

χjik (ω3 = ω1 + ω2 ) = χkji (ω3 = ω1 + ω2 )
This is known as the Kleinman symmetry condition, which is valid in the
non-absorptive band.
When the Kleinman condition is valid, we introduce the Voigt notation, where
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the nonlinear tensors are expressed in terms of dil according to the prescription

jk : 11 22 33 23, 32 31, 13 12, 21
(4.18)
l:

1

2

3

4

5

6

(2)

Here, the d coefficients satisfy the relationship dil = dijk = 12 χijk . The χ(2)
tensor then can be represented by a 3 × 6 matrix


d11 d12 d13 d14 d15 d16 




di l = d21 d22 d23 d24 d25 d26 




d31 d32 d33 d34 d35 d36

(4.19)

4.4 Second harmonic generation induced by charge
transfer states in organic materials
In organic materials, the χ(2) optical nonlinearity arises from charge transfer (CT)
processes. These CT transitions are traditionally intramolecular in nature, driven
between electron donor and acceptor moieties, as shown in Figure 4.4a, microscopic
ordering is typically achieved via electrical poling of the donor-acceptor substituents
into alignment in a glassy polymer matrix (see Figure 4.4b). Intermolecular CT
transitions that happen between the donor and acceptor molecules provide an
alternative for achieving the basis of χ(2) optical nonlinearity, as shown in Figure 4.4c,
the CT states can be naturally ordered perpendicular to the donor acceptor interface.
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The external electric field of light promotes population of the excited CT states,
and the perturbation of the electric field leads to the mixing of the neutral ground
states and the partially charge separated CT states, which gives rise to the SHG.

Figure 4.4. Charge transfer states for achieving χ(2) optical nonlinearity.|a
intramolecular CT states tend to be disordered especially in the amorphous organic
materials, electric poling is required to achieve non-centroinversion symmetry.b, CT state
alignment achieved by electrical poling, with residual disorder and orientational relaxation.
c, Naturally oriented intermolecular CT states in the multilayer donor-accepter-spacer
(DAS) stacks. Each layer consists of 1∼3 monolayers and the spacer layer is introduced
between each DAS unit to break the centroinversion symmetry.

The hyperpolarizability associated with a given CT transition can be qualita-
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tively understood from a simple two-level model, which predicts:

∆µCT fCT ECT
3q 2
,
βCT (2ω; ω, ω) =
2
2
2~ [ECT
− (~ω)2 ][ECT
− (2~ω)2 ]

(4.20)

where ~ω is the incident photon energy, q is the electronic charge, ECT is the CT
state energy, fCT is its oscillator strength, and ∆µCT is the difference of dipole
moment between the ground and CT excited state.
In contrast to the conventional NLO chromophores based on intramolecular
CT states, we explore the structurally enabled intermolecular NLO response from
the structure depicted in Figure 4.4. The intermolecular CT states have been
widely studied in organic solar cells as key for photocarrier generation, as shown
in Figure 4.5. Although fCT is typically weak for the intermolecular CT states in
comparison with the intramolecular case, the ∆µCT (> 20D) is much larger and
the degree of ordering is higher. Moreover, combined with the large area density of
intermolecular CT states, the χ(2) induced by intermolecular CT states is potentially
comparable or even larger than that induced by intramolecular CT states.

4.5 Modulation of χ(2) nonlinearity via charge transfer
states
As evident from Equation 4.14, to realize large NLO output over long propagation distance (> 10µm), the phase mismatch must be compensated. Current
experimental methods to reduce phase mismatch include anomalous dispersion
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Figure 4.5. Energy diagram represents the donor-accepter system at the organic
photovoltaic heterojunction. Upon light absorption, the electron of the donor material
makes a transition from the HOMO level to the LUMO level and create a bound excited
complex, called excition, due to the large Comloubic screening of the organic materials.
Such an exciton diffuses to the donor-acceptor interface where it can dissociate to the
charge separated (CS) states via a partially bounded complex called CT states. The CT
states are populated if the Eg > ECT . Also, there are chances that the CT states can
recombine to the ground state of the donor. From [29].

phase-matching [30–32], bulk or waveguide birefringence phase-matching [33–35],
modal-dispersion phase-matching [36, 37], quasi-phase matching [38, 39], Cerenkov
phase matching [40,41], etc. Among these techniques, quasi phase matching (QPM)
is one of the most widely used for both inorganic and organic NLO materials, it
typically requires the periodic reversal of the sign of χ(2) to periodically compensate
for the phase mismatch between the fundamental and the SH waves. As illustrated
in Figure 4.6a, the periodic NLO domain reversal (i.e. the reversal of the sign of
χ(2) ) leads to π phase shift in the induced NLO polarization for each χ(2) modulation
period. Therefore, phase matching is achieved with the compensation of the vector
of the χ(2) grating (shown in Figure 4.6b), the SH intensity keeps increasing over
large distance. For most of the organic materials and some NLO crystals also, such
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χ(2) modulation is experimentally realized by periodic poling using opposite electric
fields.

Figure 4.6. Schematic of quasi phase matching|a, the induced SH polarization P undergoes a π phase shift for each domain inversion period. Therefore, P is
in phase with the fundamental electric field E at the beginning of each χ(2) modulation period, if the periodicity of domain inversion, Λ, is usually set to the coherence length lc . From http://www.ru.nl/tracegasfacility/research/laser-sources/opticalparametric/. b, phase matching is realized when Λ = lc . Such QPM boosts SH
power output over large light propagation distance. In the figure on the right, BPM
represents the case of birefringence phase matching or perfect phase matchin. From
http://www.bblaser.com/bbl_item/027hcp.html.

While many χ(2) generation processes involve the frequency conversion and
phase matching of all the waves propagating in the same direction, some NLO
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devices use frequency generation from backward propagating waves. One typical
case is mirrorless optical parametric oscillator (OPO) [42]. OPO, in general, is
a laser source that can emit different laser wavelengths, it uses a laser resonator,
and generates a different frequency from the pump based on the optical gain from
parametric generation in a NLO medium instead of normal stimulated emssion.
Figure 4.7 shows the concept of mirrorless OPO, which does not have mirrors to
create a cavity but uses χ(2) gratings for distributed feedback and more importantly,
backward QPM. Mirrorless OPO provides a compact and wavelength tunable source
for integrated photonic applications, in stark contrast to the conventional bulk
table-top setups with lots optical components. In a guided mode situation, the
coherence length for QPM between co-propagating modes is on the order of 1 − 10
µm, which is relatively large and could be accomodated with existing periodic
poling techniques. However, for the backward QPM case needed for, e.g. mirrorless
OPO as emphasized, the QPM length must be much shorter, on the order of 100
nm. Currently, the technical roadblock of mirrorless OPO implementation, however,
lies in achieving sub-wavelength χ(2) modulation to realize such short coherence
length.
Recently, Canalias and Pasiskevicius have demonstrated a mirrorless optical
parameteric oscillator based on KTiPO4 (KTP) (illustrated in Figure 4.8) for near
infrared wavelength range [42]. They fabricate χ(2) gratings via periodic poling
and domain broadening effect due to the metal electrode fringe fields is avoided via
chemical patterning − creating periodic regions of high and low coercive fields by
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Figure 4.7. Schematic of mirrorless OPO. Here, the pump laser beam interacts
with the χ(2) gratings, and generates two frequencies, the signal and the idler. The signal
is the desired output and propagates in the forward direction, while the idler is dumped
and propagates in the backward direction. Backward QPM is realized by satisfying the
relationship kpump − kidler = ksignal − KG , where KG is the χ(2) grating vector.

periodically introducing extra K ions. While this clever method is proved to be
successful for submicron χ(2) fabrication on KTP, it is less likely to be applied for
a wider range of materials, especially organic NLO materials.
In this thesis work, the second major theme is to extend beyond linear index
modulation and to explore the ultrashort period spatial variation of χ(2) optical
nonlinearity, which is key to for many nonlinear optical devices that require backward propagation QPM. We explore the nanopatterning of the χ(2) induced by
intermolecular charge transfer states using standard nanofabrication techniques
such as grating shadowed oblique angle deposition, so as to laterally structure
the DA interface distribution in such the DAS multilayers enables much shorter
χ(2) grating periodicity than those achieved by the conventional periodic poling
technique.
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Figure 4.8. Mirrorless OPO based on KTiPO4 . a, Schematic of backward QPM
in periodically poled ferroelectric crystal and the vectorial diagram of the interactions
among the counterpropagating waves, with x and z axes indicating the orientation of the
KTP crystal axes. b, Atomic force micrograph showing the crystal domains viewed from
the z surface of periodically poled KTP crystal after chemical etching. From [42]

4.6 Second harmonic generation measurement
The nonlinear optical generation, typically, is a very weak and requires strong
interactions between light and the medium. The threshold of SHG is on the
order of GW / cm2 and therefore very high intensity pumping is necessary. This
becomes a problem for some "fragile" NLO materials, such as organics because high
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intensity pumping may result in the breaking down of the material. To obtain
sufficient SH power while maintaining the integrity of the NLO materials, pulsed
(and even ultrafast) lasers are widely used for excitation, for they have high peak
powers but low average powers. The SH signals are typically detected either by a
photomultiplier tube to determine the intensity or a high resolution spectrometer
to determine the spectrum. Multiple bandpass filters and dichroic mirrors are
needed to eliminate the pumping and stray light. The excitation intensity can be
determined by a thermal photo detector or a ultrafast photodiode for the short
pumping pulses.

4.6.1 Regeneratively amplified femtosecond laser
Regeneratively amplified femtosecond lasers, especially Ti:Sapphire oscillators and
optical parametric amplifiers have widely been used as the excitation source in
nonlinear optical measurements. First built in 1982 [43], the Ti:Sapphire lasers
have a very wide tunable band ranging from 680 to 1130 nm, and have deliver
femtosecond pulses of Watt level power output.
Based on Heisenberg uncertainty principle ∆t∆ν ≥ 1, broad spectral band is the
prerequisite to generate ultrashort laser pulses. Ti:Sapphire crystals absorb from
400 to 600 nm, and emit from 600 nm to >1000 nm, thus becomes suitable gain
medium for femtosecond lasers. The short pulses are initially generated by mode
locked Ti:Sapphire lasers, which are amplified by the regenerative amplification
system, thus high power ultrashort pulses are achieved. Figure 4.9 shows the main
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optical modules of a Ti:Sapphire laser system: the seed laser, the pump laser, the
regenerative amplifier, and the stretcher/compressor.
The seed laser consists of a Ti:Sapphire mode locked laser pumped by a continous diode laser. The pump laser is a diode pumped SH Q-switched laser, and
provides pump power to the regenerative amplifier. The regenerative amplifier is
a compact, enclosed module using Ti:Sapphire as the gain medium, with active
cooling, and includes units of coherent synchronization and delay generator. The
compressor/stretcher consists of gratings to compress/stretch the pulses.

Figure 4.9. Main modules of a Ti:Sapphire femtosecond laser.

In the laser operation, the seed laser initially generates ∼100 fs, ∼800 nm
central wavelength pulses using Kerr lens mode locking (or passive mode locking by
saturable absorber which can be used for even shorter pulses). These pulses pass a
stretcher to reduce peak power for less potential damage. The stretched pulses then
pass the regenerative amplifier, where they are trapped in the laser cavity until all
99

the energy stored in the amplification medium is extracted, and such trapping and
releasing processes are controlled by a Pockel cell. The seed pulses are injected at
the highest gain, and are ejected at the maximum pulse height and stability. The
amplified pulses are then compressed to form shorter and higher power femtosecond
pulses. These compression and stretching processes are illustrated in Figure 4.10.

Figure 4.10. Stretching, amplification, and compression of laser pulses in regenerative
amplification.
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Chapter 5 |
Second harmonic generation induced by intermolecular CT states

5.1 Introduction
Intermolecular CT states existing at the interface between separate donor and
acceptor molecules provide an alternate basis to intramolecular CT states for
achieving large β. This possibility of intermolecular CT states for nonlinear
generation was explored early on in theoretical work by Di Bella et al [6]. and
was subsequently pursued in experiments by Kajzar and co-workers [7, 8], who
thermally evaporated donor-acceptor-spacer (DAS) multilayers using fullerene C60
and various small molecule donors in the manner depicted in Figure 5.1a. Despite
modest nonlinear coefficients d ≈ 5 pm/V (at fundamental wavelength λω = 1064
nm), these authors nevertheless demonstrated the viability of this approach through
increased second harmonic generation (SHG) relative to centrosymmetric DA blend
control films.
Beyond absolute nonlinearity, however, interfacial CT states provide a unique opportunity to modulate χ(2) at the sub-wavelength scale, which is key for applications
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such as backward-wave quasi-phase matching and mirrorless optical parametric
oscillation [2, 4, 9]. This represents a major technological challenge for conventional
periodic poling methods (typically limited to periods >2 µm [2,10,11]) but emerges
naturally for an interfacial CT nonlinearity since the DA interface orientation can
be structured using standard nanofabrication techniques. Figure 5.1b shows a
simple example, where shadowed oblique angle deposition on a sinusoidal surface
relief-patterned substrate is used to invert the CT orientation and sign of χ(2) every
half period.

Figure 5.1. |Generation and modulation of χ(2) by intermolecular charge
transfer states. a, Stacking pairs of organic donor (D) and acceptor (A) thin films
separated by insulating spacer layers leads to a high density of naturally-aligned, intermolecular DA charge transfer states (represented by the dashed ovals), resulting in the
creation of a non-centrosymmetric, χ(2) -active composite material. b, Grating-shadowed
oblique angle deposition provides a simple way to structure the DA interface distribution
and orientation, enabling the creation of χ(2) gratings for quasi-phase matching with
arbitrarily high spatial frequency.

In the first part of our exploration on optical nonlinearity in organic thin films,
we firmly establish the contribution of intermolecular CT states to the χ(2) response
in this class of organic NLO materials using the prototypical organic semiconductor
donors pentacene and rubrene paired with the acceptor C60 . Through incidence
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angle and polarization-dependent SHG measurements, we determine effective NLO
bulk d33 coefficients > 10 pm/V at a fundamental wavelength λω = 800 nm.
The origin of this nonlinearity is understood from the electronic properties and
orientational order parameter of the interfacial CT state determined from polarized
absorption and electroabsorption measurements of the DA interface.

5.2 Second order susceptibility from intermolecular
CT states
The hyperpolarizability associated with a given CT transition can be qualitatively
understood from a simple two-level model [12] [13], which predicts:

βCT (2ω; ω, ω) =

3q 2
∆µCT fCT ECT
,
2
2
2~ [ECT − (~ω)2 ][ECT
− (2~ω)2 ]

(5.1)

where ~ω is the incident photon energy, q is the electronic charge, ECT is the CT
state energy, fCT is its oscillator strength, and ∆µCT is the difference in dipole
moment between the ground and CT excited state. In comparison with fCT 0.5
and ∆µCT 7D for a classic intramolecular CT NLO chromophore such as 4-(N,NDimethylamino)-40 -nitro-stilbene (DANS) [14], intermolecular CT transitions at the
DA interface of organic photovoltaic cells typically have a lower oscillator strength
(fCT ≈ 0.001 − 0.01) and a larger change in dipole moment (∆µCT ≈ 20D) [15].
In a DAS multilayer such as Figure 5.1, net charge transfer and alignment of the
CT transition is expected predominately in the film normal direction (ẑ) owing to the
110

planar C∞v symmetry of the system. Consequently, when the DA hyperpolarizability
tensor is dominated by the (scalar) intermolecular CT contribution, βCT , along
this direction, the second order susceptibility tensor can be expressed as [16]:

(2)

χijk = Floc βCT hθijk iNCT /tDAS .

(5.2)

Here, Floc is an aggregate local field correction factor, NCT is the area density
of interfacial CT states, and tDAS is the DAS unit cell thickness. The orientational
order parameter, hΘijk i, is averaged over all CT orientations defined by the angle,
θ, between their dipole moments and the ẑ direction. Symmetry considerations
dictate that there are only three unique, non-vanishing elements of the susceptibility
(2)

(2)

(2)

tensor in this case, χzzz , χzii , and χizi (the index i represents either of the in-plane
dimensions, x or y).
To isolate the various CT electronic and orientational factors that influence χ(2) ,
we begin by studying a single DA interface involving the donor pentacene (Pn)
and the fullerene acceptor C60 . Bilayers with varying Pn and C60 thicknesses are
grown via vacuum thermal evaporation on sapphire substrates and characterized
by measuring SHG with a weakly focused λω = 800 nm pump in the transmission
geometry shown in Figure 5.2a. Figure 5.2b verifies the quadratic scaling of
SH output with pump intensity characteristic of all samples tested in this work;
luminescence due to two photon absorption does not occur at the second harmonic
wavelength (λ2ω = 400 nm).
Figure 5.2c shows the SH power measured as a function of the sample tilt
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angle (θ) for bilayers with 16 nm of C60 deposited on top of Pn with varying
thickness in the range 6 to 18 nm. As compared to either the bare C60 or Pn
reference layers, the Pn/C60 bilayers yield an approximate 6-fold increase in SH
power that is independent of Pn thickness. Alternatively, fixing the underlying Pn
thickness to 18 nm and varying the top C60 thickness results in a similar effect, as
shown in Figure 5.2d. We note that there is no systematic variation in SH power
with changing Pn or C60 thickness in Figure 5.2c and 5.2d, and thus the scatter
in the data for different thicknesses should be interpreted mainly as the level of
measurement-to-measurement uncertainty associated with measuring very weak
SHG from a single interface. Taken together, these observations point to a strong
nonlinear response associated with the Pn/C60 interface that dominates over that
associated with the organic film bulk, organic/air, or organic/substrate interfaces.
Figure 5.2e and 5.2f respectively display the dependence of p- and s-polarized
SH power on the polarization angle of the fundamental beam (ϕ; see 5.2a) obtained
for a representative 12 nm C60 /18 nm Pn bilayer tilted at θ = 45◦ . The data reveal
that p-polarized SHG is in general much stronger than s-polarized SHG. Together
with the observation that SHG maximizes at high tilt angle (θ) in Figure 5.2b and
(2)

5.2c, this suggests that the susceptibility tensor is dominated by χzzz , which is
qualitatively consistent with Pn/C60 CT transitions oriented orthogonal to the DA
interface.
The magnitude of the effective surface nonlinearity is determined by globally
fitting the data in Figure 5.2c-5.2f with a simple model (see Chapter 5.5.1) calibrated

112

against a z-cut LiNbO3 reference wafer. The results, given in Voigt notation in
(2),s

terms of the effective surface NLO coefficients [17], are ds33 = χzzz / 2 = 1.0 × 10−13
(2),s

esu (420 ± 76 nm · pm / V ), ds31 = χzii / 2 = 2.5 × 10−14 esu (105 ± 19 nm · pm / V ),
(2),s)

and ds15 = χizi

/ 2 = 2.5 × 10−14 esu (105 ± 19 nm · pm / V ). The similarity of

the latter two values suggests that Kleinman symmetry holds in this case, though
this is not known a priori due to the proximity of the pump and CT transition
energies. The value of ds33 , which primarily results from the Pn/C60 DA interface
(Figure 5.2c and 5.2d establish that contributions from other interfaces and the
film bulk are small), is roughly two orders of magnitude larger than that typical for
a monolayer of polar molecules adsorbed on a surface (∼ 10−14 ∼ 10−15 esu) [18].
Extrapolating this effective surface value to the bulk nonlinear coefficient that could
be obtained in a DAS multilayer stack as in Fig. 1a and assuming a conservative
estimate for the period tDAS = 30 nm in Eqn. 5.2] leads to db33 = ds33 / tDAS ≈ 14)
pm/V, which is similar in magnitude to that of the benchmark inorganic material
LiNbO3 (d33 = 38 pm/V at 800 nm).
(2),s

(2),s

The ratio of tensor elements, χzzz / (χzii = 4.0 ± 1.2), found here is similar to
that observed for poled polymer systems [19] and inorganic ABC nanolaminates
[20] [21] [22]. Assuming a constant local field factor, this ratio depends only on
the associated orientational averages,hΘzzz i / hΘzii i = 2hcos3 θi / hsin2 θ cos θi, and
thus primarily reflects the breadth of the CT orientational distribution function
f (θ) since the average CT orientation can reasonably be expected to be normal
to the interface (i.e. hθi = 0). Although f (θ) is not explicitly known, we assume
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it can be reasonably described by the general functional form, f (θ) ∝ cosn θ. In
this case, n ≈ 2 yields the observed hΘzzz i / hΘzii i ratio determined above, from
which it is subsequently possible to estimate the order parameter for CT state
alignment [16], S = (h3 cos2 θ − 1i) / 2 ≈ 0.65. This estimate agrees with the order
parameter determined from dichroism in the linear CT absorption discussed below
and is similar to the value observed for well-aligned nematic liquid crystals [23].

5.3 CT electronic transitions underlying the hyperpolarizability
To quantify the CT electronic properties that underlie the hyperpolarizability in
Eqn.5.1, CT absorption and electroabsorption measurements are carried out for the
Pn/C60 interface using the photovoltaic device architecture shown in Fig. 3a. Figure
3b plots the photovoltaic external quantum efficiency (EQE) measured for a typical
device over several orders of magnitude on a logarithmic scale. The low-energy
shoulder below the Pn and C60 excitonic absorption manifold (E < 1.4 eV) is
due to the CT transition at the DA interface. This shoulder is not observed for
pure Pn or C60 devices and its strong polarization anisotropy favoring p-polarized
excitation is consistent with a transition dipole moment oriented normal to the
layer interface.
Previous work has shown that the difference between p- and s-polarized EQE
spectra provides a convenient route to isolate the anisotropic CT absorption from
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the largely isotropic, common mode excitonic background [24]. Coupled with
transfer matrix modeling of the thin film optics using the known Pn and C60
optical constants (see Figure 5.7), a reasonable estimate of the CT absorption
can be extracted from the EQE difference spectrum, ∆EQE = EQEp − EQEs .
The broad linewidth of the resulting CT spectrum may result from two, partially
overlapping transitions [24]. Nevertheless, taking the molecular density at the DA
interface (∼ 1014 cm−2 ) as an estimate for the density of available CT transitions,
it is possible to integrate the resulting CT absorption cross-section as detailed in
Chapter 5.5.2 and determine an approximate value for the CT transition oscillator
strength, fCT 0.004. In addition, it is also possible to estimate the dichroic ratio
between normal (ẑ) and in-plane (||) components of the CT absorption coefficient
ellipsoid, r ≡ αCTz / αCT|| , and thereby independently determine [23] the nematic
alignment order parameter, S = (r − 1) / (r + 2) = 0.62, which is consistent with
that found from the nonlinear response above.
Strong polarization anisotropy is similarly observed in the CT spectral region
(E < 1.4 eV) of the electroabsorption (EA) spectrum shown in Figure 5.3, confirming
the highly oriented nature of the CT transition orthogonal to the DA interface. In
this case, a dithered reverse bias is applied to the device to produce a ẑ-directed
electric field, Fz = FDC + FAC cos(ωt), and the change in absorption, ∆α1 ω, is
detected synchronously at the modulation frequency (ω). In contrast to the usual
quadratic Stark effect observed in the excitonic region of the EA spectrum (not
shown), the low energy CT-related signal arises from the linear Stark effect owing
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to the net CT state alignment [25]. Based on the apparent change in oscillator
strength observed for the lowest energy CT transition, we estimate its associated
dipole moment, ∆µCT ≈ 40 D; see Chapter 5.5.3. Taken together with the energy of
this CT state (which is resolved from the EA peak at ECT = 1.12 eV), its oscillator
strength, and its degree of alignment determined above, these parameters provide
a point of reference for comparison with established organic NLO poled polymer
systems.

5.4 Experimental methods
5.4.1 Sample preparation
Pentacene/C60 bilayers used in SHG measurements are grown on pre-cleaned,
ultraviolet-ozone treated sapphire wafers in a thermal evaporator with a base
pressure of ∼ 10−7 Torr. Pentacene is deposited first at rates in the range 0.3 - 0.6
Å/s with the substrate temperature held at 60◦ C, followed by C60 deposition at a
rate of 0.5 Å/s and substrate temperature of 20◦ C. Pentacene/C60 photovoltaic
cells are fabricated in the same evaporator on pre-patterned indium tin oxide
(ITO)-coated glass substrates with the device structure: ITO/Pn (20 nm)/C60
(20 nm)/bathocuprouine (10 nm). The cells are completed by evaporating 80
nm Al contacts through a shadow mask to produce 4 mm2 active device area.
The Pn layer in these devices is intentionally grown at a rate of 1.5 Å/s with a
substrate temperature of −25◦ C to minimize the grain size and achieve low shunt
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current to facilitate electroabsorption measurements. The different Pn grain size
and morphology in the photovoltaic and SHG bilayers is a recognized uncertainty
in extrapolating CT state properties between the two cases.

5.4.2 Second harmonic generation
Second harmonic generation measurements are performed using a Coherent Libra
amplified Ti:Sapphire pump laser (λ = 800 nm, 50 fs pulse width, 1 kHz repetition
rate) weakly focused on the test samples with a beam waist of 2 mm and an
approximate pulse energy of ∼ 40 µJ; negligible SHG was detected from the
sapphire substrate at this power level. The polarization of the fundamental beam is
controlled using a half wave plate and samples are mounted on a rotation stage to
vary the incidence angle. Second harmonic light is isolated from the fundamental
through a series of edge pass filters followed by two additional folding mirrors to
reject residual scattered light. The second harmonic signal is detected synchronously
using a photomultiplier tube and a lock-in amplifier. The measurement scheme is
depicted in Figure 5.6. To determine the absolute magnitude of the surface NLO
d coefficients, SHG is collected in direct transmission at the same pump power
level from both the test samples and a congruently grown, z-cut LiNbO3 reference
crystal. The measured SH power of the thin film test samples is fit as a function
of the pump incidence and polarization angles to a nonlinear sheet polarization
model for transmitted surface SHG, whereas the calibration SHG from LiNbO3 is
analyzed via a thin film model [26].
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5.4.3 Polarized external quantum efficiency and electroabsorption
Polarized EQE and EA measurements are carried out on Pn/C60 photovoltaic
devices using a laser-driven Xenon lamp filtered through a monochromator and
chopped at 1 kHz. Polarization is controlled with a broadband wire grid polarizer.
In EQE measurements, the light is incident onto the sample at an angle of ∼ 45◦
and the photocurrent is pre-amplified and recorded by a lock-in amplifier. A
multi-bounce waveguide geometry is used to enhance the weak CT EA signal, with
incident light coupled into and out of the 1 mm thick substrate using a pair of right
angle prisms, as illustrated in Figure 5.5. A string of photovoltaic devices along
the bounce path are electrically tied together and depleted by a -4 V reverse bias
superimposed on a 2 Vrms, 1 kHz AC sinusoid. The relative change in transmitted
light (∆T /T ) is recorded with a photodiode and lock-in amplifier. It is related to the
field-induced change in absorption coefficient (∆α) according to N ∆αd = −∆T /T ,
where N ∼ 12 is the total number of bounces along the waveguide. Neglecting
interference effects, the optical interaction length, d, through each device is taken
to be approximately twice the Pn or C60 layer thicknesses divided by the cosine of
the incidence angle (due to the double pass in reflection off the cathode mirror)
for interpretation of their respective (bulk excitonic) EA signals whereas 1 nm is
assumed for the effective thickness of the interfacial CT region.
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5.5 Models and calculations
5.5.1 Nonlinear surface polarization model for SHG
Transmitted SHG from the organic thin film samples in Figure 5.2 of the manuscript
is modeled following the work of Shen [18] in terms of a nonlinear polarization sheet
sandwiched between two different linear isotropic media as illustrated in Fig. S1.
In this model, an electric field at the second harmonic frequency (2ω) transmitted
to medium 2 is generated from nonlinear sheet polarization:

P s (2ω) = ps (2ω)δ(z)exp(ik · r − i2ωt),

(5.3)

induced by the incoming fundamental field in medium 1.
The nonlinear Maxwell wave equation in turn relates the SH radiation field to
P s according to:

∇ × (∇ × E) + ((n2s )/c2 )(∂ 2 /(∂t2 ))E = (−4π/c2 )(∂ 2 /(∂t2 ))P s .

(5.4)

Introducing the electromagnetic boundary conditions between each medium
subsequently enables solution for the p- and s-polarized SH fields in medium 2:

Ep (2ω) =

n21 (2ω)
i4πk2
s
[k
p
−
(
)kx psz ] exp(ik2 · r − i2ωt), (5.5a)
1z x
n21 (2ω)k2z + n22 (2ω)k1z
n2s (2ω)

Es (2ω) = (i4πk2 )/(k2z + k1z )[(k2 psy )/(n22 (2ω))] exp(ik2 · r − i2ωt),
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(5.5b)

where k2 , k1z , k2z , and kx are the SH wave vector in medium 2, the z-component
of the SH wave vector in medium 1, the z-component of the SH wave vector in
medium 2, and the conserved in-plane (x-component) SH wave vector, respectively.
The linear refractive index of the polarization sheet is ns , and ps(x,y,z) are the x,
y, and z components of the nonlinear polarization. Finally, the linear refractive
indices of medium 1 at the fundamental and SH frequencies, and of medium 2 at
the SH frequency are n1 (ω), n1 (2ω), and n2 (2ω), respectively.
In the simplified case when medium 1 and medium 2 have the same dielectric
properties, there is no boundary and the fields become:

Ep0 (2ω) =

kx (2ÏĽ) (2)
i4πω (2)
(χs,ijk −
χ
)E1j (ω)E1k (ω),
c
k1 z(2ω) s,ijk

i2πk22 (2ω) (2)
Es0 (2ω) = 2
χ
E1j (ω)E1k (ω).
n2 (2ω)k1z s,ijk

(5.6a)

(5.6b)

The relationship between these simplified fields and those of the full system
with a dielectric boundary can be described by the following field correction factors:

Lxx = (

Ep
2n22 (2ω)k1z
)x = 2
,
Ep0
n1 (2ω)k2z + n22 (2ω)k1z

(5.7a)

Es
2k2 z
)y =
,
Es0
k2z + k1z

(5.7b)

Lyy = (
Lzz

Ep
2n22 (2ω)k2z (n21 (2ω)/n2s (2ω))
=(
)z =
.
Ep0
n21 (2ω)k2z + n22 (2ω)k1z

(5.7c)

Using these field correction factors, the SH fields in Eqns. 5.5a and5.5b can be
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rewritten as:

Ep (2ω) =

i2πk2
(k2 zLxx psx − kx Lzz psz ) exp(ik2 · r − i2ωt),
2
n2 (2ω)k2z

Es (2ω) =

i2πk2
Lyy psy
2
n2 (2ω)k2z

exp(ik2 · r − i2ωt).

(5.8a)

(5.8b)

Owing to the C∞v symmetry of the thin film samples under consideration,
there are only three nonvanishing components of the susceptibility tensor: χs15 =
2ds15 , χs31 = 2ds31 , and χs33 = 2ds33 . To obtain psx,y,z via the relationships psi =
(2),s

(2),s

(2),s

(2),s

χijk Eij (ω)Eik (ω) and dijk = 1/2χijk , the expressions for the total NLO dx,y,z
coefficients (that represent NLO response along the x, y, and z sample coordinates)
are derived as:

dsx = ds15 cos(θ2 (2ω)) sin(θ2 (2ω))t2p,1s (ω) cos2 φ,

(5.9a)

dsy = 2ds15 sin(θ2 (2ω))tp,1→N LO (ω)ts,1→s (ω) cos φ sin φ,

(5.9b)

dsz = ds31 sin(θ2 (2ω))t2s,1→s (ω) sin2 φ + ds15 cos2 θ2 (ω)) sin(θ2 (2ω))t2p,1→s (ω) cos2 φ
+ ds33 sin(theta2 (ω)) sin(θ2 (ω))t2p,1→s (ω) cos2 φ,
(5.9c)
where θ2 (ω) and θ2 (2ω) are the transmission angles of the fundamental and SH
waves in medium 2 determined via Snell0s law. The polarization angle of the incident
fundamental beam, φ = 0◦ and φ = 90◦ for p- and s-polarizations, respectively, and
tp,1→s (ω) and ts,1→s (ω) are the corresponding Fresnel transmission coefficients for
the p- and s- polarized fundamental waves from medium 1 into medium NLO sheet.
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Relating the second harmonic electric field to the intensity via:

cn2 (2ω)|E(2ω)|2
,
I(2ω) =
2π

(5.10)

then yields, after some manipulation, the absolute p- and s-polarized SH beam
powers transmitted into air from medium 2:

P Op (2ω) =

32π 3 k22
2
Acn21 (ω)n42 (2ω)cos2 (θ2 (2ω))k2z

(5.11a)

2
× [(k2z
L2xx (dsx )2 + kx2 L2zz (dsz )2 )2 |tp,2→a (2ω)|2 Sp2 (ω)],

P Os (2ω) =

32π 3 k22
(Lyy dy )2 |ts,2→a (2ω)|2 Ss2 (ω).
2
Acn21 (ω)n32 (2ω)cos2 (θ2 (2ω))k2z

(5.11b)

Here, A is the pump spot area, tp,2→a (2ω) is the Fresnel transmission coefficient of
the SH wave from medium 2 into air and P Op (ω) and P Os (ω) are the p- and spolarized fundamental beam powers, respectively. In analyzing the Pn/C60 bilayers
from Figure 5.2 of the manuscript, medium 1 is taken to be air, medium 2 is the
sapphire substrate, and n_s is the average of Pn and C60 refractive indices. We
note that, because this model does not account for the fact that both Pn and C60
absorb at the second harmonic wavelength, the extracted NLO d coefficients likely
underestimate the actual values.
subsectionLinear optical constants of pentacene and C60
The linear complex refractive index dispersions of pentacene and C60 thin films
deposited on a silicon substrate are measured via variable angle (θ = 55◦ , 65◦ ,
75◦ ) spectroscopic ellisometry in the wavelength range 250 < λ < 1700 nm. The
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refractive index dispersions are fit using a Tauc-Lorentz model, with extinction
coefficients independently verified from absorption coefficients (α) measured with a
UV/VIS/NIR spectrophotometer according to the relationship, A = 1 − T − R =
1 − e−αL , where L is the film thickness and A, T , and R are the absorptance,
transmittance, and reflectance, respectively.

5.5.2 Calculation of CT state oscillator strength
The CT state absorption spectrum is deduced from the difference of s- and ppolarized EQE spectra as described previously [24], assuming an effective thickness,
tCT = 1 nm, for the CT interfacial absorbing region. Based on this model, the
absolute CT state extinction coefficient, kCT , is determined through transfer matrix
modeling that incorporates the known optical constants of pentacene and C60 given
in Figure 5.7b. This in turn enables estimation of αCT = 4πkCT / λ and thus the CT
state absorption cross-section, σCT = (αCT NCT ) / tCT , assuming that the interface
CT state density, NCT ∼ 1014 cm−2 .

5.5.3 Electroabsorption model for oriented CT states
The energy shift of a localized CT transition due to a static electric field applied
normal to the interface (Fz ) follows from perturbation theory in terms of the change
in dipole moment, ∆µCT , and the change in (tensor-averaged) polarizability, h∆p̄CT ,
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between the ground and CT excited states:

∆ECT ≈ −|∆µCT |Fz cos θ − h∆p̄CT i(Fz2 ) / 2,

(5.12)

where θ is the angle between the CT dipole moment and the ẑ-directed applied electric field, Fz . Taylor expanding the associated change in CT absorption coefficient
due to the energy shift

1 00
0
2
∆ECT
,
∆αCT = αCT
∆ECT + αCT
2

(5.13)

and retaining only first harmonic terms from the applied field, Fz = FDC +
FAC cos(ωt), then leads to:

0
0
∆αCT,1ω = − αCT
∆µCT FAC cos(θ) − αCT
h∆p̄CT iFDC FAC

(5.14)

00
[∆µ2CT FDC FAC cos(2θ)],
+ αCT

0
00
where αCT
and αCT
are the first and second derivatives of the linear CT absorption

spectrum with respect to photon energy. The first term on the right-hand side
of Eqn. 5.14 is the linear Stark shift and is only observed when there is a net
alignment of CT dipoles (i.e. when h cos θi =
6 0). In addition, because the applied
field mixes the CT state (energy ECT ) with other states of similar energy, Em (e.g.
other CT states or local D or A exciton states), a transfer of oscillator strength is
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also possible according to [27]:

∆αCT ≈ αCT

∆ECT
.
Em − ECT

(5.15)

In the case of the Pn/C60 EA spectrum shown in Figure 5.3c of the text, we observe
that the magnitude of the first harmonic CT EA signal is independent of DC bias,
which rules out the latter two terms in Eqn. 5.14 and confirms that the CT EA arises
from the linear Stark effect (in contrast with the higher energy excitonic transitions,
which exhibit the usual quadratic Stark effect). Overlaying the field-induced change
of CT absorption together with the linear CT absorption in Figure 5.8, it is evident
that the EA signal is not described by a derivative lineshape (i.e. arguing against
the first term of Eqn. 5.14) and is instead more consistent with a change in the
strength of the lowest energy CT transition highlighted by the red dashed line.
5.8, it is evident that the EA signal is not described by a derivative lineshape (i.e.
arguing against the first term of Eqn. 5.14) and is instead more consistent with a
change in the strength of the lowest energy CT transition highlighted by the red
dashed line. We note that, in the weak microcavity of a solar cell architecture, it
is also possible for EA signals to manifest from the electromodulated change in
refractive index that accompanies the absorption changes outlined above due to
the Kramers-Kronig relation. A refractive index contribution seems unlikely in
this case, however, since the ∼ 1 nm thick CT interfacial region should make any
associated phase shift negligible. On the other hand, because at least one additional
CT state clearly exists ∼ 0.2 eV above the lowest energy transition (blue dashed
125

line), it seems plausible that a transfer of oscillator strength between the two could
dominate the EA spectrum. We therefore tentatively evaluate the magnitude of
the EA peak on the basis of Eqn. 5.15 assuming Em − ECT ≈ 0.2 eV, which in
turn leads to an estimate for ∆µCT ∼ 40 D. A more detailed analysis of the CT
state EA spectrum remains the subject of ongoing work.
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Figure 5.2. |SHG from a single pentacene/C60 interface. a, Experimental geometry used to measure transmitted second harmonic generation (SHG) as a function of the
pump polarization (ϕ) and incidence (θ) angles; the fundamental wavelength is λω = 800
nm. The inset shows the sample structure, which consists of a pentacene/C60 bilayer
deposited on a sapphire substrate. b, Quadratic dependence of SH power on fundamental
power that is typical of all samples studied. The error bars reflect standard deviations
calculated from multiple measurements on the same sample structure. c, Tilt scan results
of p-polarized SHG from bilayers with fixed C60 and varying pentacene thickness (blue
squares) as indicated in the legend; the individual pentacene (red circles) and C60 films
(black triangles) are included for reference. d, The same measurement carried out on
bilayers with fixed pentacene and varying C60 thickness. The strong increase in bilayer
SHG independent of constituent film thickness points to a dominant contribution from
the DA interface. (e,f ) Polar plots show the dependence of p- and s-polarized SHG
on pump polarization angle, consistent with a nonlinear susceptibility exhibiting C∞v
symmetry. Solid magenta lines in c, d, e, and f are the result of global fits to all of the
bilayer sample data associated with each respective panel using the surface SHG model
described in Chapter 5.5.1.
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Figure 5.3. |Absorption and electroabsorption spectra of pentacene/C60 CT
states. a, Schematic of the photovoltaic device structure used for external
quantum efficiency (EQE) and electroabsorption (EA) measurements. b, Polarized EQE spectra measured for the device. The s- and p-polarized EQE data overlap at
energies > 1.5 eV where isotropic bulk layer exciton transitions dominate, but the polarizations differ markedly in the low energy region (E < 1.4 eV) dominated by anisotropic CT
state absorption. The simulated s- and p-polarized EQE spectra (solid blue and red lines,
respectively) in the excitonic region are based on the measured complex refractive indices
of Pn and C60 (see Figure 5.7 Linear optical constants of pentacene and C60 ). The inset
shows the CT absorption coefficient extracted from the EQE spectra. c, Polarized EA
spectra in the CT region (E < 1.4 eV), where the p-polarized response again dominates
due to the alignment of CT states normal to the pentacene/C60 interface.
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Figure 5.4. |Schematic of measurement setup for second harmonic generation.
The power of the fundamental beam can be continuously monitored and attenuated by ND
filters, a long pass filter was used to eliminate the residual pump beam. The arrangement
of a wave plate and a sample rotational stage varied the polarization and the angle of
incidence of the fundamental beam, which was weakly focused on the test samples, with
approximate beam energy of 50 uJ/pulse and beam waist of 2 mm. Negligible SHG was
detected from the sapphire substrate at this power level.

Figure 5.5. Schematic of the multi-bounce waveguide geometry used to increase the
signal to noise ratio of weak CT state electroabsorption signals. Light is coupled in and
out of the device substrate by a pair of right angle prisms and interacts with multiple
different devices tied together with a common ITO electrode.
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Figure 5.6. Geometry of the nonlinear optical polarization sheet model for transmitted
SHG.

Figure 5.7. |Linear optical properties of pentacene and C60 . a, Linear refractive
indices of pentacene and C60. b, Absorption coefficients of pentacene and C60 .
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Figure 5.8. |Linear optical properties of pentacene and C60 . a, Linear refractive
indices of pentacene and C60 . b, Absorption coefficients of pentacene and C60 .
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Chapter 6 |
Subwavelength χ(2) modulation in organic thin films

6.1 Subwavelength χ(2) modulation using DAS multilayers
6.1.1 Experimental and demonstration and modeling analysis
Arguably the primary motivation for exploring intermolecular CT-based NLO
materials lies in the opportunity to modulate χ(2) at the nanoscale. To demonstrate
this, we constructed asymmetric DAS multilayers via oblique-angle deposition
on the surface of a shallow photoresist grating as illustrated in Figure 6.1a. By
uniformly depositing the D and S layers, and selectively depositing the A layers
only on the ’windward’ grating facets [1], it is possible to periodically vary the
lateral distribution of DA interface and thus also the magnitude of χ(2) . In this
case, rubrene, C60, and the wide gap molecule 4,4’-Bis (N-carbazolyl)-1,1’-biphenyl
(CBP) are chosen for the D, A, and S layers, respectively, because they can be
grown amorphous as thin, continuous layers to form a well-defined DAS stack. This
is in contrast to DAS multilayer attempts with pentacene, which are complicated by
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strong crystallization that disrupts layer continuity (and thus CT state orientational
order) within a few periods (See Figure 6.4 for details). The rubrene/C60 interface
nevertheless exhibits the same type of intermolecular CT-based χ(2) nonlinearity
established for pentacene/C60 , enabling bulk DAS multilayer stacks with db33 ≈ 9
pm/V (See Figure 6.7).

Figure 6.1. |Sub-wavelength χ(2) grating fabrication. a, Schematic showing the
grating-shadowed oblique-angle deposition approach used to periodically pattern the
distribution of donor-acceptor interface in a DAS multilayer. Samples consist of a
sinusoidal photoresist grating on glass, with uniformly-deposited CBP spacer and rubrene
donor layers, and obliquely-deposited C60 acceptor layers. The nominal thickness of each
layer is 5 nm and complete samples contain five DAS periods. (b,c) Cross-sectional
scanning electron micrographs show the bare photoresist grating template (b) together
with the result after coating with three DAS periods (c). The scale bar is 200 nm in
both b and c. The layer thicknesses in c are purposely exaggerated at 25 nm for image
clarity to enable the periodic accumulation of C60 on the right-hand grating facets to be
discerned.

Figure 6.1b shows a cross-sectional scanning electron micrograph of an initial,
bare sinusoidal photoresist grating on a Si substrate and Figure 6.1c shows the result
after deposition of a three period DAS multilayer using an oblique deposition angle
of ∼ 70◦ , with layer thicknesses exaggerated (25 nm each) for image clarity. The
periodic distribution of C60 that results from the shadowing effect of the grating is
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clearly evident in the DAS example of Figure 6.1c; actual SHG experiments were
conducted using five DAS periods with 5 nm individual layer thickness to maximize
the interface density as depicted in Figure 6.1a.
Nonlinear diffraction measurements were used to verify the expected variation in
χ(2) according to the experimental geometry shown in Figure 6.2a. Due to the short
period of the grating, no diffracted orders are possible for the fundamental beam
and only the m=-1 diffraction order is allowed for the second harmonic according
to the nonlinear grating equation,sinθd = sin[θi + m(λ2ω / Λ)]. Because the DA
interface distribution in the oblique angle-deposited sample is spatially asymmetric
with respect to the grating surface profile, these χ(2) -active regions will experience
different local field intensities at the fundamental frequency when the pump beam
is incident from the right or left. The magnitude of the resulting second-order
nonlinear polarization grating is thus expected to differ for left and right incidence
and, to a lesser extent, so is its diffraction efficiency since the coherently oscillating
nonlinear polarization grating is also positioned asymmetrically with respect to the
grating surface profile. Collectively, these effects should lead to a strong asymmetry
in diffracted SHG intensity for left vs. right incidence if a χ(2) grating exists.
Figure 6.2b shows the result of this experiment for the modulated DA sample
in Figure 6.1a based on the SH power detected in the m = −1 transmitted order
(T(−1) detected at θd = −67.5◦ ) for a fundamental incidence angle, θi = 32.5◦ . In
this measurement, left and right incidence are exchanged simply by rotating the
sample θi = 180◦ about its azimuthal axis, ẑ, as shown in Figure 6.2a. The data
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Figure 6.2. |Second harmonic diffraction from χ(2) gratings. a, Geometry of
the nonlinear diffraction measurements. Only the zeroth and first diffracted orders are
possible at the second harmonic (SH) owing to the Λ = 280 nm grating period. In the
experiments, the incidence angle (θi ) of the p-polarized, λω = 800 nm fundamental beam
is fixed and the intensity of the first transmitted SH order (T(−1) ) is monitored while
rotating the sample azimuthally to exchange between left (φi = 0◦ ) and right (φi = 180◦ )
incidence on the grating. Linear diffraction is probed in the same manner using a low
intensity, λ = 400 nm input beam generated by frequency doubling the pump with a beta
barium borate crystal. b, Nonlinear SH and linear T(−1) diffraction intensities (both at
λ = 400 nm) measured for left and right incidence on the oblique-angle modulated DAS
sample. The SH diffraction is ∼ 3 times stronger for right incidence, which cannot be
explained by the linear T(−1) diffraction (since it instead favors left incidence) and thus
a nonlinear χ(2) grating must be present. c, The same measurements conducted on a
control grating with a uniformly-deposited DAS multilayer are symmetric for left and
right incidence.

in Figure 6.2b confirm a roughly 3-fold difference in SH power for left vs. right
incidence that is not observed for a uniformly-coated control grating in Figure 6.2c.
It is important to note, however, that the oblique angle deposition process will also
lead to some asymmetry in the linear index grating (analogous to a blaze due to
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shape asymmetry or due to the different C60 refractive index on one grating facet),
which will also contribute to the left/right asymmetry in diffracted SH power. To
assess this possibility, linear diffraction measurements with low intensity light at
the second harmonic wavelength (i.e. λ = 400 nm; blue lines in Figure 6.2b and
6.2c) were conducted in the same manner. Slight asymmetry is indeed observed in
the linear diffraction of the oblique angle-deposited sample in Figure 6.2b; however,
it is opposite to that observed for the SH diffraction data and thus a nonlinear χ(2)
grating must exist in this sample to explain the SHG asymmetry.
These observations are understood on the basis of finite difference time domain
(FDTD) nonlinear diffraction simulations in Figure 6.3, which show the asymmetric
optical field distribution (|E|2 ) of the grating together with the associated far-field
SH diffraction intensities predicted for left vs. right incidence at θi = 32.5◦ . In
Figure 6.3a, when light at the fundamental frequency is incident from the right, the
field intensity at the right-hand facets where the DAS χ(2) nonlinearity is located
(denoted by the white dashed line) is ∼ 2.5 times higher than when the fundamental
is incident from the left. The induced second order nonlinear polarization from the
nonlinear regions is consequently much stronger for right incidence than for left
incidence as shown in Figure 6.3b, and this in turn leads to the asymmetry in T(−1)
diffracted SH power summarized in Figure 6.3c, in qualitative agreement with the
experimental data.
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6.1.2 Discussions and perspectives
While the χ(2) nonlinearity of the DAS systems studied here compares favorably
to that obtained recently for similar, inorganic ABC-type multilayers (where noncancelling interfacial nonlinearities between three different oxide layers combine to
enable db33 ∼ 0.2 − 6 pm/V) [2] [3] [4], it is important to point out that the values
here likely involve a substantial resonant enhancement since the λω = 800 nm pump
lies near the pentacene/C60 and rubrene/C60 CT transition energies (ECT = 1.12
eV and ECT = 1.45 eV, respectively). By the same measure, both donor materials
and C60 absorb strongly at the second harmonic wavelength, which is not accounted
for in our analysis and likely leads to an underestimation of the true SH response.
This is of course problematic for SH or sum frequency generation applications in
the visible spectral range but could be addressed by choosing donor and acceptor
materials with wider excitonic energy gaps.
The ability to pair different donor and acceptor molecules also affords freedom
to tune the CT state energy, which strongly impacts β according to Eqn. 5.1 and
roughly follows the difference between donor ionization potential and acceptor
electron affinity. Although low CT oscillator strength seems like an unavoidable
tradeoff for intermolecular CT states with small electron-hole wave function overlap,
the large density of CT states per unit energy together with their potential for
delocalization at a solid-state heterojunction may compensate to some degree [5]. In
general, quantum chemical calculations are needed to predict optimal D/A pairings
and mutual orientations to maximize β, as well as to extend the design rules
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established for individual, intramolecular CT NLO chromophores to solid-state,
many molecule DA CT systems.
Apart from the electronic factors affecting β, CT orientational order at the DA
interface (and thus χ(2) ) can vary dramatically depending on the morphology of the
materials involved. Evidence suggests that the degree of CT state alignment tends
to be higher at a smooth, largely crystalline DA interface than for an amorphous
DA interface, presumably due to some degree of molecular-scale intermixing in the
latter [3]. On the other hand, easily-crystallizable molecules such as pentacene are
problematic for DAS multilayers because they lead to a rapid increase in surface
roughness after just a few periods (see Figure 6.4), whereas amorphous materials (i.e.
rubrene in this case) enable smooth, many-period multilayers with little apparent
degradation in interface quality, as evidenced by bulk-like (i.e. quadratic) scaling
of SHG with the number of DAS periods. See Supplementary Figure 6.7 for details.
Growth techniques such as organic molecular beam deposition provide one route to
maintaining high interface quality/planarity in crystalline multilayers [6]. Other
strategies such as sequential stamping or lamination of the different layers are also
conceivable [7].
Beyond improving DAS χ(2) materials, resonant waveguide grating schemes
could be adopted to significantly increase the nonlinear conversion efficiency by
choosing an appropriate combination of organic film thickness and modulation
period [8]. In particular, our short-period χ(2) patterning approach opens up an
exciting possibility to quasi-phase match counterpropagating pump, signal, and
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idler modes in an organic thin film waveguide, potentially leading to mirrorless
optical parametric oscillation [9]. Additional possibilities arise in two dimensions,
where shadowed deposition enables a variety of complex nanoscale surface patterns
that could be harnessed to create new nonlinear metasurfaces [10].

6.2 Experimental and simulation methods
6.2.1 DAS sample preparation
Gratings for the modulated χ(2) samples are patterned in S1800 photoresist using
interference lithography with a Λ = 405 nm write beam in a Llyod mirror configuration. Each DAS period is fabricated by thermally evaporating CBP and rubrene
layers with 5 nm nominal thickness at normal incidence, after which the sample is
tilted to deposit 5 nm of C60 at an oblique angle of 70◦ . This procedure is repeated
create a total of five DAS periods.

6.2.2 Nonlinear FDTD simulations
The near and far fields of both fundamental (λ = 800 nm) and SH (λ = 400 nm)
waves are calculated using the nonlinear material implementation of the commercial
FDTD software package, Lumerical Solutions. The grating geometry and period
are taken according to the cross-sectional images in Figure 6.1, with Λ = 280 nm,
h = 50 nm, and a non-dispersive refractive index n = 1.6 taken for the photoresist.
Nonlinear thin films (15 nm thick, linear index n = 2) are inserted on the right-hand
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facets and cover approximately 80% of the grating period to mimic the DA interface
(2)

distribution, with a single nonlinear susceptibility element, χzzz , set to 40 pm/V.
The pump is taken to be a plane wave incident from the left or right at 32.5◦ with
respect to the sample normal. Bloch boundary conditions are implemented in the
ŷ direction, whereas perfectly matched layers are used to model open boundary
conditions in the x̂ and ẑ directions. Far field diffraction intensities are calculated
from the electromagnetic near fields on a virtual surface using Green’s theorem [11].

6.3 Detailed nonlinear and linear optical characteristics of DAS multilayers
The χ(2) optical nonlinearity strongly depends on the ordering of the DAS multilayers, which in turn, is affected by the morphology and crystallinity of the D, A, S
thin films. Figure 6.4 compare the morphology of multilayers based on crystalline
pentacene and amorphous rubrene donor thin films.

6.3.1 SHG from rubrene/C60 intermolecular CT states
Second harmonic generation measurements are performed on CBP/rubrene/C60
multilayers grown on a sapphire substrate as shown in Figure 6.5a via thermal
evaporation at a rate of ∼1 Å/sec and a substrate temperature of 20◦ C. The
SHG tilt scan and polarization patterns shown in Figure 6.5b-6.5d are fitted using
the procedure described in the text to yield a bulk nonlinear coefficient, db33 ≈ 9

146

pm/V for the layer stack. Figure 6.6 confirms the intermolecular CT state origin of
this nonlinearity by comparing the CT EA response in Figure 6.6a with the SHG
excitation spectrum in Figure 6.6b. The EA peak at λ ≈ 850 nm (corresponding to
ECT = 1.46 eV) coincides directly with the peak of the SHG resonance as expected
from Eqn. 5.1 in the text, clearly demonstrating the strong intermolecular CT
contribution to the nonlinear response.

6.3.2 Linear diffraction and transmission characteristics of the
nonlinear grating sample
We measure the absolute efficiencies white light transmission and -1st order diffraction (that is T−1 ) for a λ = 405 nm laser beam (close to the second harmonic
wavelength) of the nonlinear grating sample for Figure 6.2b. Figure 6.8a shows the
transmitted white light spectra, which are nearly identical for the two incidence
angles, suggesting that there is not a significant asymmetry in extinction. The 405
nm linear diffraction efficiency, as shown in Figure 6.8b, provides a more sensitive
measure of the linear (phase) grating asymmetry at the second harmonic wavelength
and, in accord with the data in Figure 6.2b, confirms a small asymmetry that is
opposite to that observed for the nonlinear diffraction. This linear asymmetry is due
to the substantially higher refractive index of C60 than the rest of the surrounding
organics, which gives rise to a blazing effect that is well reproduced by the numerical
grating simulation in Figure 6.3c.
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Figure 6.3. |Numerical simulation of second harmonic diffraction. a Finite
difference time domain simulation of a nonlinear grating modeled after the oblique-angle
modulated DAS multilayer structure illustrated in Figure 6.1a. The sinusoidal grating
has a period Λ = 280 nm and a modulation depth h=50 nm with a 15 nm thick nonlinear
region defined on the right-hand grating facets indicated by dashed white lines. The top
and bottom false color images show the relative optical field intensity (|E|2 , displayed
with a logarithmic color scale) at the fundamental frequency for left and right incidence,
respectivelyThe top and bottom false color images show the optical field intensity (|E|2 )
at the fundamental frequency for left and right incidence, respectively, using the same
θi = 32.5◦ as the experiments in Figure 6.2. b, Similar images showing the optical field
intensity distribution produced at the second harmonic frequency. The asymmetry in
second harmonic generation is a straightforward consequence of the larger fundamental
field intensity in a that occurs in the nonlinear layer for right versus left incidence. c,
Ratios of the SHG and linear T(−1) diffraction intensities for right vs. left incidence
predicted from the model in comparison to the experimental results obtained from
Figure 6.2b.
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Figure 6.4. |Pentacene thin film and DAS multilayer morphology. 5µm × 5µm
atomic force microscope images ofa, a single 18 nm pentacene layer; b, four DAS repeat
units consisting of [pentacene (5 nm)/C60 (5 nm)/CBP (5 nm)]; and c, fifteen DAS
repeat units consisting of [CBP (5 nm)/rubrene (5 nm)/C60 (5 nm)]. For both samples
in a and b, pentacene layers are grown at substrate temperature of 60◦ C and 0.3 0.6
Å/sec on sapphire substrate. For the sample in c, rubrene layers are grown at substrate
temperature of room temperature and rate of ∼ 1 Å/sec.
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Figure 6.5. |SHG from rubrene/C60 /CBP DAS multilayers. a, Sample structure
for rubrene/C60/CBP DAS multilayers grown on a sapphire substrate with individual
layer thicknesses, tRub = 5 nm, tC60 = 5 nm, and tCBP = 5 nm. b, Tilt scan results
for p-polarized SHG measured from a 6 period multilayer. (c,d) Polar plots showing
the dependence of p- and s- polarized SHG power on the pump polarization angle (0◦
corresponds to p-polarization of the pump).
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Figure 6.6. |Correlation between CT states and χ(2) nonlinearity. a, Polarized
EA spectra of a device with the structure ITO/[rubrene (5 nm)/C60 (5 nm)/CBP (5
nm)]× 6/Al (80 nm). b, SHG excitation spectrum depicting p-polarized SHG power
measured as a function of thefundamental wavelength. The data are collected for a 30
period [rubrene/C60 /CBP] multilayer using a TOPAS-Prime optical parametric amplifier.

Figure 6.7. Dependence of SH power on the number of rubrene/C60 /CBP DAS periods
in a series of different samples with individual layer thicknesses maintained at tRub = 5
nm, tC60 = 5 nm, and tCBP = 5 nm. The data exhibit an approximately quadratic
dependence, consistent with a bulk-like nonlinearity originating from the many DA
interfaces.
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Figure 6.8. |Linear 0th and -1st order transmission of an oblique angle deposited DAS multilayer sample used for measurements of Figure 6.2b. a, direct
(0th order) transmission of light incidence at −35◦ and +35◦ , close to the incidence angles
of ‘left’ and ‘right’ incidence nonlinear diffraction measurements. b, Linear diffraction
efficiency at λ = 405 nm for the first transmitted order T−1 as a function of incidence
angles.
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Chapter 7 |
Summary and outlook

In the present work we have demonstrated complex refractive index modulation
and spatial modulation of χ(2) both based on a central theme in which we explore
synthetic periodic optical structures with nanoscale variations in the composition
of small molecules and polymers and/or alternating the optical structures of the
active medium for emerging optical properties. We develop the organic materials
systems, and implement standard nanofabrication techniques to deliver these optical
composites and structures. These results suggest remaining challenges, future
research directions on the investigation of a broader range of organic materials and
the structure-property relationship, as well as novel fabrication methods to achieve
new functions or mechanical versatility based on the optical platform.
A common challenge remains for both the CIM and χ(2) modulated structures
is the stability of the small molecular organic thin films. Unlike cured polymers,
small molecules tend to chemically react to the ambient environment, become
mechanically unstable, and have low optical damage threshold. In practice, the
CIM structures for unidirectional invisibility, and more for the spatially modulated
χ(2) structures, are subject to high intensity light.
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Another common question left for both structures is the sample fabrication. The
preparation of multilayers is time consuming, and moreover the process repeatability
is subject to day to day environment and operation variations. One conceivable
alternative is pattern transfer by sequential stamping [3]. Another alternative is
organic patterning using selective growth of different organic thin films depending on
surface energy of the substrate [1, 4]. Figure 7.1 shows anthracene selectively grown
on SAM patterned gold substrate, and indicates the possibility of 2D patterning of
organic CIM and χ(2) modulated structures on 2D waveguides.

Figure 7.1. Selective growth of anthracene on self assembled monolayer
(SAM) patterned gold substrate. The Au substrate is patterned by SAM layers of
alkanethiols bearing methyl, amine, and carboxylic acide end groups, as well as with
monolayers of thiophenol, biphenylthiol, and terphenylthiol. Anthracene crystal is grown
by solution processing - immersing the Au substrate in a saturated anthracene/THF
solution. From [1].

The χ(2) optical nonlinearity generated from the interfaces of DA thin films is
intrinsically related to the materials interface, which in turn, can be affected by
the thin film growth. What are the limiting factors and how to improve χ(2) via
modification of sample preparation? Following the results presented in Chapter 5,
Figure 7.2a shows SH power measured as a function of sample growth temperature
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and deposition rate as well as thin film thickness for bilayers with C60 on top of
Pn, C60 thickness varies from 4 to 20 nm and Pn thickness is 6 or 18 nm. Bilayers
with high temperature low rate grown Pn films, as compared to those with low
temperature high rate grown Pn films, yield up to 4-fold increase in SH power
regardless Pn thickness. Furthermore, the bilayers with 18 nm Pn films have ∼
1.5 times higher SH power than those with 6 nm Pn films. Alternatively, fixing
C60 thickness to 4 and 16 nm and varying Pn thickness result in a similar effect, as
shown in Figure 7.2b. These observations point to a strong dependence of χ(2) on
the sample growth condition, and also slightly on thin film thickness probably due
to surface coverage.

Figure 7.2. |SHG from a single pentacene/C60 interface. a, Relative SH power
(the average SH power calculated from tilt scan results of all the samples) from bilayers
with 6 and 18 nm Pn and varying C60 thickness.b, Relative SH power (the average SH
power calculated from tilt scan results of all the samples) from bilayers with varying Pn
thickness and C60 thickness fixed to either 4 or 16 nm. The samples in (b and c) are
either grown at 60◦ high temperature and 0.3−0.5 Å/sec low deposition rate (red bars)
or −30◦ low temperature and 1.5 Å/sec fast deposition rate (blue bars).

Figure 7.3a shows the X-ray diffraction (XRD) measured for bilayers with fixed
C60 thickness at 16 nm and Pn thickness varying from 3 to 18 nm, all the Pn films
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are grown at high temperature and slow deposition rate. The Pn crystalline (001)
(002) (003) peaks and their intensities increase approximately linearly with Pn,
the C60 (002) (004) peaks emerge and their intensities do not change from sample
to sample. Alternatively, fixing Pn thickness at 6 nm while varying C60 thickness
from 4 to 20 nm yields dramatically different XRD peak positions and intensities.
Both the Pn (001) (002) peaks and C60 (002) clearly show linear increase in their
intensities with increasing C60 thickness although Pn thickness is unchanged. This
indicates crystallization of C60 thin film grown on high temperature grown Pn
template, which is not observed for low temperature grown Pn thin films. Perhaps
the induced crystallization of C60 and/or the co-crystallization of Pn and C60 thin
films leads to better ordered CT interfaces, which may contribute to larger χ(2).

Figure 7.3. |X-ray diffraction measurement results on the bilayers with high
temperature grown Pn thin films. a, XRD data showing Pn (001) (002) (003) peaks
at around 5.5◦ , 11◦ , 16.5◦ and C60 (002) (004) peaks at around 11.5◦ and 23◦ of samples
with 16 nm C60 and Pn thickness varying from 3 to 18 nm. b, XRD data showing Pn
and C60 peaks of samples with varying C60 thickness and fixed Pn thickness at 6 nm. All
the samples in (a and b) are grown at high temperature and low deposition rate.

Are there other factors boosting the χ(2) optical nonlinearity, such as the CT
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state energy, lineshape, and delocalization? There left several intriguing questions
on the materials science of χ(2) NLO organic materials. On the device application
side, there are also many questions and opportunities. Consider the χ(2) modulation
for counter propagating phase matching, how is the quality of the NLO gratings
over large area? Sub-wavelength χ(2) modulation is challenging using periodic
electric poling in polymers and many other NLO materials due to effects such as
aggregation, long term orientational relaxation, and electric field fringe. While
the former two are less of a problem for the intermolecular CT states, there is an
active area defining problem similar to that caused by electric field fringe in poling.
Electric field fringe effect means the electric field bends outward the area defined
by the patterned electrode, causing variations in χ(2) modulation periodicity and
degradation of ordering, which are more severe for ultrashort period χ(2) modulation.
Our χ(2) modulation achieved by grating shadowed oblique angle deposition is also
subject to the blurring boundaries of χ(2) active area, because the angles between
organic vapor flux and the surface normal vary over the area, and the angles may
vary over different runs of depositions. In addition, the linear index and interfaces
of the thin film can vary from spot to spot in a single period of NLO grating due
to variations of flux angles to the surface normal.
The achieved χ(2) optical nonlinearity in this study, with rubrene/C60 or
pentacene/C60 , is ∼10 pm/V. Based on this level of nonlinearity, practical applications require either many interfaces or resonance enhancement. A simple route
is to adopt a resonance enhanced waveguide structure by designing the thickness of
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the organic thin films to support a guided mode at fundamental wavelength for enhancing nonlinear optical interactions. This approach has previously demonstrated
>1000-fold improvement in SHG conversion efficiency (see for example, A. Saarri et
al. among many other references.) More generally, sub-wavelength χ(2) modulation
for mirrorless optical parametric oscillator is a nonlinear analogue to distributed
feedback (DFB). As depicted in Figure 7.4, the NLO organic thin films are built
on a low-index substrate, and appropriate designs of thin film thickness and χ(2)
periodicity would enable phase matching of the pump, signal, and idler modes.

Figure 7.4. A simple nonlinear optical waveguide for mirrorless optical paramatric oscillator. The organic thin films have higher linear refractive indice than the
substrate and air, which leads to the confinement of the optical modes in the active layers.
Phase matching of the pump, the signal, and the idler becomes possible by choosing the
appropriate thickness of the NLO films and χ(2) modulation periodicity.

Perhaps the most intriguing opportunities that we can pursue with the organic
patterning approach (grating shadowed oblique angle deposition) is the creation of
wide angle broad band PT symmetric structure and nonlinear metasurfaces in two
dimensions. Nemiroski and co-works have shown various complex 2D patterns by
tailoring the oblique angle deposition conditions, [2]. This in turn, provide us with
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the opportunities to achieve omnidirectional, broadband PT symmetric structure by
implementing the 2D periodic CIM patterns into a mixed, thin dielectric-layer/bulk
patterning [5, 6]. Also, shadowed deposition enables a variety of complex nanoscale
surface patterns that could be harnessed to create new nonlinear metasurfaces.
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Figure 7.5. Schematic of single and multi angle oblique angle depositions, and the
examples of achievable complex 2D patterns. From [2].
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