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Abstract

Strong and Ultrastrong Light-Matter Interactions in Multilayer

Optical Organic Nanostructures

by

BIN LIU

Light-matter interactions in multilayer organic nanostructures give rise to an

abundance of interesting phenomena, and provide a functional platform for useful

optical devices with sophisticated designs via fine control of the optical properties of

the constituent materials and the thicknesses of each layers. This thesis focuses on

the theoretical and experimental study of linear and nonlinear optical (NLO) prop-

erties of multilayer organic nanostructures in order to characterize the interaction

between light and matter within the multilayer structure from a fundamental point

of view, and to improve the linear and NLO efficiency of layered devices for practical

applications.

Metallic Fabry-Pérot cavities filled with organic materials, as a typical multilayer

structure, demonstrate strong and ultrastrong light-matter interaction, where hy-

brid quantum states known as cavity polaritons are formed. Moreover, compared to

strongly coupled exciton-photon cavities, double organic cavities exhibit interesting

optical properties in the ultrastrong coupling regime, yielding a broken degeneracy of

vacuum Rabi splittings due to breaking of the rotating wave approximation (RWA).

For the NLO properties, resonant third-harmonic generation (THG) can be enhanced

xxi



by cavity polariton states, and THG intensity is seen to be larger when the polariton

state is more exciton-like.

Two-dimensional (2D) perovskite-based planar photovoltaic cells, as another typ-

ical multilayer structure, exhibit greatly improved environmental stability and pho-

tostability under operating conditions comparing with their 3D counterparts. We

have investigated and designed devices using optical modeling. The absorption in

the photoactive layer can be enhanced due to light-matter interaction in multilayer

structures by carefully designing the layer thicknesses. In addition, using a modified

drift-diffusion model, charge-carrier recombination is studied, which limits to the de-

vice performance of modest-mobility perovskite solar cells, while depending on the

layer thickness. Therefore, the thickness optimization is investigated considering both

aspects, which guides device fabrication with high power-conversion efficiencies.

Coextruded multilayered polymer films containing a NLO chromophore, a new

alignment strategy for NLO chromophore, are studied by the second-harmonic gener-

ation (SHG) technique, which give rise to a second-order nonlinear optical response.

xxii



1

1 Introduction

1.1 Overview

The interaction between light and matter determines the appearance of the natural

world around us. In particular, multilayer structures give rise to very fascinating op-

tical phenomena, such as the brilliant iridescence of bubbles and butterfly wings that

are produced by multilayer inteference.1 Inspired from nature, multilayer structures

have been mimicked and refined for both fundamental study and practical appli-

cations, for example, in distributed Bragg reflector (DBR) mirrors,2 anti-reflective

coatings,3 and photovoltaic devices.4 Interaction can occur between atoms or solids

and light from solar radiation, and continuous-wave (CW) and pulsed lasers. In ad-

dition, the properties of materials can be strongly modified due to their interaction

with light. Based on the characteristics of the layered materials, in particular, there

are two questions addressed here:

1. How to characterize the interaction between light and matter within the planar

organic cavities from a fundamental point of view?

2. How to further improve the efficiency of layered photovoltaic devices by ex-

ploiting the interaction between the optical field and each layer of material?
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To answer these two questions, both the relevant theory and experiment are inves-

tigated. The basic concepts of light-matter interactions in multilayer structures will

be introduced in the following sections, including the nonlinear optics and multilayer

photovoltaic devices.

1.2 Introduction to Light-Matter Interaction

1.2.1 Basics of Light-Matter Interaction

The picture of the interaction process between light and atoms or molecules can be

described as the coupling between the electromagnetic (EM) field and the transition

dipoles of materials, for example, using a two-level model that satisfy:5

E2 − E1 = ~ω. (1.1)

where E1 and E2 are energies for the ground state and excited state, respectively. ω

is the transition frequency between the ground state and excited state, and ~ is the

reduced Planck constant.

As illustrated in Fig. 1.1, due to the interaction of oscillating field of light with

transition dipoles, the the absorption process is viewed in terms of the destruction

of a photon from the light beam with the excitation of materials, while the emission

process corresponds to the addition of a photon to the light field and the de-excitation

of materials.

Importantly, the light-matter interaction will become more complicated and im-

portant for nanostructured complex system with specific structures,6 which can pro-

vide promising photonic and electronic properties. Also, a planar microcavity as a
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Figure 1.1. Optical transitions between quantized energy levels: (a)
absorption; (b) emission.

typical multilayer structure can confine the light and give rise to cavity resonant

modes, which we will discuss in the next section.

1.2.2 Light-Matter Interaction in Microcavities

We now explore the interaction in detail between the light and matter, especially

organic materials, which are placed inside a planar cavity. This will naturally lead to

the subject of cavity quantum electrodynamics (QED). The discussion will start from

considering the key parameters that determine the properties of the cavity and the

magnitude of the matter-cavity coupling, and then introduce various physical effects

that are observed in the limits of different coupling regimes.

Optical Microcavities

Consider a planar cavity shown in Fig. 1.2(a), which consists of two plane mirrors

M1 and M2, with reflectivities of R1 and R2, respectively, separated by an adjustable

length Lcav. The space between the mirrors is filled with a medium of refractive

index n and the mirrors are aligned parallel to each other so that light inside the

cavity reflects backwards and forwards between the mirrors. This cavity is called the

Fabry-Pérot cavity, and its properties can be analyzed by considering the effect of
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M1 M2 

R1 R2 
Lcav 

λ 

(a) (b) 

Figure 1.2. (a) A planar cavity of length Lcav with two parallel end
mirrors M1 and M2 of reflectivity R1 and R2, respectively. (b) Trans-
mission of a lossless planar cavity with mirror reflectivities of 90%,
giving a finesse F of 30. Resonance occurs whenever the round-trip
phase φ equals 2πm, where m is an integer.

introducing light of wavelength λ from one side and calculating how much is transmit-

ted to the other side. On the assumption that there are no absorption or scattering

losses within the cavity, the transmission T is given by:

T =
1

1 + (4F2/π2) sin2(φ/2)
(1.2)

where

φ =
4πnLcav

λ
(1.3)

is the round-trip phase shift, and

F =
π(R1R2)

1/4

1−
√
R1R2

(1.4)

is the finesse of the cavity. It is easy to see from Eq. 1.2 that the transmission is equal

to unity whenever φ = 2πm, where m is an integer. In this situation the cavity is said

to be on-resonance. From Eq. 1.3 we see that the resonance condition occurs when

the cavity length Lcav is equal to an integer number m of intracavity half wavelengths:

Lcav = mλ/2n. (1.5)
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The cavity resonance condition naturally leads to the concept of resonant modes.

These are modes of the light field that satisfy the resonance condition and are prefer-

entially selected by the cavity. Fig. 1.2(b) shows the transmission of a lossless planar

cavity with R1 = R2 = 0.9, giving F = 30. The transmission is a sharply peaked

function of the round-trip phase shift φ, with maxima at the resonance values of

φ = 2πm, representing the cavity resonant modes. The angular frequencies of the

resonant modes can be easily derived from Eq. 1.5:

ωm = m
πc

nLcav
. (1.6)

An analysis of the linear cavity shows that there are basically two key parameters

that determine the main properties, namely the resonant mode frequency ωm and

the cavity finesse F . The latter parameter controls both the mode width δω and the

cavity loss rate κ. It is helpful to introduce the quality factor (Q) of the cavity,

defined by:

Q =
ω

δω
. (1.7)

This serves the equivalent purpose for an arbitrary optically resonant structure as

the finesse does for the planar cavity. It is thus convenient to specify the properties

of a cavity either by the frequency and finesse, or equivalently by the frequency and

quality factor.

Matter-Cavity Coupling

We can now discuss the interaction between the light inside a cavity and matter, as

shown schematically in Fig. 1.3(a). We assume that the matter is inserted in such

a way that it can absorb photons from the cavity modes and also emit photons into

the cavity by radiative emission. For inorganic semiconductors and organic materials,
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(ω1,   ) 

(ω2,   ) 

Figure 1.3. (a) Materials with two-level transition dipole moment in a
resonant cavity with modal volume V0. (b) Coupled oscillator model.
ω1 and ω2 are the nature frequencies of the uncoupled oscillators, and
g0 is the coupling parameter.

a bound state of the electron and hole will be formed when a photon is absorbed,

which is termed as exciton. When the transition frequency of excitons coincides with

one of the resonant modes of the cavity, the interaction between matter and the light

field will be strongly affected, since they can exchange photons in a resonant way.

At resonance, the relative strength of the matter-cavity interaction is determined by

three parameters:

• the loss rate of photon leaving the cavity κ;

• the non-resonant decay rate γ;

• the matter-cavity coupling parameter g0.

When the coupling constant g0 is smaller than the loss rate due to either leakage

of photons from the cavity (κ) or decay to non-resonant modes (γ), the interaction

is said to be in the weak coupling regime. This means that photons are lost from

the matter-cavity system faster than the characteristic interaction time between the

material and the cavity. The emission of light by materials in the cavity is therefore

irreversible, just as for emission into free space. Since the effect of the cavity is
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relatively small in the weak coupling regime, it is appropriate to treat the matter-

cavity interaction by perturbation theory. Fermi’s Golden Rule states that the rate

of spontaneous emission is proportional to the density of photon states at the spatial

position of the exciton.7 Thus, the main effect of the cavity is to enhance or suppress

the photon density of states compared to the free-space value, depending on whether

the cavity mode is resonant with the exciton transition or not. The radiative lifetime

of an exciton in an optical microcavity can either be extended or reduced with respect

to its lifetime in vacuum. This phenomenon is known as the Purcell effect,8 and is a

feature of weak exciton-photon coupling.

In contrast, the exciton of materials and photon of the cavity modes may strongly

couple if their respective lifetimes are long in comparison to the interaction time

between the two particles (g0 � (κ, γ)). In this case, the interaction between the

photons in the cavity mode and the exciton of materials is reversible, and a quasi-

lossless regime is established wherein the system oscillates coherently between the

exciton and cavity photon states. The new eigenstates of the system are referred

to as microcavity polaritons.9–11 The microcavity polariton dispersion curve consists

of anti-crossed branches arising from the exciton and photon dispersion separated in

energy by the Rabi splitting (~ΩR). The lifetime condition (g0 � (κ, γ)) is equivalent

to stating that the linewidth of the exciton and cavity mode resonance must be smaller

than the Rabi splitting.

The Rabi splitting of microcavity polariton in the matter-cavity strongly coupled

system can be given a quasi-classical explanation by considering the properties of two

coupled classical oscillators as shown in Fig. 1.3(b). If ωcav and ωex are the natural

frequencies of the uncoupled oscillators (i.e. the cavity photon and the exciton), and



Introduction 8

g0 is the coupling parameter, then it can be shown that the frequencies of the coupled

modes are given by

ω± =
ωcav + ωex

2
± 1

2

(
Ω2
R + (ωcav − ωex)2

)1/2
. (1.8)

and

ΩR = 2g0 = 2

(
Nµ2

12ωex
2V0ε~

)1/2

. (1.9)

where ε is the dielectric constant of the material, N/V0 is the number density of

atoms/molecules, ωex is the transition frequency of the uncoupled exciton, and µ12 ≡

〈Ψ1|e~r|Ψ2〉 is the electric dipole matrix element of the transition. At resonance, with

ωcav = ωex ≡ ω, the frequencies of the coupled modes reduce to:

ω± = ω ± ΩR

2
. (1.10)

For the above descriptions of the classical coupled oscillator model, the decay

rate of cavity photons, κ, and the non-resonant decay rate of excitons, γ, are not

considered. In the next section, a full quantum theory for light-matter strong coupling

will be discussed, including the consideration of the dissipations within the coupled

system.

Quantum Theory for Strong Coupling

In the frame of a quantum mechanical model, both the exciton and the photon are

treated as quantum mechanical oscillators. The exciton can be described by a simple

two energy level system with the ground state |g〉 and the excited state |e〉, and the

creation and annihilation operator are b† and b, respectively. Similarly, the photon

is considered as a quantized photonic mode in the cavity, which is created and anni-

hilated by the operator a† and a, respectively. As illustrated in Fig. 1.4, the strong
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Figure 1.4. Strong coupling between the exciton and cavity photon re-
sults in new hybrid states, cavity polaritons. P+: upper polariton; P−:
lower polariton.

exciton-photon coupling gives rise to new light-matter hybrid states - cavity polari-

tons, the higher energy state is called upper polariton (P+), and the lower energy

state is called lower polariton (P−). Within the rotating wave approximation (RWA),

the total Hamiltonian of the hybridized system can be written as:10,11

Ĥ = Ĥcav + Ĥex + Ĥint = ~ωcav,ka†kak + ~ωex,kb†kbk − i
~ΩR

2

(
akb
†
k − a

†
kbk

)
. (1.11)

where subscript index k indicates the momentum of the exciton and photon, and Ĥint

represents the resonant dipole interaction between the exciton and the quantized ra-

diation field. This is the well-known Jaynes-Cummings model which describes the

interaction of a two-level atom/molecule with a single quantized mode of the radi-

ation field in the strong coupling regime.12 The above Hamiltonian can be easily

diagonalized by the following unitary transformation:10,13 pk

uk

 =

 Xk Ck

−C∗k X∗k


 bk

ak

 (1.12)
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where uk and pk are the upper and lower polariton annihilation operators, Xk and

Ck are the Hopfield coefficients to represent the contributions from excitonic and

photonic components, respectively, which satisfy the following condition:14

|Xk|2 + |Ck|2 = 1 (1.13)

The resulting diagonalized Hamiltonian of the coupled system is given by

Ĥ = ELPp
†
kpk + EUPu

†
kuk (1.14)

The solution of this Hamiltonian at each wave vector k using energies of uncoupled

exciton and cavity mode including the linewidth, Eex,k + iγex,k and Ecav,k + iγcav,k,

yields ∣∣∣∣∣∣∣
Eex,k + iγex,k − E ~ΩR/2

~ΩR/2 Ecav,k + iγcav,k − E

∣∣∣∣∣∣∣ = 0 (1.15)

with eigenvalues of upper and lower polaritons

Ek
UP,LP =

Ecav,k + Eex,k
2

+i
γcav,k + γex,k

2
±1

2

√
(~ΩR)2 + [(Ecav,k − Eex,k) + i (γcav,k − γex,k)]2

(1.16)

The new modes of the coupled system are described by the real parts of the energy

eigenvalue, which can be expressed as a function of detuning between the cavity mode

and exciton ∆ = Ecav,k − Eex,k, and are given by

Ek
UP,LP =

Ecav,k + Eex,k
2

± 1

2

√
(~ΩR)2 + ∆2 (1.17)

where the imaginary part is responsible for the half linewidths of cavity photons and

excitons.
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At resonance, with Ecav,k = Eex,k, the upper and lower polariton states are sepa-

rated by the vacuum Rabi splitting energy, ~ΩR. The Hopfield coefficients Xk and Ck

can be expressed in terms of the detuning ∆ and the vacuum Rabi splitting energy

~ΩR:

|Xk|2 =
1

2

1 +
∆√

∆2 + (~ΩR)2


|Ck|2 =

1

2

1− ∆√
∆2 + (~ΩR)2


(1.18)

At ∆ = 0, |Xk|2 = |Ck|2 =
1

2
, corresponding that both the upper and lower polariton

states are exactly half-photon, half-exciton-like.

Ultrastrong Exciton-Photon Coupling

In the strong coupling limit, the rotating approximation (RWA) neglects the antires-

onant and higher interaction terms of the total Hamiltonian for the coupled system.

When the vacuum Rabi splitting (~ΩR) becomes an appreciable fraction of the uncou-

pled transition energy (Eex) of the exciton, the anti-resonant and higher interaction

terms play a more significant role in the hybridized system, and RWA is no longer

applicable, thus the system enters the so-called ultrastrong coupling regime (USC).

The demonstrations of USC have been realized in both inorganic and organic micro-

cavities, which have provoked many stimulating studies about the modification effect

on the properties of the coupled system15–21

The full Hopfield-type Hamiltonian of the coupled system in the USC regime is

given by16,19,22

Ĥ = Ĥres + Ĥanti + ĤA2 (1.19)
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and

Ĥres = ~ωcav,ka†kak + ~ωex,kb†kbk − i
~ΩR

2

(
akb
†
k − a

†
kbk

)
(1.20a)

Ĥanti = i
~ΩR

2

(
akb−k − a†kb

†
−k

)
+Dk

(
aka−k + a†ka

†
−k

)
(1.20b)

ĤA2 = ~Dk

(
a†kak + aka

†
k

)
(1.20c)

where a, b are the photon and exciton annihilation operators, and a†, b† are the

photon and exciton creation operators, respectively. Eq. 1.20(a) describes the Jaynes-

Cummings form of the strong-coupling Hamiltonian, Eq. 1.20(b) represents the an-

tiresonant terms, corresponding to the simultaneous creation and annihilation of two

excitations with opposite in-plane wave vectors, and Eq. 1.20(c) describes the con-

tribution from the diamagnetic terms, which is proportional to the square of the

vector potential (A2), and gives a renormalization of the photon energy due to the

interaction with matter. Dk = Ω2
R/4ωex is the diamagnetic coupling constant.

The full Hamiltonian in Eq. 1.19 can be diagonalized by introducing polariton

annihilation operators

pj,k = xj,kak + yj,kbk + zj,ka
†
j,−k + wj,kb

†
j,−k (1.21)

where j ∈ [UP,LP ]. The Bose commutation rule[
pj,k, p

†
j′,k′

]
= δj,j′δk,k′ (1.22)

imposes the normalization condition

x∗j,kxj′,k + y∗j,kyj′,k − z∗j,kzj′,k − w∗j,kwj′,k = δj,j′ (1.23)
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Therefore, the eigenvectors can be written as:

~vj,k = (xj,k, yj,k, zj,k, wj,k)
T (1.24)

which satisfy the eigenvalue equation:

Mk~vj,k = ωj,k~vj,k (1.25)

The full Hamiltonian matrix Mk of the ultrastrongly coupled system is given by19,22

Mk =



ωcav,k + 2Dk −iΩR/2 −2Dk −iΩR/2

iΩR/2 ωex,k −iΩR/2 0

2Dk −iΩR/2 −ωcav,k − 2Dk −iΩR/2

−iΩR/2 0 −iΩR/2 −ωex,k


(1.26)

Let us discuss one of the important features of the ultrastrongly coupled system,

starting from defining |g〉|0〉 as the ground state of the uncoupled light-matter system,

which satisfies that

ak|g〉|0〉 = bk|g〉|0〉 = 0 (1.27)

Applying the polariton annihilation operator given by Eq. 1.21, yields

pj,k|g〉|0〉 6= 0 (1.28)

which suggests that the coupling modifies the ground state. A new ground state of

the coupled system is defined as |GS〉, satisfying that pj,k|GS〉 = 0. Then, we have

〈GS|a†kak|GS〉 = |zLP,k|2 + |zUP,k|2

〈GS|b†kbk|GS〉 = |wLP,k|2 + |wUP,k|2
(1.29)

Eq. 1.29 shows that the ground state of the coupled system contains a finite number

of cavity photons and excitons. Also, note that the ground state of the system has
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shifted by ∆G with respect to the uncoupled ground state, which is neglected in

the RWA, and can become significant as the relative coupling strength (ΩR/ωex) is

increased22,23

∆G = ωex

1−

√
1 +

(
ΩR

2ωex

)2
 (1.30)

Classification for Coupling Regimes

The light-matter coupling regimes could be classified by comparing parameter mag-

nitudes of (Γ, ΩR), where Γ is the loss rate of the system, and ΩR is the vacuum Rabi

splitting frequency, a parameter of coupling strength. Investigating the relative cou-

pling strength (ΩR/ωex) of the system, the classification of light-matter interaction

regimes is illustrated in Fig. 1.5.

• Weak coupling : when ΩR < Γ, then the weak light-matter interaction can be treated

as a perturbation term, and Fermi’s Golden Role will appropriately describe the

evolution of the system;

• Strong and ultrastrong coupling : when ΩR > Γ, the light-matter interaction can not

be treated as a perturbation term, and is strong enough to result in new eigenstates

known as cavity polaritons for microcavities, and strong coupling is achieved. Typ-

ically, if ΩR/ωex > 0.2, the system thus enters the ultrastrong coupling regime.19

• Deep strong coupling : when ΩR/ωex > 1, some counterintuitive phenomena are

predicted by new theoretical investigations, such as the breakdown of the Purcell

effect,24 and this light-matter coupling regime is usually termed as deep strong

coupling (DSC), which has not been experimentally observed yet. DSC is beyond

the scope of this thesis, and interested readers are referred to literature on this

topic.24–27
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Weak 
coupling 

Strong 
coupling 

Ultrastrong 
coupling 

Deep strong 
coupling 

0 Γ ωex
ΩR

Fermi’s  
Golden Rule New Physics  Polaritons 

Figure 1.5. Classification for different light-matter coupling regimes re-
garding the vacuum Rabi frequency ΩR. Γ: Loss rate; ωex: uncoupled
exciton transition frequency.

1.3 Introduction to Nonlinear Optics

Nonlinear optics is the study of phenomena that occur as a consequence of the mod-

ification of the optical properties of a material system by the presence of light.28

Typically, coherent intense laser light can be sufficient to modify the optical proper-

ties of a material system, yielding the nonlinear optical effects. Importantly, organic

cavity polariton, as a quasiparticle formed from strong exciton-photon coupling, ex-

hibits significant additional nonlinearity, which will be comprehensively investigated

in Chapter 3. The beginning of the field of nonlinear optics is often taken to be the

discovery of second-harmonic generation (SHG) by Franken et al. in 1961,29 shortly

after the demonstration of the first working laser by Maiman in 1960.30 Later, Ter-

hune and his coworkers demonstrated third-harmonic generation (THG) with a calcite

crystal in 1962.31 Until now, a large number of nonlinear optical processes have been

extensively studied, for example, stimulated Raman scattering,32 stimulated Brillouin

Scattering,33 Hyper Rayleigh Scattering,34 optical Kerr effect,35 self-focussing,36 two-

photon absorption,37 etc. In this thesis, I will focus on the SHG and THG, and

investigate the nonlinear optical response of multilayer organic nanostructures.
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Under an electric field provided by the intense coherent laser, the positive and

negative charges inside the nonlinear molecules can create a relative displacement to

each other, resulting in an induced polarization P (dipole moment per unit volume).

The nonlinear induced polarization is the origin of the nonlinear optical response,

which can be expressed as a power series of the electric field strength E:

Pi = χ
(1)
ij Ej + χ

(2)
ijkEjEk + χ

(3)
ijklEjEkEl + · · · (1.31)

where Ei (i = x, y, z) are the Cartesian components of the electric field, χ
(1)
ij is the

linear susceptibility, which determines the linear optical properties of the materials.

In an isotropic material, the second-rank tensor, χ
(1)
ij , becomes a scalar (χ) times the

unit matrix. Thus, the dielectric constant of the isotropic material can be given by

ε = n2 = 1 + χ (1.32)

For an anisotropic material, the dielectric constant (ε) or the index of refraction

(n) is a second-rank tensor, and the birefringence arises from the anisotropic dielectric

constant.

The high-order terms in Eq. 1.31 represent the nonlinear optical response of the

materials. The third-rank tensor, χ
(2)
ijk, is known as the second-order nonlinear optical

susceptibility. In general, the nonlinear susceptibilities depend on the frequencies of

the applied fields, thus the first nonlinear term in Eq. 1.31 can be written as

P
(2)
i (ω3) = χ

(2)
ijk(ω3;ω1, ω2)Ej(ω1)Ek(ω2) (1.33)

Specifically, for χ(2)(2ω;ω, ω) with ω1 = ω2 = ω and ω3 = 2ω, Eq. 1.33 describes the

process of second-harmonic generation, which is illustrated schematically in Fig. 1.6,
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and two photons of frequency ω are destroyed, and a photon of frequency 2ω is

simultaneously created in a single quantum-mechanical process.

ω 
ω 

2ω 
χ (2)(2ω;ω,ω)

SHG Material  

Ground state 

Virtual state 

ω 

ω 

2ω 

(a) (b) 

Figure 1.6. (a) Schematic diagram of second-harmonic generation. (b)
Energy-level diagram describing second-harmonic generation.

It is known that the second-order nonlinearity vanishes if the material has an

inversion center, which satisfies that ~P → −~P for ~E → − ~E. Also, we notice that

Eq. 1.33 is unchanged for ~E → − ~E. Therefore, we have

~P = −~P (1.34)

which can occur only if ~P vanishes identically. This result shows that χ(2) = 0.

In Eq. 1.31, the fourth-rank tensor, χ
(3)
ijkl, represents the third-order nonlinear

optical susceptibility, and it is always nonzero. Thus, the third-order nonlinear optical

interactions described by a χ(3) susceptibility can occur for both centrosymmetric and

noncentrosymmetric materials. Analogously, this nonlinear term is can be written as

P
(3)
i (ω4) = χ

(3)
ijkl(ω4;ω1, ω2, ω3)Ej(ω1)Ek(ω2)El(ω3) (1.35)

When ω1 = ω2 = ω3 = ω and ω4 = 3ω, the above nonlinear term leads to the process

of third-harmonic generation shown in Fig. 1.7, where three photons of frequency ω

are destroyed and one photon of frequency 3ω is created in the microscopic description
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Figure 1.7. (a) Schematic diagram of third-harmonic generation. (b)
Energy-level diagram describing third-harmonic generation.

1.4 Introduction to Perovskite Photovoltaics

1.4.1 Overview of Photovoltaics and Perovskite Photovoltaics

The growing world energy demand has motivated people to seek for new alternatives

to conventional fossil resources. Solar energy is one of the best available alternatives,

for it is both abundant and clean. Since the photovoltaic (PV) effect was discovered

in silicon (Si) diodes,38 photovoltaic technology, which generates electricity directly

from sunlight, has become a promising solution to the energy crisis. Currently, various

inorganic materials, for example, Si, III-V group semiconductors, CdTe, and copper

indium gallium selenide (CIGS), based PV devices are the dominating technologies

in the market worldwide,39, and the device efficiency is approaching the Shockley-

Queisser limit, which is referred to as the maximum theoretical efficiency of a solar

cell using a single p-n junction to collect power from the cell.40,41

To further increase the efficiency, lower the processing cost, and achieve roll-to-roll

processability for large area devices and mechanical flexibility, a large number of new

technologies based on various materials have been developed with efforts of workers

from both commercial enterprises and academic research labs. The National Center
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for Photovoltaics (NCPV) at the National Renewable Energy Laboratory (NREL)

maintains a plot of compiled values of highest confirmed conversion efficiencies for

research cells, from 1976 to the present, for a range of photovoltaic technologies,

which is shown in Fig. 1.8. Recently, perovskite photovoltaic materials have rapidly

achieved efficiencies comparable to Si photovoltaic devices as shown in the lower right

of Fig. 1.8. This newest PV technology is considered in this thesis, incorporating a

perovskite structured compound, most commonly a hybrid organic-inorganic halide

material, as the light-harvesting active layer.

Figure 1.8. Certified efficiency of Certified efficiency of lab solar cells
from 1976 to the present. This plot is courtesy of the National Renew-
able Energy Laboratory, Golden, CO.

Organic-inorganic perovskites CH3NH3PbX3 (X=Br and I) were first used as a

semiconductor sensitizer in dye-sensitized liquid junction-type solar cells, which led

to the power conversion efficiency (PCE) of 3-4% in 2009.42 However, due to the low

photovoltaic performance and extreme instability, little attention has been focused
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on the perovskite photovoltaics until the development of a long-term stable solid-

state perovskite solar cell yielding a PCE of 9.7%.43 Since then, rapid progress has

been made, and a certified record PCE of 22.1% was demonstrated in 2016. With

the potential of achieving even higher efficiencies and the very low production costs,

perovskite solar cells have become commercially attractive, with start-up companies

already promising modules on the market by 2017.44,45

1.4.2 Operating Principles of Solar Cells

The process of conversion of light into electricity by solar cells, illustrated in Fig. 1.9(a),

can be schematically described by the following steps:

Light	absorber	

Electrode	
N-type	

Electrode	
P-type	

+ 

- 

+ 

- 

Sunlight 

+ + + 

- - - - 

+ 

(b) (a) 

Figure 1.9. (a) Schematic representation of a photovoltaic device. (b)
NREL standard solar irradiance spectra depicting the solar spectrum
before passing through the Earths atmosphere (extraterrestrial), af-
ter traversing 1.5 standard air-mass (direct+circumsolar), and incident
upon surface tilted at 37o towards the equator (global tilt).

• Light harvest and charge-carrier generation: the absorption of light by the pho-

toactive layer of material leads to the formation of an excited state, the bound

electron-hole pair (exciton). To achieve a high device efficiency, large light harvest-

ing is required in the solar spectrum (Fig. 1.9b).
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• Charge-carrier separation: the primary photoexcitations in active materials do not

directly and quantitatively lead to free charge-carriers but to coulombically bound

electron-hole pairs, called excitons. When the binding energy of exciton is much

smaller than kT , where k is Boltzmann constant and T is room temperature, then

electron-hole pairs dissociate. For excitons with large binding energies, such as

Frenkel excitons in organic materials, strong electric fields are necessary for efficient

dissociation of excitons, which can be supplied via externally applied electrical fields

as well as via interfaces. At an interface, where abrupt changes of the potential

energy occur, strong local electrical fields are possible ( ~E = −∇U).46 Photoinduced

charge transfer can occur when the exciton has reached such an interface within its

lifetime. Otherwise, excitons decay via radiative or nonradiative path ways before

reaching the interface, and their energy is lost for the power conversion.

• Charge-carrier transport : for efficient photovoltaic devices, the created free charges

need to be transported to the appropriate electrodes within their lifetime. The

charge-carriers need a driving force to reach the electrodes. A gradient in the

chemical potentials of electrons and holes (quasi Fermi levels of the doped phases)

is built up in a p-n/donor-acceptor junction. This chemical potential gradient de-

termines the maximum open circuit voltage (VOC) and contributes to a field-induced

drift of charge-carriers. Also, using asymmetrical contacts (one low work-function

electrode for the collection of electrons and one high work-function electrode for

the collection of the holes) leads to an external field for improving charge trans-

port as that in a p-n junction diode.47 To further improve the charge transport

and impede the electron-hole recombination during the journey to the electrodes,
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a hole-transporting layer (p-type) and an electron-transporting layer (n-type) are

incorporated in the device structure, which are shown in Fig. 1.9(a).

• Charge-carrier collection: charge-carriers are extracted from the device through

two selective contacts with optimal conductivity and appropriate work function.

Characterization of a Solar Cell Device

The characteristics of a PV device are determined by current-voltage curves. For the

dark characteristics of the solar cell in the absence of light, the sign and value of the

applied voltage determines blocking and conducting regimes. The cell conducts when

the voltage exceeds a threshold VS. An ideal cell can follow the thermionic injection

model:

I = IS

(
exp

(
eV

kBT

)
− 1

)
(1.36)

where IS is the saturation current under reverse bias.

Under light illumination, the ideal current in the circuit is modeled as

I = IS

(
exp

(
eV

kBT

)
− 1

)
− IL (1.37)

where IL originates from charge generation by the illumination.

In real devices, the circuit must be modified to account for series RS and shunt

RSH resistance losses, and RL is the charge resistance of the external circuit. An

‘ideality factor’ n is also introduced (it is 1 for an ideal diode). Currents becomes

determined by the following equation:48

I

(
1 +

RS

RSH

)
− V

RSH

+ IL = IS

(
exp

(
e

nkBT
(V − IRS)

)
− 1

)
. (1.38)

Now, two important characteristic quantities of solar cells are introduced: (1) the

short circuit current ISC is the one which crosses the cell at zero applied voltage, it
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is a function of illumination G; (2) the open circuit voltage VOC is measured when

current in the cell is 0, corresponding to almost flat valence and conduction bands.

The relation between VOC and ISC can be determined when it is assumed that RS = 0

and RSH =∞, with I = 0 and IL = ISC :

VOC =
nkBT

e
ln

(
ISC
IS

+ 1

)
(1.39)

Therefore, the current-voltage characteristics of a solar cell in the dark and under

Figure 1.10. A typical J-V curve of a solar cell under illumination.49

VOC : open circuit voltage, JSC : short circuit current density, VMPP :
maximum power point voltage, JMPP : maximum power point current
density. Inset: equivalent circuit of a solar cell.

illumination permits an evaluation of most of its photovoltaic performance as well as

its electric behavior. Fig. 1.10 shows a typical current density (J)-voltage (V) curve

of a solar cell under illumination,49 where the characteristic intersections with the

abscissa and ordinate are the open circuit voltage (VOC) and the short circuit current
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density (JSC), respectively. At maximum power point (MPP), the product of current

density (JMPP ) and voltage (VMPP ) is the largest. Thus, a fill factor FF can be

defined as:

FF =
VMPP × JMPP

VOC × JSC
(1.40)

The fill factor is largely determined by the series and shunt resistances, and incor-

porates many possible defects in the material and fabrication quality. Finally, the

photovoltaic power conversion efficiency of a solar cell is determined by

η = FF
VOC × JSC

Pin
(1.41)

where Pin is the incident light power density. This light intensity is standardized at

1000 W/m2 with a spectral intensity distribution matching that of the sun on the

earth’s surface at an incident angle of 48.2o, which is called the AM 1.5 spectrum.50

1.4.3 3D and 2D Perovskite Photovoltaics

Properties of 3D Perovskite Photovoltaics

Perovskites are a family of materials with the crystal structure of calcium titanate,

that is, ABX3 shown in Fig. 1.11(a). In organic-inorganic halide perovskite of inter-

est in photovoltaic applications, A is a larger organic cation typically methylammo-

nium CH3NH+
3 (MA), while ethylammonium CH3CH2NH+

3 (EA) and formamidinium

HC(NH2)
+
2 (FA) are also used in the perovskite compound for photovoltaics.51,52 An-

ion X is a halogen (Cl, Br and I), and as cation B, Pb and Sn have exclusively

been used for high efficiency perovskite solar cells because of lower and theoretically

ideal band gaps. Thus, the standard three-dimensional (3D) perovskite compound for

photovoltaics is methylammonium lead triiodide (CH3NH3PbI3), with mixed halides

CH3NH3PbI3−xClx and CH3NH3PbI3−xBrx also being important.53
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(a) (b) (c) 

Figure 1.11. (a) Perovskite ABX3 crystal structure. (b) Mesoscopic
perovskite solar cell (c) planar heterojunction structure.60

The high power conversion efficiencies (PCE) of organometallic halide perovskite

solar cells arise from the remarkable properties of perovskite materials:

• Broad absorption spectra and large absorption coefficients : the organometallic halide

perovskite typically exhibits broad absorption spectra from 350 nm to 800 nm,

which can be modified by tuning the bandgap via chemical modification.54 The

absorption coefficients of perovskite thin films are as high as 104− 105 cm−1, which

are comparable to that of conventional photovoltaic materials, such as GaAs, CdTe,

and CIGS.55 These optical properties make the organometallic halide perovskite as

suitable light absorber for photovoltaics.

• Small exciton binging energy : the values of the exciton binding energy of organometal-

lic halide perovskite are in the range of 1 − 10 meV, which are determined from

direct spectroscopic measurement at room temperature,56,57 owing to the large ef-

fective dielectric constants. Thus, as a result of the small exciton binding energy,

free charges are generated spontaneously following light absorption.

• Large charge carrier mobility and diffusion length: the free electrons and holes both

have high mobilities in the range of 10−30 cm2V−1s−1, which are much larger than

that in organic solar cells, and the charge carrier diffusion length at solar (AM 1.5)
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irradiation can be several hundreds of nanometers.58,59 Therefore, the large charge

carrier diffusion length plays a key role in achieving the remarkable performance of

perovskite photovoltaics.

• Large open circuit voltage VOC : perovskite solar cells are quite effective in generating

a high electric voltage, which is represented by a large VOC of over 1 V.

Based upon the unique properties of perovskites, two typical structures can be

constructed: the mesoscopic nanostructures (Fig. 1.11b) with a mesoporous TiO2

layer, which acts as a scaffold for carrying the photoactive layer, and the planar

heterojunction structure (Fig. 1.11c).60 The latter architecture is relatively simple,

and can lead to higher device efficiency than the former, which results from the

smaller recombination rate for the planar structure compared with the mesoscopic

structure.61

Challenges of 3D Perovskite Photovoltaics

• Hysteresis. Perovskite solar cells exhibit an anomalous hysteresis in the current-

voltage curves.62,63 The origin of this phenomenon is not yet understood but a num-

ber of possible causes have been proposed, with the two most supported notions

being ferroelectricity or the presence of mobile ionic species.64,65 It appears that

most evidence is pointing towards mobile ionic species being responsible: under an

applied electric field, negative ionic species will migrate towards one electrode and

positive ionic species will migrate towards the other. This will enable the stabiliza-

tion of positive electronic space charge near one electrode and negative electronic

space charge near the other, equivalent to p- and n-doping of the perovskite near

the charge collection layers. For forward bias, this results in favorable electronic



Introduction 27

contact for charge extraction but for reverse bias (or short-circuit) this results in

unfavorable electronic contact for charge extraction.60,64,65

• Operational Stability. When the perovskite solar cells based on 3D MAPbX3 are

aged under sunlight without encapsulation the devices usually rapidly degrade. It is

most likely that the moisture in the atmosphere reacting with the perovskite under

sunlight decomposes the perovskite crystal. Therefore, the necessary encapsulation

will increase the cost and complexity of large-scale manufacture of perovskite solar

cells. In addition to sustaining prolonged exposure to sunlight in the atmosphere,

the solar cells need to be able to survive long-time operation under temperatures

as high as 85 ◦C, and as low as −40 ◦C.60 To fabricate long-term stable solar

cells and modules, it is thus critical to overcome the moisture- and thermal-driven

degradation of perovskite absorbers.

2D Perovskite Photovoltaics

Two-dimensional (2D) perovskites are promising candidate materials, compared to

3D perovskites, which can overcome stability issue. 2D perovskites are derivatives of

MAPbI3, obtained by opening the 3D network and inserting long-chain hydrocarbon

cations between the perovskite layers. These materials form 2D layered structures

and can be considered as naturally occurring multiple quantum wells (QW), where

the thickness of the inorganic slab (m) defines the QW width, and the organic spacer

acts as the barrier. 2D perovskite solar cells have shown greatly improved environ-

mental stability and photostability under operating conditions.66–68 However, this

type of PV devices lead to smaller photovoltaic efficiencies in comparison to their

three-dimensional counterparts, which could contribute to the higher charge-carrier
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recombination rates in 2D perovskite solar cells, and I will discuss this with more

details in Chapter 4.

To improve photovoltaic performance of 2D perovskite photovoltaic devices and

investigate the loss mechanism of device efficiencies, a comprehensive optical model-

ing of 2D perovskite solar cells will be exploited in this thesis, which can be briefly

described as follows:

(I). Cavity enhanced absorption for 2D perovskite photovoltaics

The optical absorption spectra of the photovoltaic materials can be tuned by the

cavity effect in the multilayer structure, which has been used to improve device per-

formance for organic photovoltaics.69,70 Control of absorption spectra of the active

layer is achieved simply by controlling thicknesses of the layers within the device;

a much easier method than synthesizing new photovoltaic materials. In this thesis,

I will explore how the cavity effect tunes the absorption spectra of 2D perovskites

within the multilayer structure, and employ this phenomenal optical effect to raise

the light harvest in devices, which is critical to improve the photovoltaic performance

of solar cells.

(II). Drift-diffusion model for charge-carrier recombination

To investigate the mechanism of charge-carrier recombination in 2D perovskite solar

cells, a modified drift-diffusion model will be introduced, which can be used to under-

stand the lower power conversion efficiency (PCE) comparing to that of 3D perovskite

solar cells.
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1.5 Summary and Thesis Outline

Light-matter interacting multilayer nanostructures provide a promising platform for

both fundamental theory development and optical/optoelectrical application. Consid-

ering the different multilayer nanostructures investigated, this thesis can be roughly

broken into three sections. In the first section (Chapters 2 and 3), I will describe

the linear and nonlinear optical properties of ultrastrongly exciton-photon coupled

organic cavities containing a well-researched conjugated organic glass. In the next

(Chapter 4), the optical modeling of 2D perovskite solar cells will be discussed for

a typical photovoltaic multilayered structure. Finally, in the third section (Chapter

5), I will present the nonlinear optical properties of coextruded-multilayered polymer

films containing a nonlinear chromophore.

In the following chapters, I will cover the topics, both theoretically and experi-

mentally, listed below with details:

• Ultrastrong Exciton-Photon Coupling in Single and Double Low-Q

Organic Cavities

• Cavity-Polariton Enhanced Third-Harmonic Generation in Organic

Cavities

• Optical Properties and Modeling of 2D Perovskite Solar Cells

• Nonlinear Optical Properties of Coextruded-Multilayered Polymer

Films
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2 Ultrastrong Coupling in Single and Dou-
ble Low-Q Organic Cavities

2.1 Introduction

Light-matter interactions in optical cavities are being intensively studied, well beyond

the laser concept and now encompassing both fundamental investigations and appli-

cation in light emission, nonlinear optics, and quantum information.71–73 The effect

of the optical cavity on the emission of light can be divided into different regimes. In

the weak coupling regime, the spatial and temporal distribution of the emitted light

can be altered. In the strong coupling regime, energy exchange between the emitter

and cavity mode becomes faster than any dissipation or decoherence in what is known

as vacuum Rabi oscillations. This mixing between optical and electronic (excitonic)

states within the cavity leads to the formation of quasi-particles termed cavity po-

laritons, which are characterized by the anticrossing dispersion with a vacuum Rabi

splitting (~ΩR).

Originally, strong coupling was studied with atoms in a resonant cavity,74 and,

later, strong exciton-photon coupling was first demonstrated with GaAs quantum

wells in optical inorganic microcavities.75 Quantum well excitons in inorganic semi-

conductors are of the Wannier-Mott-type. These extended excited states are weakly
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bound (∼meV) and can have large Bohr radii (>10 nm). The excitonic state has

a low saturation density and can generally be ionized at room temperature. These

features often limit the observation and study of the strongly coupled state to low

temperatures and small excitation densities.76 Similarly, the low exciton oscillator

strength results in small Rabi splittings. Recent developments have led to demon-

strations of room-temperature strong exciton-photon coupling and polariton lasing in

group III nitrides and ZnO, which triggered tremendous attention and interest in the

manipulation of this system for strongly coupled devices.77,78

In contrast to inorganic materials, excitons in organic materials exhibit a number

of appealing physical properties relevant to strong coupling. Particularly, the excitons

in organic materials are tightly bound (∼1 eV) Frenkel-type states that can have large

oscillator strengths along with their strong exciton binding energies. In addition, a

large density of molecules can easily be deposited in an optical structure. Therefore,

the high effective transition dipole moments of organic materials can compensate for

low Q-factor cavities. Strong exciton-photon coupling was first demonstrated by us-

ing a spun cast film of the organic semiconductor (4TBPPZn) in polystyrene located

in a planar microcavity at room temperature, yielding a vacuum Rabi splitting of

~ΩR = 110 meV,79 which is followed by numerous experimental demonstrations of

strong coupling using organic materials, such as cyanine dye J-aggregates,80 polycrys-

talline films,81 single-crystal anthracene,82 polymers,83 and two-dimensional layered

transition metal dichalcogenides (TMD).84,85 Due to the remarkable properties of or-

ganic cavity polaritons, some interesting room-temperature physical observations have

been reported, for example, polariton condensate and lasing,83,86 polariton-mediated
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energy transfer,87,88 polariton-induced work-function modification,89 and superfluid-

ity.90

In the limit where the exciton-photon coupling is increased to a significant fraction

of the uncoupled exciton energy (~ΩR ∼ Eex), the light-matter interacting system

enters the so-called ultrastrong coupling regime (USC), where the presence of non-

negligible antiresonant light-matter interaction terms leads to modifications of both

excited and ground state properties. Demonstrations of USC in organic microcavities

have been reported, which have sparked interest in the study of its effect on material

properties and practical applications.91–93

Importantly, multiple coupled microcavities introduce additional degrees of free-

dom, both for materials and the cavity interactions, and have attracted increasing

attention. Quantum well based multiple coupled microcavites (MCs) have been well

studied for theory and optical devices.94–99 Cavity polariton-induced splitting of ex-

citonic states and optical reflection asymmetry were reported by Armitage et al.

in quantum well based coupled inorganic MCs.95,96 Some researchers analyzed the

polariton-polariton interaction potentials using pump-probe degenerate scattering.98

With increasing degrees of freedom, these quantum well based multiple coupled micro-

cavity systems have promising applications, such as angle-resonant stimulated polari-

ton amplifiers and optical parametric oscillators.99 Recently, vertical coupled double

organic microcavities have been demonstrated at room temperature, which could offer

new opportunities for the development of organic active-media based devices.100

To the best of our knowledge, coupling between multiple cavities in the ultrastrong

limit has not been observed in any material. Therefore, we focus on single and

double organic microcavities, which are composed of neat glassy organic dye films
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between metallic (silver) mirrors. Via room-temperature optical characterization of

these cavities, we experimentally find that:

• Ultrastrong exciton-photon coupling is demonstrated from low-Q single or-

ganic microcavity at room temperature;

• Four polariton branches exhibit the degeneracy broken of vacuum Rabi split-

tings in the symmetric double coupled microcavity, which results from the

coupling of double cavity comprised two single exciton-photon ultrastrongly

coupled microcavities beyond the rotating wave approximation;

• Polariton-induced optical asymmetry is observed from the asymmetric double

coupled cavity in the ultrastrong coupling regime.

In addition, the transfer matrix theory with complex index of refraction dispersion

data, obtained by detailed modeling of spectroscopic ellipsometry data for each ma-

terial, is employed for the organic cavities, yielding excellent quantitative agreements

between calculation and experimental results. To explain the degeneracy broken of

vacuum Rabi splittings, a modified oscillator coupled model is introduced, and the

calculated vacuum Rabi splittings are consistent with the measured values.

2.2 Experimental

2.2.1 Cavity Structures and Fabrication

We have studied low-Q single (Fig. 2.1a) and double (Fig. 2.1b and c) cavity using

metal mirrors enclosing a neat organic dye glass, DCDHF-6-V, and the inset in Fig. 2.3

shows the chemical structure of this molecule.101 Two types of double coupled cavities

are studied: (I) symmetric cavities where both contain the exciton dye glass, shown
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in Fig. 2.1(b), and (II) asymmetric cavities where one is filled with DCDHF-6-V and

one with polyvinyl alcohol (PVA), a nonabsorbing polymer, as shown in Fig. 2.1(c).
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Figure 2.1. Structures of organic cavities: (a) single cavity; (b) sym-
metric double cavity; (c) asymmetric double cavity. The transparent
PVA film within asymmetric cavity works as a spacer layer.

Organic cavities were fabricated on glass substrates (1 mm), which were cleaned by

successive 15 min. sonication at 50 ◦C in a weak detergent water solution, DI water,

acetone, methanol, and isopropanol. First, a thin (30 nm) silver film was thermally

evaporated onto the glass substrate in vacuum at 10−7 Torr. Next, DCDHF-6-V was

spun cast on top of the metal film, and the thickness of the organic film was varied

from 90 to 170 nm by adjusting the spin speed. The single cavity fabrication was

completed by evaporating a second thin (30 nm) silver film on top of the organic

layer. This process provided single cavities with low Q-factors of around 12. For

the double coupled cavities, a thinner (20 nm) silver layer was made in the center of

cavity structures.

2.2.2 Spectroscopic Ellipsometry Measurements

Spectroscopic ellipsometry was used to obtain the complex refractive index of each

material in the organic cavities, and the measurements were carried out with a Horiba

Jobin Yvon UVISEL iHR320 ellipsometer for photon energies between 1 eV and 5
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eV with 10 meV increment. In this measurement, linearly polarized light with equal

intensities of p and s polarization is incident on the measured material at some in-

cidence angle between 55 and 80o. The specular reflection is collected and the ratio

of intensity and phase difference of s to p polarizations is collected. Then the experi-

mental data is fit using a user-defined model composed of the thickness and dispersion

of the material and substrate being measured. The complex optical dispersion of the

material under investigation can then be used as fitting parameters and optimized to

produce the best fit. In the following section, I will show an example of experimental

data and modeling functions for DCDHF-6-V, which is more complicated than the

modeling for both silver and PVA films.

2.2.3 Absorption and Photoluminescence Measurements

The absorption spectra measurements of neat DCDHF-6-V film were carried out using

a Cary 300 UV-Vis spectrophotometer between 300 and 900 nm with 1 nm increment,

and the photoluminescence emission spectra were measured by a Horiba Fluorolog-3

spectrofluorometer.

2.2.4 Transmission Measurements

The transmission measurements of single organic cavities with different thickness were

carried out using a Cary 300 UV-Vis spectrophotometer between 300 and 900 nm with

1 nm increment.
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2.2.5 Angularly Resolved Reflection Measurements

The linearly optical angle-resolved reflectivity spectra of the organic microcavities

were acquired at room temperature using a J. A. Woollam Co. Inc V-VASE instru-

ment with an angular increment of 5o and wavelength from 300 to 900 nm with an

increment of 2 nm.

2.3 Results and Discussion

2.3.1 Optical Characterization of DCDHF-6-V film

• Complex refractive index of DCDHF-6-V

The dispersion function of complex refractive index (optical constants) used to fit

experimental ellipsometric data of DCDHF-6-V is the Forouhi-Bloomer model,102,103

satisfying Kramers-Kronig relation, which can be expressed as:

n(ω) = n∞ +
N∑
j=1

B (ω − ωj) + C

(ω − ωj) + Γ2
j

(2.1a)

k(ω) =


∑N

j=1

fj (ω − ωg)2

(ω − ωj) + Γ2
j

ω > ωg

0 ω ≤ ωg

(2.1b)

where

B =
fj
Γj

(
Γ2
j − (ωj − ωg)2

)
(2.2a)

C = 2fjΓj (ωj − ωg) (2.2b)

with the following fitting parameters:

• n∞ the long wavelength (low energy) refractive index

• ωj the frequency of maximum absorption
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• fj the oscillator strength

• ωg the band gap frequency

• Γj the width of the oscillator

The complex refractive index (optical constants) of the DCDHF-6-V film is shown in

Fig. 2.2.
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Figure 2.2. The complex refractive index of the DCDHF-6-V film ob-
tained by ellipsometry modeling.

• Absorption and emission spectra of DCDHF-6-V

Fig. 2.3 shows the room-temperature absorption and photoluminescence emission

spectra from a 90-nm-thick neat film of DCDHF-6-V spun cast onto a glass substrate.

The Stokes shift, which is the difference between positions of the band maxima of

the absorption and emission spectra of the same material, can be observed, and

the FWHM for the transition at 2.16 eV is 0.58 eV, and the strong inhomogeneous

broadening of the excitonic resonance results from the disorder inherent in the organic

glass (DCDHF-6-V). In addition, it is worth mentioning that the imaginary part
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Figure 2.3. The absorbance (red curve) and photoluminescence emis-
sion (blue curve) spectra of a 90-nm-thick neat film of DCDHF-6-V.
The inset shows the chemical structure of DCDHF-6-V.

(k) of refractive index obtained by ellipsometry modeling behaves the same trend

as the measured absorption spectra of DCDHF-6-V, which also indicates that the

ellipsometry fitting results of DCDHF-6-V are satisfactory.

2.3.2 Optical Characterization of Single Organic Microcavities

The cavity mode can be tuned to be resonant with the exciton state by varying either

the cavity thickness or the angle of incidence, as the wave vector ~k is varied. Thus, to

investigate the momentum-energy dispersion relation for the light-matter interacting

organic microcavities, we can vary either the cavity thickness or the angle of incidence.

Tuning the cavity mode by varying the cavity thickness

Fig. 2.4(a) show the variation in room-temperature normal-incidence transmittance

spectra as the photon mode is tuned by varying the cavity thickness. For each cavity,

two transmittance peaks, corresponding to the cavity polariton states, are observed,
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and the shift of energetic positions of the cavity polariton states can be seen clearly as

the cavity thickness is varied. To represent the experimentally measured dispersion

directly, energetic positions of cavity polariton states are plotted as a function of

the cavity thickness, shown in Fig. 2.4(b). Two cavity polariton branches, upper

polaritons (UP) for higher energy states and lower polaritons (LP) for lower energy

states, anticross a point of cavity thickness where dispersions of the uncoupled cavity

mode (dashed black curve) and exciton state (solid blue line) cross. At this point, the

vacuum Rabi splitting energy (~ΩR) as the minima of the energy difference between

UP and LP, is obtained, yielding a ~ΩR of 1.12 eV. Thus, the ratio value of the vacuum

Rabi splitting energy to the uncoupled exciton energy is ~ΩR/Eex = 1.12/2.16 =

0.52, which is larger than 0.2,104 indicating the ultrastrong exciton-photon coupling

is demonstrated from the low-Q organic microcavities. The dispersion relations of

the cavity polariton calculated using the transfer matrix formalism are shown by the

solid red curves, which precisely agree with the measurement results. The horizontal

blue line is the exciton transition energy of DCDHF-6-V, and this energy is thickness

independent, which is expected to give the resonance energy for the coupled exciton-

photon system.

Tuning the cavity mode by varying the angle of incidence

Fig. 2.5(a) and (b) show the variation in room-temperature reflectivity spectra as

the photon mode is angle tuned through the exciton mode energy with TM and TE

polarized light, respectively. At each angle, two reflectivity dips, corresponding to

the cavity polariton states, are observed, and the shift of energetic positions of the

cavity polariton states can be seen clearly as the angle of incidence is varied. To

represent the experimentally measured dispersion more directly, contour plots of the
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Figure 2.4. (a) Normal-incidence transmittance spectra of organic mi-
crocavities. The spectra for different cavity thickness (indicated in the
figure) have been displaced vertically for clarity. (b) Anticrossing dis-
persions as a function of the cavity thickness. The circles and squares
are experimental data, and the red curves are obtained by the transfer
matrix calculation. The dashed black curve is the dispersion of bare
cavity mode, and the blue line shows the uncoupled exciton transition
energy of DCDHF-6-V.

angle-resolved reflectivity (R) are shown in Fig. 2.6(a) for TM and Fig. 2.6(b) for

TE polarization. The dispersion shown in Fig. 2.6(a) and Fig. 2.6(b) exhibits widely

separated anticrossed states characteristic of a strongly coupled exciton-polariton.

Again, upper polariton (UP) and lower polariton (LP) branches are observed near the

point where the dispersions of the uncoupled cavity mode (dashed white curve) and

exciton state (solid blue line) cross. The dispersion relations of the cavity polariton

calculated using the transfer matrix reflectivity model are shown by the dashed black

curves, which precisely agree with the measurement results. Comparing these two

contour plots, the polariton dispersion of the TM modes is flatter than that of the TE

modes consistent with polarization dependence of the bare cavity photon dispersion

shown as the dashed white curves in Fig. 2.6(a) and Fig. 2.6(b). The resonance
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between cavity photon and exciton occurs at around 25o and 15o for TM and TE

polarization, respectively.
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Figure 2.5. Angularly resolved reflectivity spectra for an organic mi-
crocavity containing a 140-nm-thick DCDHF-6-V film for TM (a) and
TE (b) polarization. The spectra for different measurement angles (in-
dicated in the figure) have been displaced vertically for clarity.

Significantly, using the angle as the parameter to determine the vacuum Rabi

splitting energy always results in an important overestimation of the strength of the

coupling.105 To obtain ~ΩR correctly from the angularly resolved reflectivity measure-

ment results, the energy positions of the reflectivity dips are re-plotted as a function

of the wave vector, which are shown in Fig. 2.7(a) for TM and Fig. 2.7(b) for TE

polarization, respectively. The in-plane wave vector k‖ is related to the incident angle

θ and wavelength λ of the incident light through the relation:106

k‖ = k sin θ = (2π/λ) sin θ (2.3)

Thus, the measured anticrossing dispersions as a function of the wave vector lead

to the same ~ΩR of 1.12 eV, which is the minimal energy separation between the
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Figure 2.6. Angle-resolved reflectivity maps of the 140-nm-thick mi-
crocavity. The spectra are shown for TM (a) and TE (b) polarization.
The dashed black curves, which are obtained by transfer matrix cal-
culation, trace the positions of the reflectivity minima that correspond
to the UP and LP branches. The dashed white curve is the dispersion
of bare cavity mode, and the blue line shows the DCDHF-6-V exciton
transition energy.

polariton branches, for both TM and TE polarization, and this is equal to the value

of ~ΩR obtained from the cavity-thickness dependent anticrossing dispersion.

Next, we can examine the calculated vacuum Rabi splitting energy with a simple

classical model. The coupling parameter between a dielectric material and an optical

cavity is given as follows:

g0 =

(
Nµ2

12ωex
2V0ε~

)1/2

(2.4)

where ε is the dielectric constant of organic material, N/V0 is the molecular number

density, E0 = ~ωex is the uncoupled exciton transition energy, and µ12 ≡ 〈Ψ1|e~r|Ψ2〉

is the electric dipole matrix element of the transition. Generally, in the classical

oscillator model, the vacuum Rabi splitting energy ~ΩR in an OMC can be expressed
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Figure 2.7. Anticrossing dispersions as a function of the wave vector
for TM (a) and TE (b) polarization. The circles and squares are mea-
surement data, and the red curves are obtained by transfer matrix
calculation. The dashed black curve is the dispersion of bare cavity
mode, and the blue line shows the DCDHF-6-V exciton energy. The
diagonal black line on the right of the plots signifies the maximum scan
angle.

as

~ΩR = 2

[
(~g0)2 −

1

4
(γex − γcav)2

]1/2
(2.5)

where γex and γcav are half widths (HWFM) of the uncoupled exciton and cavity

mode, respectively. The parameters shown in Eq. 2.4 and Eq. 2.5 for the (DCDHF-

6-V)-filled OMC are given in Table 2.1. The calculated vacuum Rabi splitting using

Eq. 2.4 and Eq. 2.5 along with the experimentally determined oscillator strength and

spectral widths is obtained as 1.118 eV, which is in excellent agreement with the exper-

imental value of 1.120 eV, even though Eq. 2.5 applies to homogeneously broadened

spectra. These results are consistent with the sharp falloff of the inhomogeneously

broadened spectra where the coherence of the inhomogeneously broadened dipoles is

maintained.107 This is in keeping with the narrow polariton linewidths observed and
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with the observations of Gambino et al.108 There are three main contributions to the

large vacuum Rabi splitting of the (DCDHF-6-V)-filled OMC: (1) the large number

density of the material as a neat organic glass; (2) the large electric dipole matrix

element of the transition due to the broad absorption spectrum and high exciton os-

cillator strength; and (3) the similar linewidths between the uncoupled exciton and

cavity mode. The first two factors give rise to a large coupling parameter ~g0 around

0.56 eV, thus a large vacuum Rabi splitting, because ~ΩR depends on the oscillator

strength determined from the energy-integrated absorption rather than on just the

magnitude of the absorption peak.108,109

Table 2.1. Parameter values in Eq. 2.4 and Eq. 2.5 for an OMC filled
with a 140 nm DCDHF-6-V film.

N/V0 µ12 ~ωex γex γcav ~g0 (~ΩR)calc (~ΩR)expt.
(cm−3) (D) (eV) (eV) (eV) (eV) (eV) (eV)

1.8× 1021 7.3 2.16 0.29 0.23 0.56 1.118 1.120

2.3.3 Optical Characterization of Symmetric Double OMCs

For the symmetric double OMCs with the structure shown in Fig. 2.1(b), a series of

TM polarized reflectivity spectra taken at room temperature are shown in Fig. 2.8(a).

For each angle, four reflectivity dips corresponding to the cavity polariton states, are

observed, and the energetic positions of the dips shift as the angle of incidence are

varied. Extracting the energetic positions of those reflectivity minima, four cavity

polariton blanches, indicated as UP, MP1, MP2, and LP branch, can be seen in

Fig. 2.8(b). According to the measurement results, anticrossing between UP and MP2

leads to a vacuum Rabi splitting ~ΩR1 of 1.11 eV, while anticrossing between MP1

and LP yields a vacuum Rabi splitting ~ΩR2 of 1.08 eV. The anticrossing occurs at
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different angles (different wave vector k), which is consistent with the observation by

Armitage et al. for the strongly coupled inorganic MCs, and this is due to the splitting

between symmetric and antisymmetric cavity modes.95 However, the inequality of

these two splittings is inconsistent with the prediction of the classical four-oscillator

coupled model proposed by Armitage et al. for the strong coupling regime. For the

coupled OMCs in the ultrastrong coupling regime, a modified four-oscillator coupled

model is now examined that takes into account the antiresonant Hamiltonian terms

for the interacting system beyond the rotating wave approximation (RWA).
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Figure 2.8. (a) Angularly resolved reflectivity spectra for a symmetric
double OMC containing two 140-nm-thick DCDHF-6-V layers for TM
polarization. The spectra for different measurement angles (indicated
in the figure) have been displaced vertically for clarity. (b) Energetic
positions of reflectivity dips plotted as a function of the wave vector.
Experimental data are shown as circles and squares, and the solid red
curves are obtained by transfer matrix calculation. The dashed black
curves are the dispersion of bare-cavity symmetric and antisymmetric
modes. The blue rectangular box shows inhomogeneous broadening
of excitonic resonance of DCDHF-6-V. The diagonal black line on the
right of the plot signifies the maximum scan angle.
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First, the optical fields in the coupled cavities yield symmetric and antisymmetric

cavity modes, and the coupled cavity energies can be obtained via95 Ec V0

V0 Ec


 α

β

 = E

 α

β

 (2.6)

where Ec is the energy of the uncoupled cavity modes and V0 is the optical coupling

parameter between the cavities. The energies of the symmetric and antisymmetric

coupled cavity modes are given by ES = Ec + V0, EAS = Ec − V0.

Second, the exciton states in the two separate cavities also form symmetric and

antisymmetric combinations (ψS, ψAS) given as ψS = (φ1 + φ2)/2 and ψAS = (φ1 −

φ2)/2, where φ1 and φ2 are the single exciton wave functions in the two cavities.95,110

Third, the symmetric coupled cavity mode couples to the symmetric exciton state

ψS, and the antisymmetric coupled cavity mode couples to the antisymmetric exciton

state ψAS via the equation which describes the eigenvalues of the Hopfield Hamiltonian

of the interacting system:108,111,112

(E2
cav − E2)(Ê2

ex − E2) = β2E2
exE

2
cav (2.7)

where Eex is the uncoupled exciton energy, β = ~ΩR/Eex, and Ê2
ex = E2

ex + β2E2
ex.

Ecav describes the energy dispersion of the cavity mode; for the coupled cavities, Ecav

can be described as ES = Ec + V0, EAS = Ec − V0. Thus, for the coupled double

microcavities, taking into account the antiresonant Hamiltonian terms, the polariton

energies can be described via

(E2
S/AS − E2)(E2

ex + β2E2
ex − E2) = β2E2

exE
2
S/AS (2.8)



Ultrastrong Coupling in Single and Double Low-Q Organic Cavities 53

If β is relatively small, corresponding to strong exciton-photon coupling, the above

equation can be approximated as

(ES/AS − E)(Eex − E) = V 2
1 (2.9)

where we define V 2
1 = 1

4
β2EexES/AS, which is the coupling parameter between exciton

and cavity modes. The above equations are the result of the classical four-oscillator

coupled model, and the solutions for polariton eigenvalues at resonance (namely,

Ec = Eex) are given as

E1,2 =
1

2
(2Eex + V0 ±

√
V 2
0 + 4V 2

1 )

E3,4 =
1

2
(2Eex − V0 ±

√
V 2
0 + 4V 2

1 ) (2.10)

At resonance conditions, ~ΩR1 = ∆E12 = ∆E34 = ~ΩR2 =
√
V 2
0 + 4V 2

1 , and this

relation can only hold when the small-β condition is satisfied.

For the ultrastrong coupling regime, β is significant, thus, the polariton eigenvalues

at resonance conditions can be derived from Eq. 2.8:

E2
1,2 = ±1

2

√
(E2

ex + E2
SR + (~ΩR1)2)2 − 4E2

exE
2
SR

+
1

2

(
E2
ex + E2

SR + (~ΩR1)
2
)

E2
3,4 = ±1

2

√
(E2

ex + E2
ASR + (~ΩR2)2)2 − 4E2

exE
2
ASR

+
1

2

(
E2
ex + E2

ASR + (~ΩR2)
2
)

(2.11)

where ESR = Eex + V0, EASR = Eex − V0 at resonance conditions. According to

Eq. 2.11, we can derive that ~ΩR1 = 4E12 = f [(~ΩR1)
2, E2

SR], ~ΩR2 = 4E34 =

f [(~ΩR2)
2, E2

ASR], which could not guarantee that the equality ~ΩR1 = ~ΩR2 always

holds. From the measurement results, shown in Fig. 2.8(b), anticrossing between UP
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and MP2 leads to a measured vacuum Rabi splitting ~ΩR1 = E1−E2 = 2.83−1.72 =

1.11 eV, which is the minima of the energy difference between UP and MP2, and

the calculated ~ΩR1 from Eq. 2.11 is 1.106 eV. Anticrossing between MP1 and LP

leads to a measured vacuum Rabi splitting ~ΩR2 = E3 − E4 = 2.64 − 1.56 = 1.08

eV, and the calculated ~ΩR2 from Eq. 2.11 is 1.06 eV. The results are summarized

in Table 2.2, and the strong quantitative agreement between the measurement and

calculated results confirm that the modified four-oscillator coupled model can describe

the dispersion of cavity polariton states and permit a good physical understanding

of the on-resonance behavior for the coupled symmetric double microcavities in the

ultrastrong coupling regime. The observed broken degeneracy between the UP-MP2

and MP1-LP vacuum Rabi splittings is a signature of coupling between the double

exciton-photon ultrastrongly coupled cavities and the higher-order antiresonant terms

beyond the the rotating wave approximation.

Table 2.2. Comparison between experimental and calculated vacuum
Rabi splitting ~ΩR.

Vacuum Rabi Bands Energies (~ΩR)calc (~ΩR)expt.
Splitting (eV) (eV) (eV)

~ΩR1 UP-MP2 E1 − E2 1.11 1.11± 0.01
~ΩR2 MP1 -LP E3 − E4 1.06 1.08± 0.01

2.3.4 Optical Characterization of Asymmetric Double OMCs

For the asymmetric double OMCs with the structure shown in Fig. 2.1(c), the angle-

resolved reflectivity spectra taken for TM polarization at room temperature are shown

in Fig. 2.9(a) and Fig. 2.10(a) when the microcavity is illuminated from its top and

bottom, respectively. In Fig. 2.9(a), three reflectivity dips corresponding to three

cavity polariton states (UP, MP, and LP), can be seen for each angle of incidence when
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Figure 2.9. (a) Angularly resolved reflectivity spectra for an asymmet-
ric double OMC, which has a structure shown in Fig. 2.1(c), containing
a 140-nm-thick DCDHF-6-V film and a 140-nm-thick PVA film for TM
polarization. The coupled cavity is illuminated from its top. (b) En-
ergetic positions of reflectivity dips plotted as a function of the wave
vector. Experimental data are shown as circles, and the solid red curves
are obtained by transfer matrix calculation. The dashed black curves
are the dispersion of bare-cavity symmetric and antisymmetric modes.
The blue line is the uncoupled exciton transition energy of DCDHF-6-V.
The diagonal black line on the right of the plot signifies the maximum
scan angle.

the microcavity is illuminated from its top. The energetic positions of cavity polariton

states shift as the angle, thus the wave vector, is varied, consistent with anticrossing

dispersion, which is shown in Fig. 2.9(b). When the reflectivity measurements are

taken by illuminating the cavity from its bottom, only two reflectivity dips, which

correspond to UP and LP states, are observed for each angle of incidence, and the

central mode (MP) is unobservable.

According to measurement results and the discussions above, the central mode is

unobservable when light is incident on the cavity containing DCDHF-6-V film. In

contrast, when light is incident on the cavity containing the spacer layer of PVA

film, the central mode (MP) is always observable and strong, and more photon-like
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Figure 2.10. (a) Angularly resolved reflectivity spectra for an asymmet-
ric double OMC, which has a structure shown in Fig. 2.1(c), containing
a 140-nm-thick DCDHF-6-V film and a 140-nm-thick PVA film for TM
polarization. The coupled cavity is illuminated from its bottom. (b)
Energetic positions of reflectivity dips plotted as a function of the wave
vector. Experimental data are shown as circles, and the solid red curves
are obtained by transfer matrix calculation. The dashed black curves
are the dispersion of bare-cavity symmetric and antisymmetric modes.
The blue line is the uncoupled exciton transition energy of DCDHF-6-V.
The diagonal black line on the right of the plot signifies the maximum
scan angle.

dispersive than the other two modes (UP and LP). This optical asymmetry in the

reflectivity spectra is induced by the cavity polariton, and similar results have been

reported for the coupled inorganic microcavities.96 Armitage et al. proposed a three-

coupled oscillator model composed of the optical modes from two cavities and the

excitonic states, explaining that whether the central mode (MP) is observable (bright)

or not (dark) depends on the direction of observation, consistent with the eigenstates

of the system. Our results showing very large splittings at room-temperature and

low-Q cavities indicate a new regime for observation of this asymmetry. These results

may provide applications for fast-response optical switches by converting dark modes

to bright ones in asymmetric coupled OMCs.
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2.4 Conclusion

In conclusion, we have demonstrated ultrastrong exciton-photon coupling within the

low-Q single cavities, which are constructed from low-Q all-metal mirrors filled with

the glass forming dye of DCDHF-6-V at room temperature. We also demonstrated

the coupling between a pair of ultrastrong coupled single microcavities. Because of

the nonlinear coupling describing the ultrastrong limit, the degeneracy between the

Rabi splittings associated with symmetric and asymmetric cavity modes is broken by

the antiresonant terms beyond the rotating wave approximation. This is in quantita-

tive agreement with a modified four-oscillator coupled model. The large vacuum Rabi

splitting, which is an appreciable fraction of the excited state energy of material, and

the anticrossing dispersion are the most significant features for the ultrastrong cou-

pling regime. Furthermore, we have observed polariton-induced optical asymmetry in

the reflectivity spectra of coupled organic microcavities having much larger splittings

than those of coupled inorganic microcavities. These results are very promising for

the study of light-matter interaction physics, and could lead to applications of cou-

pled organic multiple microcavities in the ultrastrong light-matter coupling regime

for the constituent microcavities at room temperature, for example in organic mi-

crocavity light-emitting diodes, where the coupling effect can narrow the linewidth

of emission.113 The coupled multiple cavity is also an interesting system for realizing

photon blockades in the ultrastrong coupling regime.114
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3 Cavity-Polariton Enhanced Third-Harmonic
Generation in Organic Cavities

3.1 Introduction

Strong exciton-photon coupling within microcavities results in new eigenstates of mi-

crocavity polariton systems, which are characterized by anticrossing of the momentum-

energy dispersions of the cavity and exciton.115 Due to the large oscillator strength

and exciton binding energy of organic materials, organic cavity polaritons exhibit

large vacuum Rabi splitting energies (~ΩR) even at room temperature.116–118 When

~ΩR is comparable (20%) to the uncoupled exciton energy (Eex), the system is char-

acterized by the ultrastrong coupling (USC) regime, where the rotating wave approx-

imation (RWA) is no longer applicable, and the antiresonant terms could significantly

modify cavity-polariton properties in both single and multiple cavities.119–122 The hy-

brid light-matter states are of significant theoretical and practical importance, such

as organic LEDs,123,124 room-temperature polariton condensation and lasing,125–127

polariton-mediated energy transfer,128,129 and superfluidity.130

Moreover, cavity polaritons are of interest in nonlinear optics, as the nature of

hybridization of the light-matter coupled system could provide more degrees of free-

dom, which can be used to tune the optical properties of the hybrid system. As
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Figure 3.1. Schematic illustration of modification of cavity polariton
induced by both linear and nonlinear optical effect. For example, in
linear optical regime, the optical thickness can be altered by the phys-
ical thickness, refraction, and angle; while the nonlinear optical pro-
cesses, which are affected by the incident light intensity, susceptibility,
and number density, also modify the optical properties of the hybrid
light-matter system.

illustrated in Fig. 3.1, in linear optical regime, the optical thickness, which tunes the

cavity polariton, can be altered by the physical thickness, index of refraction, and

incident angle; while the nonlinear optical processes, which are affected by the inci-

dent light intensity, susceptibility, and number density, could also significantly modify

the optical properties of the hybrid light-matter system. However, nonlinear optical

processes, such as the optical Kerr effect and optical third harmonic generation, aris-

ing from cavity polaritons in organic materials are not well studied. Recently, the

enhancement of resonant second-harmonic generation (SHG) of the lower polariton

is reported from strongly coupled organic crystalline nanofiber microcavities, where
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the SH wavelength is resonant with the lower polariton.131 Also, the enhanced third-

harmonic generation (THG) is observed from cavity polaritons in the ultrastrong

coupling regime when the pump wavelength is resonant with the lower polariton.132

Here, we experimentally demonstrate upper-polariton enhanced THG using angle-

varying reflection configuration in the ultrastrong coupling regime, and observe the

THG intensity is largest when the THG wavelength is resonant with the upper polari-

ton, in contrast to the observation of Barachati et al.,132 where the pump wavelength

they used is resonant with the lower-polariton state. We also show that the enhanced

THG is stronger when THG energy (wavelength) is resonant with the cavity polariton

state, which is more exciton-like.

3.2 Experimental

3.2.1 Organic Microcavity Fabrication

A 100 nm-thick Ag layer was thermally evaporated onto a 1 mm-thick glass substrate

in vacuum at 10−7 Torr. DCDHF-6-V was spun cast on top of the metal film, and the

thickness of the organic film can be varied by adjusting the spin speed. Microcavity

fabrication was completed by evaporating a second 30 nm-thick Ag layer on top of

the organic film, which provided microcavities with low Q-factor around 20.

3.2.2 Profilometry and Spectroscopic Ellipsometry

DCDHF-6-V layer thickness was measured using a stylus profilometer (KLA-Tencor

P-6). Spectroscopic ellipsometry measurements were carried out with a Horiba Jobin

Yvon UVISEL iHR320 ellipsometer under incident angles of 55o, 60o, 65o, for photon

energies between 1 eV and 5 eV with 10 meV increment, and the complex refractive
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index spectra of DCDHF-6-V were obtained by fitting the ellipsometric data using

the Forouhi-Bloomer model (New Amorphous). See Chapter 2 for more details about

the ellipsometry modeling.

3.2.3 Linearly Optical Angle-Resolved Reflectivity Measurements

To characterize the linear optical properties of organic microcavities, the linearly

optical angle-resolved reflectivity spectra were acquired at room temperature using

a J. A. Woollam Co. Inc V-VASE instrument with an angular increment of 5o and

wavelength from 300 to 900 nm with an increment of 2 nm.

3.2.4 Angle-Resolved THG Measurements

The schematic of the THG setup is shown in Fig. 3.2. Infrared wavelengths used as

the fundamental pump are generated from a traveling-wave optical parametric am-

plifier of superfluorescence (TOPAS, Light Conversion Ltd.), which is pumped by a

Ti:Sapphire regenerative amplifier (CPA-2010, Clark-MXR) with 1 kHz reparation

rate, 200-fs pulse duration and 1 mJ pulse energy. The combination of a polarizing

prism and compensator is used to continuously vary the pump power, and a second po-

larizing prism determines the polarization of the pump beam. A 50.2 mm focal-length

lens focuses the beam into the sample, which is placed on the computer-controlled

motorized rotation stage, and a second large aperture lens is used to collect the out-

put light. The KG3 (Schott) color filter, narrow band-pass filter (Thorlabs, Inc.) and

neutral density filter are used to attenuate the fundamental beam and to verify the

detected wavelength is from THG. The data is acquired from a photomultiplier tube

(PMT, R1333, Hamamatsu) in combination with a gated BoxCar integrator (SR200

series, Stanford Research Systems). A linear polarizer is placed in front of the PMT
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to study the THG polarization. All the components are placed on a rotating arm,

which is indicated by the dashed box in Fig. 3.2.
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Figure 3.2. Schematic setup of angle-resolved THG experiment. BP:
narrow band-pass filter; ND: neutral density filter; PMT: photomulti-
plier tube.

For all pump fundamental wavelengths, the same area of each sample is tested

by varying the incident angle from 15o to 60o, and also from 60o to 15o, in order to

check if the measurement results are reproducible and make sure there is no perma-

nent damage to each sample. A 30 nm-thick Ag film is also tested, and no significant

THG signal is observed using the same pump powers as for microcavity samples.

Furthermore, using the linear polarizer in front of the PMT, only TE-polarized THG

is detected when the cavity samples are pumped by TE-polarized fundamental wave-

lengths.
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3.3 Results and Discussion

3.3.1 Linear and Nonlinear Characterization of a 165 nm Organic Cavity

Fig. 3.3(a) shows the angularly resolved TE-polarized reflectivity spectra of a 165

nm-thick organic microcavity at room temperature. To obtain the vacuum Rabi

splitting, ~ΩR, correctly from the measurement results, we plot the energy position

of the reflectivity dips as a function of the wave vector (k = (2πλ) sin θ), yielding

that ~ΩR = 1.12 ± 0.01 eV from the anticrossing dispersion (Fig. 3.3(b)), which

is about 52% of the uncoupled exciton energy, thus indicating ultrastrong exciton-

photon coupling in the microcavity. The dispersion of the cavity polariton calculated

using the linear transfer matrix formalism are shown by the black solid lines in Fig. 3.3,

which are in quantitative agreement with the measurement results.

(a) (b) 

!ΩR

Figure 3.3. (a) Angle-resolved TE-polarized reflectivity map of a 165
nm-thick organic microcavity. The black solid lines show the calcu-
lated polariton dispersion using the linear transfer matrix method. The
dashed curve is the dispersion of bare cavity mode, and the blue line
shows the uncoupled exciton energy of DCDHF-6-V. (b) TE-polarized
reflectivity dip energy as a function of the wave vector for the 165 nm-
thick cavity. The red arrow indicates the vacuum Rabi splitting of
~ΩR = 1.12 eV.
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Figure 3.4. (a) Angle-resolved reflected THG intensity of the 165 nm-
thick cavity pumped by different fundamental wavelengths, and the
pump power is fixed as 1.3 0.2 mW. (b) THG energy versus the inci-
dent angle at which the peak THG intensity is generated, following the
dispersion of the upper-polariton branch. Solid squares show the results
in (a), and the circles represent the results from a different measure-
ment area of the same microcavity. The squares and circles with color
changing from violet to red represent the THG intensity monotonically
decreases.

Next, the angle-resolved TE-polarized THG measurements are performed with

the ultrastrongly coupled microcavity pumped by different fundamental wavelengths.

Fig. 3.4(a) shows the measured THG results for the 165 nm-thick organic microcavity.

For each pump wavelength, the THG is measured by varying the incident angle from

15o to 60o (solid curves in Fig. 3.4(a)), and also from 60o to 15o (dashed curves), in-

dicating the reproducibility of the measurements. Importantly, to verify the detected

signals arise from THG, the peak THG intensity for different pump wavelengths at

particular angles is measured as a function of the pump power (Fig. 3.5), which can

fit well by a cubic-power function in Fig. 3.5(d), indicating the key characteristic of

THG. As shown in Fig. 3.4(a), the THG intensity has a peak at a particular incident

angle for each pump wavelength, and the angular position of the peak THG intensity
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Figure 3.5. Angle-resolved reflected THG of the 165 nm-thick micro-
cavity under different pump powers. Fundamental wavelength: (a)
1350 nm; (b) 1332 nm; (c) 1320 nm. (d) Measured THG intensity as
a function of pump power for different wavelengths, and the red curves
indicate the cubic power fitting.

shifts when the pump wavelength varies. Furthermore, for a fixed pump power, the

longer (lower) the pump wavelength (energy), the larger the peak THG intensity.

Thus, the angle values of the peak THG intensity for different pump wavelengths are

plotted with the cavity-polariton dispersions in Fig. 3.4(b), and two different areas

of the microcavity sample are tested. Also, the variation of the THG intensity is

indicated by the change of the symbols color from violet to red in Fig. 3.4(b).
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Two important observations should be emphasized, first, the THG energy (wave-

length) with the angle of the peak THG intensity for different pump wavelengths

follow the dispersion of the upper polaritons, which is the strong evidence of res-

onant cavity-polariton enhancement effect for THG. Second, the THG intensity is

larger when the pump energy (wavelength) is lower (longer), corresponding that the

cavity-polariton state resonant with the THG energy (wavelength) is more exciton-

like, which is closer to the uncoupled exciton energy. This observation implies that the

nonlinear characteristic of organic dye molecules in the cavity-polariton state plays a

more significant role in the THG intensity for the hybrid light-matter system.

3.3.2 Linear and Nonlinear Characterization of a 140 nm and 155 nm-thick
Organic Cavity

To investigate if the experimental observation is reproducible, a 140 nm and 155

nm-thick organic microcavity are also studied by angularly resolved reflectivity mea-

surements in the linear regime and angle-resolved THG measurements.

In the linear optical regime, the angularly resolved TE-polarized reflectivity spec-

tra of both organic microcavities are shown in Fig. 3.6. Comparing with Fig. 3.3(a),

we can clearly find that the incident angle for exciton-cavity photon resonance shifts:

for the 165 nm cavity, exciton-cavity photon resonance occurs at ∼ 40o, while the

resonance occurs at ∼ 35o for the 155 nm cavity, and at ∼ 15o for the 140 nm cavity,

respectively, which is strongly determined by the cavity dispersion (dashed curves

in Fig. 3.6). To obtain the vacuum Rabi splitting, ~ΩR, the energetic positions of

the reflectivity dips are plotted as a function of the wave vector for both cavities

(Fig. 3.7), which also yields a vacuum Rabi splitting of ~ΩR = 1.12± 0.01.
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(a) (b)

Figure 3.6. (a) Angle-resolved TE-polarized reflectivity map of a 140
nm-thick organic microcavity. The black solid lines show the calcu-
lated polariton dispersion using the linear transfer matrix method. The
dashed curve is the dispersion of bare cavity mode, and the blue line
shows the uncoupled exciton energy of DCDHF-6-V. (a) Angle-resolved
TE-polarized reflectivity map of a 155 nm-thick organic microcavity.
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Figure 3.7. TE-polarized reflectivity dip energy as a function of the
wave vector: (a) the 140 nm-thick cavity, (b) the 155 nm-thick cavity.
Scattered squares represent experimental data. The black and red solid
curves show the calculated polariton dispersion using the linear transfer
matrix method, and the dashed curve indicates the dispersion of bare
cavity mode.
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In the nonlinear optical regime, the angle-resolved TE-polarized THG are mea-

sured with both cavities. In Fig. 3.8, the angle values of the peak THG intensity for

different pump wavelengths are displayed for both cavities, which again follow the

dispersion of the upper-polariton branch, suggesting the cavity-polariton enhanced

THG. Moreover, for a constant pump power, the THG intensity is larger when the

cavity-polariton state resonant with the THG wavelength is more exciton-like.
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Figure 3.8. THG energy versus the incident angle at which the peak
THG intensity is generated, following the dispersion of the upper-
polariton branch. (a) the 140 nm-thick cavity, (b) the 155 nm-thick
cavity. Squares and circles are the experimental data from two differ-
ent areas of the same cavity, and the color changing from violet to red
represent the THG intensity monotonically decreases.

3.4 Conclusion

In summary, we demonstrate ultrastrong exciton-photon coupling in organic micro-

cavities at room temperature. Using angle-resolved THG technique, we observe that

the THG of the organic microcavities is enhanced when the generated energy (wave-

length) is resonant with the upper-polariton state, and the THG intensity is larger
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when the THG energy is closer to the uncoupled exciton energy of the organic ma-

terials. Our work showing very large Rabi splittings in low-Q metal-based organic

microcavities at room temperature could lead to promising optoelectronic applica-

tions, and the large nonlinear optical response of cavity polaritons could provide

potentials for fundamental and applied nonlinear optics.
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[125] S. Kéna-Cohen and S. R. Forrest, “Room-temperature polariton lasing in an
organic single-crystal microcavity,” Nat. Photonics 4, 371 (2010).

[126] K. S. Daskalakis, S. A. Maier, R. Murray, and S. Kéna-Cohen, “Nonlinear
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4 Optical Properties and Modeling of 2D
Perovskite Solar Cells

4.1 Introduction

Since perovskite compounds were first introduced as an inorganic sensitizer materials

in dye-sensitized solar cells in 2009,133 a wide spectrum of research has been carried

out on three-dimensional (3D) perovskite compounds of the form AMX3 (A = Cs+,

CH3NH+
3 , or HC(NH2)

+
2 ); M=Sn2+ or Pb2+; and X = Cl−, Br−, I−), and significant

progress in device performance has been achieved.134–136 State-of-the-art perovskite-

based solar cells deliver promising power-conversion-efficiencies (PCEs) of over 22%,

approaching the Shockley-Queisser limit for a single-junction solar cell. Nevertheless,

the moisture sensitivity of the 3D perovskites still remains a major concern in com-

mercializing this technology.137 To overcome this stability issue, new promising can-

didate materials have emerged for optoelectronic applications, which are derivatives

of AMX3, obtained by opening the 3D network and inserting long chain hydrocarbon

cations between the perovskite layers. These materials form two-dimensional (2D)

layered structures and can be considered as naturally occurring multiple quantum

wells (QW), where the thickness of the inorganic slab (m) defines the QW width, and

the organic spacer acts as the barrier.
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Recently, our collaborators at Northwestern University demonstrated synthetic

routes to phase-pure members of the Ruddlesden-Popper (RP) phase metal iodide

perovskite series utilizing different organic spacers between the inorganic layers, and

promising solar cell performance is observed in the (BA)2(MA)m−1PbmI3m+1 (BA =

CH3(CH2)3NH+
3 , MA = CH3NH+

3 , m = 1 − 4),138–141 affording a maximum PCE of

12.5%, exhibiting greatly improved stability by producing thin films of near-single-

crystalline quality.142 For further advancing these emerging RP perovskite materials,

it is essential to have a fundamental understanding of their optical and electronic

properties.

Here we investigate how the optical properties and optical-frequency dielectric

constants of the series of (BA)2(MA)m−1PbmI3m+1 films vary as a function of QW or

perovskite slab thickness (m), and the crystal structures of the compounds are shown

in Fig. 4.1.139,140 It will be seen that the experimental dielectric constants qualitatively

follow a similar trend, exhibiting increased dielectric screening with increasing m. In

addition, we find a sensitivity of the optical constants to the thin film microstructures

formed by different film processing methods.

Moreover, we employ transfer matrix theory with complex index of refraction ob-

tained by spectroscopic ellipsometry, to simulate absorption of (BA)2(MA)4Pb5I16

in an inverted planar solar cell device for various wavelengths, while varying the

thickness of 2D perovskite layer, and find that it displays cavity-induced absorption

enhancement.143–146 Guided by this absorption profile, we describe a modified drift-

diffusion model to optimize the photocurrent in the UV-Vis region of a complete solar

cell device. Our model takes into account the charge-carrier recombination in the

planar device architecture, which is an important parameter for determining charge
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extraction and collection, and has been previously neglected in similar optical analy-

ses.147,148 After confirming the consistency of our modeling results for 3D perovskite

solar cells with previously reported experimental data,149 we extend our investigation

to 2D RP perovskites and investigate (BA)2(MA)4Pb5I16 (m = 5) as a representative

case due to its broader absorption spectrum and smaller dielectric constant than the

lower-m members of the series. By using inputs from the experimental photovoltaic

parameters as a function of perovskite film thickness in our drift-diffusion model,

we predict the charge-carrier recombination constant of (BA)2(MA)4Pb5I16 which is

found to be one order of magnitude larger than in the 3D parent compound. The

present work, exploiting the cavity-tuned absorption enhancement with consideration

of charge-carrier recombination, represents a novel design tool aiming to qualitatively

boost the device efficiency for RP perovskite-based planar photovoltaic architectures.

m = 1

m = 2

m = 3
m = 4

m = 5

m = ∞

Figure 4.1. Crystal structures of the 2D lead iodide perovskites,
(BA)2(MA)m−1PbmI3m+1, extending from m = 1 to m =∞.139,140
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4.2 Experimental

4.2.1 Materials and Device Fabrication

• Materials : All reagents were used as received from Sigma-Aldrich without further

purification: lead oxide (PbO, 99%), methylamine hydrochloride (MACl, 99%), hy-

driodic acid (HI, 57 wt% in H2O), hypophosphorous acid (H3PO2, 50 wt% in H2O),

n-butylamine (BA, 99.5%), poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)

(PEDOT:PSS, 1.3wt % dispersion in H2O, conductive grade), phenyl-C61-butyric

acid methyl ester (PC61BM, 99.9%), N,N-dimethylformamide (DMF, anhydrous,

99.8%), and chlorobenzene (CB, anhydrous, 99.8%).

Perovskite crystals of (BA)2(MA)m−1PbmI3m+1 (m = 2 − 5) were synthesized ac-

cording to previously reported procedure.138–140

• Substrate Cleaning : Patterned ITO-coated glass (150 nm, 7 Ω/sq, Thin Film De-

vices Inc.) or microscope glass substrates were cleaned by sequential sonication in

aqueous detergent, deionized water, acetone (ACE), and isopropanol (IPA) for 15

min each, followed by a 5 min oxygen plasma treatment.

• Perovskite Film Preparation: Here we employ two film processing methods, namely,

hot-casting and post-annealing. The 2D perovskite solutions of 0.225 M con-

centrations were prepared by dissolving the (BA)2(MA)m−1PbmI3m+1 (m = 2− 5)

crystals in DMF solvent. For hot-cast films, the pre-cleaned microscope glass sub-

strates were pre-heated at 110 ◦C for 10 min before spin-coating 100 µl of the

as-prepared solutions at 5,000 rpm. for 20 s. For post-annealed films, the solutions

were spin-cast at 3,000 rpm. for 30 s and annealed at 85 ◦C for 5 min. The en-

tire process was conducted in an argon-filled glove box. The 3D MAPbI3 film was

prepared by sequential deposition method. 1 M PbI2 in DMF was spincoated at
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6,500 rpm. for 60s and dried at 70 ◦C for 30 min. After cooling it to RT, the film

was dipped in 10 mg/ml MAI solution for 30 s and dried at 70 ◦C for 30 min. The

entire process was conducted in a humidity-controlled box with < 3% RH.

• Device Fabrication: A thin layer of PEDOT:PSS (∼40 nm) was deposited on the

clean ITO substrates by spin-coating at 6,000 rpm. for 30 s and annealing at 150 ◦C

for 30 min in air. The substrates were then transferred to an argon glove box to com-

plete the device fabrication. Various concentrations of (BA)2(MA)4Pb5I16 (0.1125

M, 0.225 M, 0.3 M, and 0.45 M) were prepared by dissolving the (BA)2(MA)4Pb5I16

crystals in DMF solvent. Perovskite layers were fabricated by pre-heating the

ITO/PEDOT:PSS substrates at 110 ◦C for 10 min before spin-coating 100 µl of

the as-prepared solutions at 5,000 rpm. for 20 s. PC61BM layer was deposited on

the perovskite film from a 20 mg/ml solution in CB at 5,000 rpm. for 40 s. Finally,

150 nm of Al was thermally evaporated through a shadow mask at a pressure of ∼

8×10−7 Torr. The devices were encapsulated by using a cover slide and UV-curable

epoxy, which was cured for 15 min under a UV lamp. For testing, the devices are

masked with black tape to avoid edge effects for small area solar cells. The area is

defined to be 0.03 cm2.

4.2.2 Device Characterization

Current density vs. voltage (J-V) data were collected in air using a Keithley 2100

source meter under simulated AM 1.5G irradiation (100 mW/cm2) generated by a

xeon-lamp-based solar simulator (Oriel LCS-100). The light intensity was calibrated

by using an NIST-certified monocrystalline Si reference cell (Newport 532, ISO1599)

to reduce the spectral mismatch. The external quantum efficiency was measured

with a NIST calibrated monochromator (QEX10, 22562, PV measurement INC.) in
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the AC mode. The light intensity was first calibrated with a NIST calibrated pho-

todiode (91005) as a reference before each measurement. During the measurement,

the monochromator was chopped at a frequency of 150 Hz, the photocurrent was

collected at short circuit condition through a lock-in amplifier. Quantum efficiency

was calculated by software integrating the measured photocurrent for the device and

the standard reference cell.

4.2.3 Absorption, Ellipsometry and Profilometry Measurements

Absorption spectra of perovskite films were measured with a Cary 300 UV-Vis spec-

trophotometer between 300 and 900 nm with 1 nm increment. Complex refractive

index spectra of the materials used were determined using variable angle spectroscopic

ellipsometer (Horiba Jobin Yvon UVISEL iHR320) between 300 and 2000 nm with 10

nm increment. Perovskite film thicknesses were measured using a stylus profilometer

(KLA-Tencor P-6).

4.3 Results and Discussion

4.3.1 Optical Properties of 2D Perovskite Films

The refractive index of perovskite films are determined nondestructively by spectro-

scopic ellipsometry over a broad spectral range. To fit the ellipsometry measurement

data taking the nanocrystalline nature of the 2D perovskite films into account, we use

the Forouhi-Bloomer model in the parametrization of Jobin Yvon (new amorphous)
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for the complex refractive index,150,151

n(ω) = n∞ +
N∑
j=1

B (E − Ej) + C

(E − Ej) + Γ2
j

(4.1a)

k(ω) =


∑N

j=1

fj (E − Eg)2

(E − Ej) + Γ2
j

E > Eg

0 E ≤ Eg

(4.1b)

where

B =
fj
Γj

(
Γ2
j − (Ej − Eg)2

)
(4.2a)

C = 2fjΓj (Ej − Eg) (4.2b)

where n and k are real and imaginary part of index of refraction, which are disper-

sive and depend on energy (frequency) E. Eg is the bandgap, Ej, fj and Γj are the

resonance energy, strength, and width of one oscillator, respectively. All fitting pa-

rameters for hot-cast (HC) and post-annealed (PA) 2D perovskite films are listed in

Table 4.1, where the small χ2 values illustrate an excellent agreement between the ex-

perimental data and the model. For simplicity, thin films of (BA)2(MA)m−1PbmI3m+1

(m = 2− 5, ∞) are abbreviated as Pb2 - Pb5 and 3D perovskite, respectively.

To investigate the optical properties of 2D RP phase perovskite films as a function

of QW thickness (m), we compare their optical constants (complex refractive indices,

n and k), which are prerequisites for the optical transfer matrix simulations, from the

above ellipsometric modeling. The spectral-dependent refractive index upon varying

m and between 3D and 2D layered perovskites are shown in Fig. 4.2. The optical

constants obtained here for the 3D perovskite MAPbI3 are in excellent agreement with

previous reports, with the n value near the bandgap (1.6 eV) being approximately
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2.5,148,150 confirming the validity of the present experimental technique. For each

compound, we have tested several samples in order to check the reproducibility for

fitting results of the optical constants, shown in Fig. 4.3, and the observed acceptable

distinction is due to the unavoidable variation of the film morphology during the

deposition process.

Table 4.1. Fitting results of parameters in dispersion function Eq. 4.1 to
the ellipsometry measurement data of hot-cast (HC) and post-annealed
(PA) 2D perovskite films.

Fitting HC- HC- HC- HC- PA- PA- PA- PA-
parameters Pb2 Pb3 Pb4 Pb5 Pb2 Pb3 Pb4 Pb5 3D

χ2 4.575 3.981 1.527 1.456 0.221 0.154 0.164 0.198 2.232
d(nm) 193.1 209.8 139.3 167.9 71.58 73.65 65.64 59.57 221.3
n∞ 1.634 1.643 1.791 1.801 1.655 1.632 1.651 1.711 1.938

Eg(eV) 1.920 1.742 1.686 1.640 1.830 1.720 1.620 1.594 1.572
f1(eV) 0.017 0.102 0.177 0.177 0.018 0.068 0.004 0.018 0.128
E1(eV) 2.131 1.438 1.774 1.621 2.183 1.550 1.916 1.877 1.599
Γ1(eV) 0.085 0.160 0.065 0.052 0.100 0.435 0.303 0.183 0.047
f2(eV) 0.012 0.093 0.155 0.060 0.137 0.146 0.148 0.141 0.074
E2(eV) 2.793 1.911 2.280 2.339 2.887 1.883 2.861 2.377 2.407
Γ2(eV) 0.202 0.165 0.482 0.450 0.511 0.305 1.060 0.701 0.355
f3(eV) 0.134 0.089 0.044 0.063 0.023 0.119 0.047 0.068 0.057
E3(eV) 3.386 3.352 3.417 3.357 3.589 3.325 3.356 3.387 3.369
Γ3(eV) 0.605 0.643 0.420 0.497 0.376 0.657 0.495 0.543 0.431

Next, we investigate whether any disparity in optical constants arises from the par-

ticular film fabrication technique, hot-casting and post-annealing, where the former

method was recently demonstrated to offer significant advantages over the latter.136

In particular, the more rapid solvent removal and perovskite crystallization rate of

hot-casting leads to a compact, uniform film morphology and near-single-crystalline

orientation, hence enhanced charge transport in RP phase solar cells.141,142 Fig. 4.2(A)

and (B) present the real part n of refractive index, while Fig. 4.2(C) and (D) show
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Figure 4.2. Complex refractive index (optical constants) of 2D per-
ovskite (Pb2 - Pb5) and 3D perovskite films. Real part n (A) and
imaginary part k (C) of hot-cast 2D perovskite films. Real part n (B)
and imaginary part k (D) for post-annealed 2D perovskite films.

the imaginary part k (extinction coefficient) for hot-cast and post-annealed 2D per-

ovskite films, respectively. The corresponding n and k plots reveal that thin films of

identical 2D perovskite compounds from different processing methods yield different

optical constants. This distinction can plausibly be explained by variations in film

thickness and the complex nature of solution-processed thin films combined with the

sensitivity of optical constants to the material density and surface conditions such

as grain size, film roughness, crystallinity, and crystal orientation, especially for RP
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Figure 4.3. Complex refractive index of several hot-casting Pb5 per-
ovskite films. Real part n (A) and imaginary part k (B).

Figure 4.4. Absorbance spectra of (A) hot-cast and (B) post-annealed
2D perovskite films.

layered perovskites. A similar behavior can be observed in 3D perovskite, where

the optical constants of the MAPbX3 films are lower than those of their single crys-

tals due to defects and surface inhomogeneities occurring in solution-processed thin

films.152,153 Furthermore, the measured absorbance spectra of the 2D perovskite films

(Fig. 4.4) follow a parallel trend to the ellipsometry fitting results of the extinction

coefficient k, which also indicates the the ellipsometry fitting results are satisfactory.
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As summarized in Table 4.2, there is a small decrease in band-edge energies evident

in both the absorption spectra and the fit with increasing m.

Table 4.2. Band-edge energies of hot-cast and post-annealed 2D per-
ovskite (m = 2− 5) thin films.

Preparation Pb2 Pb3 Pb4 Pb5
methods (eV) (eV) (eV) (eV)

Hot-casting 1.851 1.746 1.662 1.631
Post-annealing 1.823 1.722 1.653 1.610

4.3.2 Dielectric Constants of 2D Perovskite Films

We next discuss the optical-frequency dielectric constants of the homologous series

as they can be derived from n and k. Note that the complex refractive index

and the dielectric function are similar in nature and closely related to each other.

The refractive index [ñ (ω) = n (ω) + ik (ω)] is usually used to describe how a ma-

terial responds when light propagates through it, whereas the dielectric function

[ε (ω) = ε1 (ω) + iε2 (ω)] is usually used to describe the material’s band structure.154

Fig. 4.5 shows the optical-frequency dielectric constants of the 2D perovskite films,

which are derived according to the relation between the dielectric constants and com-

plex refractive index [ε1 (ω) = n2 (ω)− k2 (ω) , ε2 (ω) = 2n (ω) k (ω)]. In the limit of

(ω ∼ ∞), we assume ε∞ ∼ n2
∞, and ε2 (∞) ∼ 0 for the frequency regime which is far

from resonance. Table 4.1 shows that the value of fitting parameter n∞ increases as

QW thickness m increases. Therefore, we can conclude that the value of ε∞ increases

as m varies from Pb2 to Pb5, and 3D perovskite (m =∞) always has a larger ε∞ than

its 2D counterparts (Fig. 4.6A). This variation trend of ε∞ is obtained by estimating
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Figure 4.5. Dielectric constants of 2D (BA)2(MA)m−1PbmI3m+1

(m = 2, 3, 4, 5) perovskite films. Real part ε1 (A) and imaginary part
ε2 (B) of hot-cast 2D perovskite films. Real part ε1 (C) and imaginary
part ε2 (D) for post-annealed 2D perovskite films. For comparison,
dielectric constants of 3D (m =∞) perovskite are included.

the average high-frequency dielectric constant of QWs using a simple mode:155

ε∞ =
εwLw + εbLb
Lw + Lb

(4.3)

where εw and εb are the dielectric constants of the inorganic layer (QW) and the

organic spacer layer (barrier), respectively, while Lw and Lb are the well width and the

barrier thickness, respectively. For this simple model, we employ εw = 6.5, εb = 2.1,
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and Lb = 0.775 nm, and the most marked changes are produced by the modification

of the QW width Lw. The Lw values for Pb2, 3, 4, 5, and 3D perovskite are 1.26,

1.89, 2.52, 3.15, and 315 nm, respectively.139,140 Fig. 4.6(B) displays the calculated

results of ε∞ for 2D perovskites (m = 1, 2, 3, 4, 5). Also included is ε = 6.5 for the

3D perovskite, which was established from magnetoabsorption and diffuse reflectance

measurements.156,157 Note that the calculated ε∞ increases as m increases, following a

similar trend as the ellipsometry fitting results of ε∞. However, the absolute values of

ε∞ from ellipsometric fitting do not agree well with those from the above model, and

we rationalize this disparity from the following possibilities: i) the assumption that

the well width Lw is the only variable may not always hold for this simple model; the

well width Lw and barrier thickness Lb used here are the parameters for single crystals

with perfect QWs. However, the solution processed thin films with nm-sized grains in

the present study are likely to have imperfect QWs due to the presence of defects in

the films; ii) the dielectric constant also has dispersion for the high-frequency range;

thus ε∞ derived from the simple model may fall into a different frequency range from

those obtained from ellipsometric fitting.

It is important to consider low-frequency dielectric constants, ε0, of these materials

since they can provide a prediction of how strongly the photo-generated electron-hole

pairs are bound and how easily they can be dissociated in the active layer, which

prominently influences the photovoltaic efficiency. The ease of charge dissociation

in the 3D perovskites comes from the fact that the Coulombic attraction between

the photo-generated holes and electrons is weakened by the screening effect of the

high dielectric constant of the inorganic lattice. In the 2D perovskites, however, the
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(A) 

Figure 4.6. High-frequency dielectric constant ε∞ as a function of num-
ber of inorganic layer for 3D (m =∞) and hot-cast 2D (m = 2, 3, 4, 5)
perovskite films, which are obtained from ellipsometry fitting (A); from
a simple quantum-well model (B).

increase in quantum confinement results in significant anisotropy in the photocon-

ductivity where the conductivity within lead iodide layers is much larger than that

across the layers.158 In addition, due to the dielectric mismatch between inorganic

slabs and organic spacers, the exciton binding energy increases with smaller m.159,160

Based on this consideration, we expect thicker QWs with a larger ε0, and thus, a

smaller exciton binding energy of molecules, such as Pb5, to exhibit higher PCE by

tuning the molecular orientation for favorable charge transport.142,161

4.3.3 Transfer Matrix Calculations

To understand the optical cavity effects in these emerging materials integrated in a

solar cell multilayer structure, we first calculate absorbance spectra of a free-standing

2D perovskite film surrounded by air as a function of the film thickness and wave-

length (Fig. 4.7D). It is important to note that we do not consider the scattering

effect caused by roughness in the multilayer structure for the optical model, and the
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Figure 4.7. (A) Diagram illustrating the device architecture. (B) Spec-
tral absorption contour versus active layer thickness for a photovoltaic
structure consisting of ITO (150 nm)/PEDOT:PSS (40 nm)/Pb5 per-
ovskite (thickness varied)/PCBM (20 nm)/Al (150 nm), calculated by
optical transfer matrix theory for thicknesses ranging from 0 to 500 nm.
(C) Spectral contour depicting absorbed photons in Pb5 perovskite
layer using spectral absorption contour of Fig. 4.7(B) multiplied by the
AM1.5G solar spectrum. (D) Absorption contours of a free-standing
Pb5 perovskite film in air.

2D perovskite hot-cast films studied exhibit a compact and uniform morphology with

a root-mean-square (RMS) roughness of ∼ 10 − 30 nm, as shown in Fig. 4.8. For

these relatively smooth films, we believe the approximation without considering the

roughness-induced scattering effect is acceptable. Here we focus on Pb5 as a case

scenario, representing the newest member of the homologous series with the largest

QW thickness. For a free-standing Pb5 film in air, the absorption profile remains
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relatively unchanged, and the absorbance increases nearly monotonically as the film

gets thicker, with enhanced absorption in shorter wavelength range between 300 and

420 nm. This behavior is no longer observed when the Pb5 film is stacked in a solar

cell device structure and sandwiched between interfacial layers and charge-collecting

electrodes (Fig. 4.7A). After taking into consideration the optical constants and inter-

ference effects from other layers, and using optical transfer matrix calculations,145,146

the obtained Pb5 absorption (Fig. 4.7B) and its total absorbed photons (absorbance

multiplied by the AM1.5 solar spectrum) (Fig. 4.7C) in the device stack display diag-

onal contour structures with cavity-induced enhanced absorption. This effect can be

described by a frequency pulling model,145 with an accompanying absorption maxima

shift toward the visible region (420-600 nm) compared to a free-standing perovskite

film (Fig. 4.7D). This is favorable for device designs based on the solar spectrum.

Figure 4.8. (A) Atomic force microscope (AFM) image of hot-cast Pb3
film with a roughness of 11.5 nm. (B) AFM image of hot-cast Pb5 film
with a roughness of 27.5 nm.

Furthermore, the total absorbed photons of Pb2-Pb5 films in a planar device

structure are calculated by integrating the absorbance spectra (300 − 900 nm) as a

function of perovskite film thickness (Fig. 4.9A). First, due to the broader absorption

spectra, Pb5 absorbs more photons than the lower-m perovskites; second, for each
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type of 2D perovskite-based device, notable peaks and troughs of the total absorbed

photons are observed and shift with perovskite film thickness due to the cavity effect.

Moreover, there is a significant enhancement of absorbed photons in the perovskite

films when assembled in a device multilayer structure, whereas no obvious peaks and

troughs are observed for free-standing films in air, indicating negligible interference

effect and hence absence of cavity structure (Fig. 4.9B). According to these simu-

lation results, we find that optical cavity absorption enhancements can be used for

thickness optimization in device design since light harvesting is the primary factor

for photovoltaic performance.

Figure 4.9. (A) Total absorbed photons in 2D perovskite layer calcu-
lated by transfer matrix theory for a photovoltaic structure consisting of
ITO (150 nm)/PEDOT:PSS (40 nm)/2D perovskite (0-500 nm)/PCBM
(20 nm)/Al (150 nm). (B) Total absorbed photons in 2D perovskite
(Pb4 and Pb5) layer for device and surrounded by air.

4.3.4 Charge-Carrier Recombination

While optical modeling of the active layer gives some insights into the cavity effects,

its absorption alone does not provide a complete description of photocurrent in the
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device. Charge-carrier recombination needs to be taken into consideration since some

photo-generated electron-hole pairs recombine instead of being extracted to the elec-

trodes, which is a crucial loss mechanism in the organic photovoltaic and modest

mobility perovskite-based devices.138,162 This competition between charge carrier ex-

traction and recombination is illustrated by the fill factor of the device. Hence, on

the basis of transfer matrix simulation results for absorbed photons, we use/propose

a simple modified drift-diffusion model for perovskite solar cell devices, considering

monomolecular charge-carrier recombination (trap-assisted recombination) and bi-

molecular charge-carrier recombination as the main loss mechanisms of free charges.

4.3.4.1 Modified Drift-Diffusion Model

Drift-diffusion model is widely used for organic photovoltaics (OPV), and a key pa-

rameter θ, which can quantify the competition between charge extraction and recom-

bination, is first introduced for organic solar cells.163 In the literature, Bartesaghi et

al. consider bimolecular recombination as the main loss mechanism of free charges.

Instead, our model takes monomolecular and bimolecular recombination into account,

and modifies the recombination-to-extraction ratio parameter θ.

First, on average, electrons (holes) have to travel half the active layer thickness

(L) to reach the cathode (anode), and the extraction rate kex of electron and holes

can be approximated as,

kex =
2µn,pVint

L2
(4.4)

where µn,p is the electron and hole mobility, respectively. Vint is the internal voltage,

which is related to the LUMO and HOMO level of active materials, and Vint ≈ Voc ≈ 1

eV is a good approximation for perovskite in our model. Note that kex has a unit of

s−1.
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Second, the monomolecular recombination can be characterized by rate constant

k1, which also has a unit of s−1.

Third, we use the approach reported by Bartesaghi et al. to describe the bimolec-

ular recombination. The density of holes (electrons) is very small at the cathode

(anode) and increases with increased distance from the cathode (anode). If holes

(electrons) are generated at a volume rate G (1028 m−3s−1 for 1 sun) and flow to-

wards the anode (cathode) at a speed µn,pV/L, then the hole (electron) density close

to the cathode (anode) is approximately:

p(x) =
GLx

µp,nVint
(4.5)

The average density of holes (electrons) at the cathode (anode) side of the layer

equals (0 ≤ x ≤ L)

pav =
GL2

µp,nVint
(4.6)

Thus, the bimolecular recombination rate krec (s−1) of electrons with holes near

the cathode (anode) equals

krec = γpav =
γGL2

µp,nVint
(4.7)

where γ is the strength of bimolecular recombination with a unit of m−3s−1. Consid-

ering monomolecular and bimolecular recombination of electrons and holes at both

cathode and anode side, the modified recombination-to-extraction ratio parameter θ

is defined as,

θ =
RT

kex
=
k1 + krec
kex

=

(
1

µn
+

1

µp

)
k1L

2

2Vint
+

γGL4

µnµpV 2
int

(4.8)

Note that this characterizing factor θ presents a nonlinear relationship with the

active layer thickness. Beyond an optimized thickness, the larger light harvesting
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ability is counterbalanced by the stronger charge-carrier recombination effect, hence

compromising the device performance. This can explain the previous observation that

the fill factor begins to drop once the active layer thickness surpasses 65 nm, and the

calculated JSC of a 300-nm OPV device is larger than that of a 250-nm device, but

the measured JSC of 300-nm device is smaller.146

4.3.4.2 Simulation for Perovskite Solar Cells

Based on the transfer matrix simulation results for total absorbed photons in the ac-

tive layer, assuming each absorbed photon generates an electron-hole pair, we exploit

the modified drift-diffusion model for both 3D and 2D perovskite solar cells, and the

ranges of parameters used are listed in Table 4.3. In particular, µn,p, k1 and γ are

extrinsic parameters which have a much wider spectrum of values across the litera-

ture, in accordance with the vastly different measurement techniques and processing

protocols that determine the microstructures of perovskite films.135,142,164–174

Table 4.3. Parameters used in the modified drift-diffusion simulations.

Symbol Description Values

L Thickness 0−600nm for 3D perovskite
0−500nm for 2D perovskite

Vint Internal voltage 1 V
µn,p Electron (hole) mobility 10−1−101 cm2V−1s−1

G Generation rate of free charges 1028 m−3s−1

k1 Monomolecular recombination rate 106−108 s−1

γ Strength of bimolecular recombination 10−10−10−8 cm3s−1

• Simulation for 3D Perovskite Solar Cells

First, we perform calculations on the more extensively studied 3D perovskite

system, using a photovoltaic structure comprised of ITO (150 nm)/PEDOT:PSS (45

nm)/MAPbI3 (0−600 nm)/PCBM (20 nm)/Ag (140nm) as in the literature,149 which
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Figure 4.10. (A) Charge-carrier number calculated by modified drift-
diffusion model for a photovoltaic structure consisting of ITO (150
nm)/PEDOT:PSS (45 nm)/CH3NH3PbI3 (0 − 600 nm)/PCBM (20
nm)/Ag (140 nm). (B) Charge number in CH3NH3PbI3-based de-
vice extracted from (A) for device comparing with measured JSC from
literature.149 (C) Charge-carrier number calculated by modified drift-
diffusion model for a photovoltaic structure consisting of ITO (150
nm)/PEDOT:PSS (40 nm)/2D Pb5 perovskite (0 − 500 nm)/PCBM
(20 nm)/Al (150 nm). (D) Charge number in Pb5 device extracted
from (C) comparing with measured JSC .

has a structure similar to our 2D perovskite-based device described above. In the cal-

culation, we use k1 = 107 s−1 and γ = 10−10 cm3s−1 which have a typical order of mag-

nitude for flat MAPbI3 films reported by several research groups.174 In Fig. 4.10(A),

note that when the active layer is thicker than 150 nm, there is a drastic difference
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in the extracted charge-carrier numbers before and after charge-recombination con-

siderations. To investigate the accuracy of our calculation results from the model,

we compare the measured charge-carrier populations extracted from Fig. 4.10(A) for

solar cells comprised of MAPbI3 layer with 130, 200, 350, 420, and 550 nm thickness

with the corresponding measured JSC values reported in literature.149 As shown in

Fig. 4.10(B), our calculations predict an optimal charge extraction for a 350-nm thick

MAPbI3 layer, beyond which the charge-carrier number decreases considerably due

to significant charge recombination effects for the thicker device; this trend is in good

agreement with that of the measured JSC , confirming the effectiveness of our model.

Interestingly, our model predicts another peak of the charge-carrier number for solar

cell device with a perovskite layer around 180 nm, which may give rise to larger JSC

and higher PCE for this specific photovoltaic structure.

• Fabrication, Characterization, and Simulation for 2D Pb5 Perovskite

Solar Cells

After verifying the validity of our drift-diffusion model using the extensively studied

3D perovskite, we next perform simulations for 2D Pb5-based photovoltaic structure

(Fig. 4.7A), and obtain the active layer thickness-dependent charge-carrier number

shown in Fig. 4.10(C). Since the experimental monomolecular and bimolecular re-

combination constants, k1 and γ are unknown for Pb5 perovskite films, we need to

select the constant values based on experimental device characteristics. Therefore,

solar cells with hot-cast 2D Pb5 perovskite films of 110, 200, 250, and 410 nm thick-

nesses were fabricated and characterized. The measurement results are shown in

Fig. 4.11 and Fig. 4.12, and summarized in Table 4.4. We find that the simulation
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using k1 = 3 × 107 s−1 and γ = 10−9 cm3s−1 gives good agreement with the mea-

surement results, and the calculated charge carrier number follows the same trend as

the measured JSC (Fig. 4.10D), where it first increases concomitantly with the active

layer thickness from 110 to 200 nm, and then decreases significantly as the active layer

gets thicker. Also, the optical modeling results, considering the charge recombination

effect, match with the measured EQE for these specific thickness devices (Fig. 4.11C)

(A) (B) (C) 

Figure 4.11. (A) UV-Vis absorption spectra of 2D Pb5 perovskite films
with different thickness on glass. (B) J − V curves of Pb5 perovskite-
based devices. (C) EQE curves of Pb5 perovskite-based devices.

Table 4.4. Device parameters of optimized solar cells with different Pb5
perovskite film thicknesses along with calculated JSC values. Aver-
age photovoltaic parameters and standard deviation for 10 devices are
shown in parentheses.

Thickness VOC FF JSC,cal JSC,exp PCE
(nm) (V) (%) (mAcm−2) (mAcm−2) (%)

110 0.759 54.2 9.98 8.71 3.58
(0.738± 0.018) (53.0± 1.1) (8.33± 0.33) (3.27± 0.28)

200 1.075 66.2 12.88 11.3 8.05
(1.060± 0.011) (68.1± 1.6) (10.7± 0.40) (7.71± 0.23)

250 1.143 61.0 11.88 10.0 6.98
(1.131± 0.006) (60.2± 1.6) (9.54± 0.23) (6.93± 0.14)

410 1.036 46.8 7.96 7.70 3.74
(1.029± 0.01) (46.4± 0.3) (7.58± 0.06) (3.62± 0.08)
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Figure 4.12. Device parameters of planar structure devices as a function
of varying Pb5 active layer thicknesses: (A) open-circuit voltage (VOC),
(B) short-circuit current density JSC , (C) fill factor (FF), and (D)
power-conversion-efficiency (PCE).

Importantly, for simulations which can match the experimental data well, the

monomolecular recombination constant k1 used for Pb5 is slightly larger that of the

3D perovskite, and the bimolecular recombination constant γ is about one order of

magnitude larger than that of the 3D counterpart. This observation is consistent with

the experimental results reported by another study using 2D perovskites with a differ-

ent type of organic spacer, (PEA)2(MA)m−1PbmI3m+1, and PEA=C6H5(CH2)2NH3
+,

where the relatively larger k1 and γ in the 2D perovskite films are attributed to an

increase in exciton binding energy and electronic density of states near the band-edge

as m decreases.175 These changes are again a result of quantum confinement effects



Optical Properties and Modeling of 2D Perovskite Solar Cells 100

and dielectric mismatch between the organic and inorganic components in the 2D lay-

ered perovskites. Moreover, the Pb5-based devices have a smaller measured fill factor

(< 70% in Table 4.4), compared to the MAPbI3-based devices with fill factors larger

than 75% found in the literature,149 suggesting that 2D Pb5 perovskite has a larger

recombination rate and/or shorter diffusion length than the 3D counterpart. This

likely arises from the polycrystalline nature of the present Pb5 films, inducing trap

states between crystallites and hence a higher charge recombination.176 Therefore,

the selected values of k1 and γ should be good estimates of the charge recombination

constants of the 2D Pb5 perovskite films. Accordingly, the larger recombination con-

stants of the 2D Pb5 perovskite, leading to a smaller JSC and fill factor, may be the

key limitation for achieving higher device efficiency compared to 3D perovskite solar

cells. Note that the calculated JSC extracted from the simulation results of charge

carrier number is somewhat larger than the measured JSC (Table 4.4), and we believe

this can be attributed to the simplicity of our modified drift-diffusion model. In the

model, we have assumed the charge-carrier mobility to be independent of the electric

field and the charge density. Also, Auger recombination is not taken into account,

which also plays an important role in the charge recombination, and can become

dominant when the charge density is large. Overall, this simple model can describe

recombination constants for different types of perovskite films, gives good estimations

of the recombination constants, and can also be applied for thickness optimization in

the solar cell device when the recombination parameters of specific active materials

are well known.



Optical Properties and Modeling of 2D Perovskite Solar Cells 101

4.4 Conclusion

In summary, spectroscopic ellipsometry and spectrophotometry can be used to in-

vestigate the optical properties of 2D (BA)2(MA)m−1PbmI3m+1 (m = 2, 3, 4, and

5) perovskite thin films at room temperature, where the optical constants are found

to depend on QW or perovskite slab thickness (m), and processing methods. The

ellipsometric fitting results reveal that high-frequency dielectric constants increase

with m for the members of the homologous series, which qualitatively agrees with

the prediction of a simple QW model. Using optical constants of materials, optical

transfer matrix formalism is used to investigate the absorption enhancement in 2D

perovskite layers of planar-structure solar cells.

A modified drift-diffusion model is introduced to describe the charge recombina-

tion effects, which can predict the charge carrier number by combining the optical

absorption profile obtained from transfer matrix calculations. This model is exploited

for 3D MAPbI3-based solar cells using typical measured values of charge recombina-

tion constants k1 and γ, yielding good agreement between calculated charge number

and measured JSC . For 2D Pb5-based solar cells, our model gives good estimations

for the charge recombination constants based on the device characterization mea-

surement results, and we observe that the charge recombination constants of 2D Pb5

are larger than that of the 3D perovskite, which is the key limitation for achieving

high efficiency of solar cells. This model can be applied for thickness optimization

in solar cells via optical cavity-induced absorption enhancement in consideration of

charge recombination, providing predictive metrics that can be used to guide device

architecture design.
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5 Nonlinear Optical Properties of Coextruded
Multilayered Polymer Films

5.1 Introduction

Organic second-order nonlinear optical (NLO) materials are being actively pursued

due to their potential for application in photonic devices, such as high-speed electro-

optic (EO) modulators, optical switches, and frequency converters. Compared with

inorganic materials, like LiNbO3 currently used in commercial modulators, organic

NLO materials can give a significantly higher EO response. The availability of large

EO coefficients enables not only unprecedented performance in conventional device

formats, but also the possibility of new devices such as hybrid modulators and inte-

grating EO polymers with silicon photonics.177

To give rise to a strong bulk second-order NLO response, first, according to the

relationship between microscopic and macroscopic nonlinearities, it is required that

the active component has a large molecular first hyperpolarizability coefficient βijk.
178

For this purpose, most of the effective NLO chromophores have been synthesized using

a similar principle: planar conjugated p-electron systems end capped with electron-

donor and -acceptor (D, A) moieties. This design algorithm gives rise to a dominant
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intramolecular charge-transfer (ICT) transition from the ground state to the first

excited state and induces a polarization along the π-conjugated axis.179

Moreover, structural features, such as ordering and orientation of molecules, can

also influence bulk second-order NLO performance.180 Several approaches have been

reported for organizing NLO chromophores into materials with high, stable second-

order NLO response. In polymeric structures, strategies to optimize the chromophore

alignment usually include: 1) external electric-field poling, 2) Langmuir-Blodgett

film transfer and crystal growth. However, these polymeric systems have significant

limitations, which include limited thermal stability and tendency for randomization

of chromophore alignment with time.181

Here we propose a completely new alignment strategy for NLO chromophores,

producing thin films with hundreds or thousands of alternating layers of three poly-

mers having net polarity by using melt-processed layer-multiplying co-extrusion tech-

nique.182–184 The amphiphilic NLO chromophore used has two ends, where one is polar

and should be soluble in hydrophilic polymers, while the other one is lipophilic and

should be soluble in hydrophobic polymers. Thus, these NLO molecules would be in-

cluded during the coextrusion and self-align themselves at the desired interface of the

multilayers, composing polymers with differing hydrophobic nature that will provide

the means of orienting the chromophore at the interface. Due to the centrosymmetry

broken by the ordered orientation of NLO chromophores, the coextruded multilayer

films could give rise to large second-order nonlinear optical response.
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5.2 Experimental

5.2.1 Materials and Processing

The (ABC)n multilayer films were coextruded at 250 ◦C using a continuous layer-

multiplying process (Fig. 5.1(a)), and consisted of 768 alternating layers of doped

poly(styrene-co-acrylonitrile) with 25 wt% acrylonitrile (SAN25), Ethylene vinyl al-

cohol (EVOH) with 24 wt% ethylene content, and polyvinylidene fluoride (PVDF).

Low-density polyethylene (PE) skin layers were added to both sides of the multilayer

films.
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Figure 5.1. (a) Schematic of the multilayer coextrusion process. (b)
Chemical structure of the NLO chromophore. (c) Coextruded multi-
layered architecture.

The chemical structure of the nonlinear optical chromophore employed shows two

ends (Fig. 5.1(b)), and one is polar and should be soluble in hydrophilic polymers,

EVOH used for the multilayer system; while the other one is lipophilic and should
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be soluble in hydrophobic polymers, SAN25. Before coextrusion process, the NLO

molecules are doped into SAN25 with a concentration of 3 wt%. An (AB)n multilayer

structure is not used, because the chromophore will orient along opposite directions

at two interfaces, the centrosymmetry of the system is not broken, and there will be

no second-order nonlinear optical response. Therefore, a third layer is required, as

shown in Fig. 5.1(c), PVDF is used as a barrier layer, and NLO molecules align along

the same direction at the interface between SAN25 and EVOH within the (ABC)n

multilayer system.

For comparison of NLO response, some dye-doped-polymer thin films were pre-

pared by spin-coating.

5.2.2 Second-Harmonic Generation Technique

To characterize the second-order nonlinear optical response of the coextruded (ABC)n

multilayer system, angle-resolved second-harmonic generation (SHG) is measured,

and the setup is shown in Fig. 5.2. Infrared wavelengths used as the fundamen-

tal pump are generated from a optical parametric oscillator (GWU premiScan/BB),

which is pumped by 355-nm Nd:YAG Q-switch pulsed laser (Spectra-Physics Quanta-

Ray LAB-170-10) with 10 Hz reparation rate, 10-ns pulse duration and 180 mJ pulse

energy. The combination of a polarizing prism and compensator is used to determine

the polarization of the fundamental beam and continuously vary the pump power.

Using a beam splitter, the fundamental beam is divided into two, one goes to a ref-

erence arm, where a potassium dihydrogen phosphate (KDP) plate is used as the

reference; while the other goes to the sample arm, where the sample is placed on the

computer-controlled motorized rotary stage. The signal from the sample is compared
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to the signal from the reference to avoid errors due to pump beam intensity fluctu-

ations. The KG3 (Schott) color filter, narrow band-pass filter (Thorlabs, Inc.) and

neutral density filter are used to attenuate the fundamental beam and to verify the

detected wavelength is from SHG. The data is acquired from a photomultiplier tube

(PMT, Hamamatsu) in combination with a gated BoxCar integrator (SR200 series,

Stanford Research Systems).

To obtain the second-harmonic generation coefficients of the thin films investi-

gated, the SHG from a Y-cut quartz is also measured on the rotary stage in the

sample arm, as its SHG coefficient is one known constant, and the ratio of peak SHG

intensity of the extruded film to that of quartz will give the effective SHG coefficient

of the film studied.
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Figure 5.2. Schematic setup of angle-resolved SHG experiment. C:
compensator; P: polarizing prism; BS: beam splitter; L1-L4: lens; ND:
neutral density filter; BP: narrow band-pass filter; PMT: photomulti-
plier tube.
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5.3 Results and Discussion

Fig. 5.3(a) shows the Atomic force microscopy (AFM) image of the cross-section of

a typical extruded film, and individual layers of materials can be roughly resolved

by different colors in the image, which demonstrates the formation of multilayer

structure. The inset of Fig. 5.3(a) shows a picture of the surface of the film, and the

thickness varies between 30 and 50 µm in different areas, leading to the streak in the

film. The absorption spectra of a 2 µm-thick spin-coated SAN25/chromophore film

and 30 µm-thick extruded film are shown in Fig. 5.3(b), which exhibit similar trend.

200nm

1 cm 

(b) (a) 

Figure 5.3. (a) AFM image of the cross-section of an extruded film.
The inset is a photo of the surface of an extruded film. (b) Absorption
spectra of a 2 µm-thick spin-coated SAN25/chromophore film and 30
µm-thick extruded film.

5.3.1 Nonlinear Optical Characterization by SHG

Fig. 5.4(a) shows Angle-resolved transmitted SHG intensity of a 30 µm-thick ex-

truded film pumped by TM-polarized 1064 nm and 1300 nm, respectively, which

behave typically for thin films when the coherence length is large compared to the

film thickness.185 Thus, the value of the effective SHG coefficients of the extruded
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Figure 5.4. (a) Angle-resolved transmitted SHG intensity of a 30 µm-
thick extruded film pumped by two different TM-polarized wavelengths.
(b) Angle-resolved transmitted SHG intensity of two spin-coated films
doped with different dye molecules.

film can be determined by comparison to the coefficient of quartz measured under

the same conditions: deff = 2 × 10−10 esu at λ = 1064 nm, and deff = 1.2 × 10−10

esu at λ = 1300 nm, respectively.

However, compared to quartz, the extruded film gives rise to much lower SHG

signal, and the effective SHG coefficients are one order of magnitude smaller than

that of quartz. To understand the observation, we have tried to obtain the molecu-

lar first hyperpolarizability coefficient of the chromophore. For comparison, a well-

studied nonlinear organic molecule, Disperse Red 1 (DR1), is also considered. Mono-

layer PMMA/DR1 and PMMA/Chromophore thin films are prepared by spin-coating,

which are coated on ITO glass. To break the centrosymmetry and orient molecules

with certain order, the corona poling technique is employed. Basically, the corona

discharge, which is a partial breakdown of air at atmospheric pressure, is used to pole

the polymer guest-host system after raising the temperature close to the glass-rubber

transition temperature. Then, cool the system quickly during poling, and the guest
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molecules are frozen into their new ordered orientation.186,187 The SHG intensity of

both poled films are measured using a TM-polarized fundamental wavelength of 1300

nm, which are shown in Fig. 5.4(b). The value of the second harmonic coefficient

d33 for these poled films, which possess a unique axis in the direction parallel to

the field direction within the point group ∞mm, thus can be determined by com-

parison to d11 of quartz measured under the same conditions:185 d33 = 2.0 × 10−9

esu for PMMA/DR1 film, and d33 = 3.8 × 10−11 esu for PMMA/chromophore film,

respectively.

Moreover, the magnitude of the nonlinear optical coefficients can be estimated

from thermodynamic considerations that include the effect of local fields. The bulk

polarization at optical frequency 2ω in the presence of incident electromagnetic fields

at frequency ω can be derived by considering the molecular polarization and taking

the thermodynamic average of the molecular ensemble under the assumptions that,

at the poling conditions, the molecules rotate without interaction and that the mol-

ecule is axial and planar.180 Thus, the SHG coefficient d33 and the molecular first

hyperpolarizability have the following relation:185

d33 (2ω;ω, ω) = Nf 2ωfωfωβzzz (2ω;ω, ω)L3 (p) , (5.1)

where N is the number density of nonlinear optical molecules, L3 is the third order

Langevin function, which, assuming that molecular polarization anisotropy is small,

is given by

L3 (p) =
p

5
− p3

105
+ · · · , (5.2)

where

p =

(
ε (n2 + 2)

n2 + 2ε

)
µEp
kT

, (5.3)
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where ε is the static dielectric constant, n the index of refraction, and Ep the poling

field. The z direction is the direction of the ground state dipole moment, and βzzz

is the dominant molecular nonlinear optical susceptibility component. Appropriate

local field factors for the optical field, fω, are Lorentz type, (n2
ω + 2) /3, and for the

poling field in Eq. 5.3, are Onsager type.188

Table 5.1. Properties of two types of dye-doped PMMA films. N is the
number density of molecules in PMMA, Ep the magnitude of the poling
field, d33 the SHG coefficients, and βµ the calculated results.

Spin-coated Thickness Ep N d33 βµ
film (µm) (MV/cm) (1019/cm3) (10−10 esu) (cm5D/esu)

PMMA/DR1 1.2 3.3 7.0 20 525×10−30

PMMA/chro. 1.5 2.3 3.3 0.38 30.4×10−30

According to above discussion, using the leading term of the Langevin function,

we have that

d33 ∝ N × Ep × (βµ) (5.4)

Finally, using the parameter values of N , Ep and d33 listed in Table 5.1, we can

obtain that:

(βµ)chro.
(βµ)DR1

=
(d33)chro.
(d33)DR1

× NDR1

Nchro.

× (Ep)DR1

(Ep)chro.
= 5.78× 10−2 (5.5)

As given in the literature, the value of (βµ) of DR1 is 525× 10−30 cm5D/esu,185

thus (βµ) of the chromophore studied is 30.4× 10−30 cm5D/esu.

According to the above discussion, we can conclude that the product (βµ) of the

chromophore used for the extruded multilayer film is much smaller than the value of

DR1, leading to smaller SHG coefficient d33, and this may explain why the extruded

film could not give rise to strong SHG signal.
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Another possible reason for small SHG intensity from the extruded film is that

multilayer structure is not well established, which can inhibit the orientation of the

molecues. In order to orient the amphiphilic chromophore, hydrophobic polymer

(SAN25) and hydrophilic polymer (EVOH) are used, however, the large contrast of

hydrophobicity between two different polymers can extremely increase difficulties in

making high-quality multilayer structure with favorable interfaces during coextrusion

process.

5.4 Conclusion

In summary, we have demonstrated a new alignment strategy for nonlinear opti-

cal chromophore, producing thin films with hundreds of alternating layers of three

polymers, and the amphiphilic chromophore can self-align at the interface of two

polymers during the coextrusion process. The multilayer film gives relatively lower

second-harmonic intensity, comparing with typical nonlinear inorganic and organic

materials, such as quartz and Disperse Red 1, which contributes to the small molec-

ular hyperpolarizability and unideal formation of multilayer structure. To resolve

the problem, there are two requirements, first, using amphiphilic NLO chromophores

with large molecular hyperpolarizability should be a prerequisite; second, to further

improve the quality of the coextruded-multilayered film, deliberate selections of poly-

mers are required, including the hydrophobic and hydrophilic polymers, which provide

the interface to align chromophores, and the third barrier layer of polymer.
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6 Future Work

6.1 Organic Cavity Polaritons

6.1.1 Cavity-Polariton-Induced Conductivity Enhancement

Organic cavity polariton, as a hybrid light-matter state, is of importance for poten-

tial applications. Due to the characteristic delocalization of the wavefunctions of the

hybridized states, it is expected that the strongly coupled coherent collective states

can extend over a large number of organic molecules and should thereby favor con-

ductivity. Theoretical work predicts that exciton conductance in organic materials

can be enhanced by several orders of magnitude when the molecules are strongly

coupled to an electromagnetic mode, resulting from the formation of a collective po-

laritonic mode which allows excitons to bypass the disordered array of molecules and

jump directly from one end of the structure to the other.189,190 Recently, Ebbesen

et al. demonstrated that the conductivity of organic semiconductors was enhanced

when the exciton of molecues was strongly coupled to surface plasmon modes of

the metallic hexagonal arrays, to form hybrid coherent states.191 To the best of our

knowledge, cavity-polariton-induced conductivity enhancement has not been experi-

mentally demonstrated yet. The challenge for particular metallic Fabry-Pérot cavities

is how to ensure there is no direct contact between top and bottom metallic mirror
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and no leakage via the top mirror when measuring the current parallel to the cavity,191

as the organic cavity layer usually has a thickness of less than 200 nm.

To investigate cavity-polariton enhanced conductivity, the organic cavities should

first have superb quality without pinholes. In the following, I will introduce the

modified method for preparing organic cavities, which can improve the cavity quality.

Ag SiO2 

DCDHF-6-V 

(a) (b) 

(c) (d) 

Cavity 

Bottom  
Ag  

Top Ag  

Figure 6.1. Steps for organic-cavity fabrication.

(1) A 30 nm-thck L-shape silver film is thermally evaporated onto the clean glass

substrate in vacuum, see Fig. 6.1(a);

(2) As shown in Fig. 6.1(b), a very thin barrier layer (< 10 nm) of SiO2 can be coated

on top of the silver layer by electron-beam physical vapor deposition;

(3) DCDHF-6-V is then spun cast on top of the barrier layer, see Fig. 6.1(c);
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(4) Using a specific shadow mask, a second 30 nm-thck silver layer is thermally evap-

orated onto the masked substrate, and several cavities will be made on a single

glass substrate, which are illustrated in Fig. 6.1(d).

The above fabrication method has two key features, which can lead to good-quality

cavities: (1) the barrier layer can effectively avoid direct contact between two silver

layers; (2) several cavities are prepared on a substrate by using a shadow mask, some

of which may have no pinholes due to the small cavity area (∼ 0.1 cm2).

Moreover, for comparison, some half-cavities can be prepared using L-shape in-

dium tin oxide (ITO) coated glass to replace the bottom silver layer, and I-V curves

are measured for both cavity-polariton and half-cavity samples in order to study if

the conductivity of the organic material is enhanced by cavity polaritons.

6.1.2 Cavity-Polariton Enhanced NLO

In Chapter 3, upper-polariton enhanced third-harmonic generation was demonstrated

using TE-polarized fundamental wavelength. As shown in Fig. 6.2, for the upper-

polariton state at λ1, THG is enhanced with a fundamental wavelength of 3λ1. How-

ever, there are several questions need to be answered with further study:

• Lower-polariton enhanced THG has not been observed with our cavity polariton

samples in the ultrastrong coupling regime. As the lower polariton wavelength is

longer than 710 nm, the fundamental wavelength for THG experiment should be

longer than 2130 nm, which is beyond the output wavelength of our laser system.

Therefore, to prepare cavity polariton samples with smaller vacuum Rabi splitting

is required to experimentally investigate both upper- and lower-polariton enhanced

THG with our current laser beam source, which is shown in Fig. 6.2. THG is
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Figure 6.2. Schematic illustration of the nonlinear optical process in-
volving cavity-polariton states with different fundamental wavelengths.

expected to be enhanced with fundamental wavelengths of 3λ1 and 3λ2 for the

upper-polariton state at λ1 and the lower-polariton state at λ2, respectively.

• THG experiments with TM-polarized fundamental wavelength have not been well

investigated. In this case, it will be very intricate: first, the induced nonlinear po-

larization is usually more complicated for TM-polarization than TE-polarization;

second, the plasmonic effect of metallic surface may become significant for TM-

polarzation. This study will help understand polarization-dependent nonlinear op-

tical response of organic cavity polaritons.

• In addition, it has been demonstrated that two-photon resonance of organic non-

linear molecules leads to THG enhancement, which was explained by a modified

three-level model.192 Considering the characteristic light-matter hybridization, it

is thus interesting to study the effect of two-photon resonance of cavity polari-

tons on the nonlinear optical response. As shown in Fig. 6.2, organic cavities can

be pumped by wavelengths of 2λ1 and 2λ2, which are two-photon-resonant with
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upper-polariton state at λ1 and the lower-polariton state at λ2, respectively, and

investigate if the THG response is enhanced at wavelengths of 2λ1/3 and 2λ2/3.

6.2 Strong Coupling between Surface Plasmons and Organic
Cavity Polaritons

Beside the strong and ultrastrong exciton-photon coupling in microcavities, organic

materials have been used for the demonstration of strong coupling with surface plas-

mons (SP).193 In this case the molecular excitations interact with surface waves prop-

agating on a metallic interface.194 The strong coupling with plasmon has been demon-

strated with different types of organics194–197 and plasmon geometries: propagating

and localized plasmons.198–200

Here, we introduce a scheme to investigate if the coupling between surface plas-

mons and organic cavity polaritons can be achieved. Fig. 6.3(a) shows the experi-

mental reflectometry in the Kretschmann geometry. The cavity sample is positioned

on an hemispherical prism on the glass side with Glycerol to ensure the optical index

continuity between the prism and the glass substrate. The incident light through the

prism is coupled to the SP when its wave vector projection on the Ag plane matches

the wave vector of the SP located at the Ag-organic thin film interface. Also, organic

cavity polartons are formed as a results of strong exciton-photon coupling. Whether

surface plasmons are strongly coupled with cavity polaritons can be demonstrated by

analyzing the momentum-energy dispersion derived from angle-resolved reflectivity

spectra.

Moreover, the photoluminescence emission can be measured with two detection

configurations shown in Fig. 6.3(b). The sample is excited by short-wavelength laser
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Figure 6.3. (a) Schematic of the reflectometry experiment showing the
sample and hemispherical prism. (b) Geometry of the luminescence
experiments with two detection configurations.

beam with a fixed incident angle, and the emission signal can be detected in those

two directions while varying the detection angle. The emission spectra might be

different for those two detection configurations if there is strong coupling between

surface plasmons and cavity polaritons. This study will help understand the light-

matter interaction in a complicated system, and is of importance for both theory

development and practical applications.

6.3 2D Perovskite Photovoltaics

As mentioned in Chapter 4, there is no direct measurement results reported for the

charge-carrier transport properties of 2D perovskite materials, which is crucial to

the performance of photovoltaic devices. In particular, charge-carrier mobility and

recombination rate are the key parameters which determine the charge-carrier trans-

port. Therefore, experiments can be performed to investigate these two quantities for

2D perovskite materials.
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6.3.1 Mobility Measurement by Time-of-Flight

Charge-carrier mobilities can be measured by Time-of-Flight (TOF) technique, see

Fig. 6.4(a), which generates charge carrier sheets from a short absorption depth that

travel along the sample when applying a bias voltage across the counter electrodes.

A transient current is measured as the charge carriers move towards the opposite

electrode with the transit time tT and traveling distance L by an electric field E;201,202

the charge-carrier mobility is then defined as

µ = L/EtT (6.1)

Both the hole and electron mobility can be independently measured by reversing the

bias. Also, temperature-dependent charge-carrier mobilities measurements can be

accomplished, as the morphology and crystalline structure of 2D perovskites depends

on the temperature.

	 Oscilloscope 
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hot stage 	 

Temperature 
controller 

	 Pulsed Laser 

(a) (b) 

hν

Figure 6.4. (a) The schematic of time-of-flight setup. (b) The schematic
of fluorescence-anisotropy measurements.
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6.3.2 Time-Resolved photoluminescence of 2D Perovskites

Time-resolved photoluminescence measurements can be used to determine the mono-

molecular decay rate k1 of perovskite materials,203 and charge-carrier dynamics in 2D

perovskite film can be investigated using this technique.

In addition, due to the anisotropic structure, the photoluminescence of 2D per-

ovskites might be strongly polarization-dependent. Compared to their 3D counter-

parts, 2D perovskites are expected to exhibit more significant fluorescence-anisotropy.

Therefore, the fluorescence anisotropy of 2D perovskites can be investigated, as illus-

trated schematically in Fig. 6.4(b), 2D perovskite samples are excited with a linearly

(TE or TM) polarized laser beam, and the time-resolved photoluminescence will be

recorded, using a polarizer in front of the detector, for TE and TM polarization, re-

spectively. Thus, the fluorescence anisotropy r is expressed as a function of measured

fluorescence intensities of polarization along different axes:204

r =
I‖ −GI⊥
I‖ + 2GI⊥

(6.2)

where I‖ and I⊥ are the intensities of the parallel and perpendicular polarized emis-

sions, when the sample is excited with linearly polarized light. The quantity G

represents the instrument correction factor accounting for the polarization bias of the

detection system, which can be determined by calibrating the system with standard

dyes.
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Appendix A

Spectroscopic Ellipsometry

Spectroscopic ellipsometry is an optical technique for surface and thin films anal-

ysis. It is based on the measurement of the change of in polarization state of a light

beam caused by the reflection on the material surface or the transmission through

the material. From the change in state of polarization one can deduce film thick-

ness and optical properties of the material. Furthermore ellipsometry is a fast and

non-destructive optical measurement technique.

θ E0P 

E0S 

Light  

source 
Detector 

Surface 

Linear  Elliptical ψ 
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E1P 

E1S 

Figure A.1. Geometry of an ellipsometric experiment.

The directly measured quantities in polarization modulation ellipsometers are the

first and second harmonics of the base modulation frequency of the polarized light,

IS and IC , after reflection from the sample surface

I = I1 (I0 + IS sin (δ) + IC cos (δ)) (A.1)

where I is the total light intensity, I1 and I0 are time-independent parameters, and

δ is the time-dependent phase. Ellipsometric data are frequently expressed by the
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amplitude ratio Ψ and phase difference δ between s- and p-polarization

ρ =
rp
rs

= tan (Ψ) exp (i∆) (A.2)

where

tan (Ψ) =
|rp|
|rs|

0o ≤ Ψ ≤ 90o (A.3)

and

∆ = δp − δs 0o ≤ ∆ ≤ 360o (A.4)

where |rp| and |rs| are the amplitude of the reflection coefficients for p- and s-

polarization, respectively, and δp and δs are their respective phases. These quantities

are parametrizations of IS and IC

IS = 2 Im

(
rsr
∗
p

rsr∗s + rpr∗p

)
= sin (2Ψ) sin (∆)

IC = 2 Re

(
rsr
∗
p

rsr∗s + rpr∗p

)
= sin (2Ψ) cos (∆)

(A.5)
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Appendix B

Transfer Matrix Theory

1 Linear Transfer Matrix

Let the z axis be perpendicular to the surface of the multilayer structure and xz be

the plane of pumping wave incidence (Fig. B.1). A monochromatic linearly polarized

fundamental wave with frequency ω, wave vector k+
1 , and amplitude E+

1 propagates

in half-space 1 at angle θ1 to the normal to the surface We assume that the multilayer

film is optically inactive and nonmagnetic; s- and p-polarized waves will therefore be

considered separately. The electromagnetic field in the jth layer is a superposition of

two plane forward waves (propagating in the positive direction along the z axis) and

backward,

...1 2 i j k l-1 l 
z 

x 

y 

...

k1
+

k1
−

E1
+

E1
−

θ1 
ki
+

ki
− kj

+

kj
−

Ej
−

Ej
+

ks 

E||
(s)

E⊥
(s)

Ey
(s)

Figure B.1. Schematic of a multilayer structure, showing (in layer 1)
the coordinate axes used and the orientation of the E-field basis vectors
associated with k+

1 and k−1 for s polarization and (in layer j) the com-
ponents of E(s), induced by the nonlinear polarization P(NL), associated
with a given source-wave vector ks.

Eω
j (z, t) = E+

j exp
(
ikωz,j (z − dij) +

(
ikωx,jx− iωt

))
+ E−j exp

(
−ikωz,j (z − dij) +

(
ikωx,jx− iωt

)) (B.1)
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where kωz,j = |kj| cos θj, k
ω
x,j = |kj| sin θj. dij is the z coordinate of the boundary

between the ith and jth layers, kj is the wave vector, and θj is the angle of refraction

of the pumping wave in the jth layer. The exp
(
ikωx,jx− iωt

)
term will further be

omitted because of the translational invariance of the problem in the xy plane and

its stationary character. The field at the left boundary of the jth layer is represented

by the two-component vector Ej ≡
(
E+
j + E−j

)
; the first component of this vector is

the amplitude of the forward wave and the second one, that of the backward wave.

The relation between Ej and Ek in the kth layer at its left boundary is given by the

two 2× 2 matrices E+
k

E−k

 =

 1/tkj rkj/tkj

rkj/tkj 1/tkj


 eik

ω
z,jdj 0

o e−ik
ω
z,jdj


 E+

j

E−j

 (B.2)

Here, the first matrix contains the Fresnel reflectivity rkj and transmissivity tkj for

the wave incident from the kth to the jth layer and relates fields to the left and right

of the kjth interface. In what follows, this matrix is denoted by Mkj. The second

Φj(dj) matrix describes field propagation in the jth layer of thickness dj from the left

to right boundary. The fields in half-spaces 1 and l can therefore be related. Under

the assumption that the backward wave is absent in half-space l and that a wave with

unit amplitude is incident on the 1-2 boundary, we obtain t

0

 =

 T11 T12

T21 T22


 1

r

 (B.3)

Here, r and t are the reflectivity and transmissivity of the multilayer film as a whole.

They are determined from Eq. B.3, which gives

r = −T21
T22

, t =
T11T22 − T12T21

T22
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where Tαβ are the elements of the transfer matrix for the multilayer film as a whole,

T ≡Ml(l−1)Φ(l−1) · · ·Φ2M21 (B.4)

The fundamental field distribution within the jth layer is given by

Eω
j (z) = ΦjMj(j−1)Φ(j−1) · · ·Φ2M21

 1

r

 (B.5)

Spatial distribution Eq. B.5 can be used to calculate the spatial distribution of the

induced nonlinear polarization wave, for example, inhomogeneous second and third

harmonic can be calculated.

2 Nonlinear Transfer Matrix for THG

Let the jth layer be nonlinear. The interference of the coupled E(s) and free Ej third

harmonic waves is included in the boundary conditions, which, for the ij-th and jk-th

boundaries, have the form

ΦiEi = MijEj + M
(s)
i E(s)

MkjΦjEj + M
(s)
k Φ(s)E(s) = Ek

(B.6)

The amplitude of the inhomogeneous third-harmonic wave in Eq. B.6 is calculated

in the jth nonlinear layer at its left boundary, and all homogeneous waves are third-

harmonic waves. Matrices M with index (s) are constructed similarly to the usual

transfer matrices, but the Fresnel coefficients in their elements contain refractive

indexes for the inhomogeneous third-harmonic wave in the nonlinear layer and the

free third harmonic in the layer whose number equals the lower index of the matrix.

The Φ(s) matrix is similar to Φj and is obtained from the latter by replacing the wave

vectors of the free third harmonic with the wave vectors of the inhomogeneous wave.
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Eq. B.6 yields

Ek = MkjΦj (MjiΦiEi + Sj) (B.7)

where the vector

Sj =
(
Φ−1j M

(s)
j Φ(s) −M

(s)
j

)
E(s) (B.8)

where the Φ−1j matrix is inverse to Φj. Eq. B.7 determines the third-harmonic field

in the kth layer as a superposition of the waves transmitted from the ith layer and

generated in the jth layer by nonlinear sources. Eq. B.8 contains the contribution

of the nonlinear jth layer to the third-harmonic wave; the term in parentheses takes

into account the interference of the homogeneous and inhomogeneous waves. Under

the assumption that no external field with the third-harmonic wavelength is incident

on the multilayer film, Eq. B.7 can be rewritten as

Rjl

 E+
l (j)

0

− Lj1

 0

E−l (j)

 = Sj (B.9)

where the matrices

Rjl ≡ Φ−1j MjkΦ
−1
k Mk(k+1) · · ·Φ−1l−1M(l−1)l

Lj1 ≡MjiΦiMi(i−1) · · ·Φ2M21

(B.10)

characterize the propagation of homogeneous third-harmonic waves from half-spaces

1 and l to the jth layer. It follows that, given Sj we can find the amplitude and phase

of the third-harmonic fields E−1 (j) and E+
l (j) generated in the jth layer and emerging

from the multilayer film into the vacuum (half-space 1) and substrate (half-space l).

The total third-harmonic field in the substrate or vacuum is the sum of E+
l (j) or

E−1 (j) taken over all layers.
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Appendix C

List of Conference Presentations, Conference Proceedings
and Journal Publications

1 Conference Presentations

• Frontiers in Optics/Laser Science Conference (FiO/LS) 2017, Washington D.C.

Poster Presentation: Linear and nonlinear optical properties of organic cavity po-

laritons in the ultrastrong regime

• Conference for Laser and Electro-optics (CLEO) 2016, San Jose, CA

Oral Presentation: Coupling of exciton-polaritons in low-Q coupled microcavities

beyond the rotating wave approximation

• American Physical Society (APS) March Meeting 2015, San Antonio, TX

Oral Presentation: Ultrastrong exciton-photon coupling in single and coupled or-

ganic semiconductor microcavities

2 Conference Proceedings

(1) B. Liu, M. Crescimanno, and K. D. Singer, “Linear and nonlinear optical prop-

erties of organic cavity polaritons in the ultrastrong regime,” in FiO/LS: 2017,

(JTu3A.51). Washington D.C. Optical Society of America.

(2) B. Liu, P. Rai, J. Grezmak, R. Twieg, and K. D. Singer, “Coupling of exciton-

polaritons in low-Q coupled microcavities beyond the rotating wave approxima-

tion,” in CLEO: 2016, (FTu4D.3). San Jose, California: Optical Society of Amer-

ica.
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(3) B. Liu, R. Bramante, B. Valle, T. Khattab, J. Williams, R. Twieg, and K. D.

Singer, “Ultrastrong exciton-photon coupling in single and coupled organic semi-

conductor microcavities,” in APS March: 2015, (G8-3). San Antonio, Texas:

American Physical Society.

3 Journal Publications

(1) B. Liu, M. Crescimanno, and K. D. Singer, “Resonant cavity-polariton enhanced

third-harmonic generation in organic microcavities,” (in preparation)

(2) B. Liu, C. M. M. Soe, C. C. Stoimpos, W. Nie, H. Tsai, K. Lim, A. D. Mohite, M.

G. Kanatzidis, T. J. Marks, and K. D. Singer, “Optical properties and modeling

of 2D perovskite solar cells,” Solar RRL 1, 1700062 (2017).

(3) B. Liu, P. Rai, J. Grezmak, R. J. Twieg, and K. D. Singer, “Coupling of exciton-

polaritons in low-Q coupled microcavities beyond the rotating wave approxima-

tion,” Phys. Rev. B 92, 155301 (2015).
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Mangione, G. Lerario, D. Sanvitto, and G. Gigli, “Exploring light-matter interaction
phenomena under ultrastrong coupling regime,” ACS Photonics 1, 1042 (2014).

B. Liu, P. Rai, J. Grezmak, R. J. Twieg, and K. D. Singer, “Coupling of exciton-
polaritons in low-Q coupled microcavities beyond the rotating wave approximation,”
Phys. Rev. B 92, 155301 (2015).

C. Ciuti and G. Bastard, “Quantum vacuum properties of the intersubband cavity
polariton field,” Phys. Rev. B 72, 115303 (2005).

S. Wang, “Strong light-molecule coupling: routes to new hybrid materials,” Thesis
pp. 27-28 (2015).

S. De Liberato, “Light-matter decoupling in the deep strong coupling regime: the
breakdown of the Purcell effect,” Phys. Rev. Lett. 112, 016401 (2014). M. Bamba
and T. Ogawa, “System-environment coupling derived by Maxwell’s boundary con-
ditions from the weak to the ultrastrong light-matter-coupling regime,” Phys. Rev.
A 88, 013814 (2013).



Bibliography 139

J. Casanova, G. Romero, I. Lizuain, J. J. Garca-Ripoll, and E. Solano, “Deep strong
coupling regime of the Jaynes-Cummings model,” Phys. Rev. Lett. 105, 263603
(2010).

D. Hagenmüller, S. De Liberato, and C. Ciuti, “Ultrastrong coupling between a cavity
resonator and the cyclotron transition of a two-dimensional electron gas in the case
of an integer filling factor,” Phys. Rev. B 81, 235302 (2010).

R. W. Boyd, “Nonlinear Optics,” Academic Press, 3rd Edition (2008).

P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinreich, “Generation of optical
harmonics,” Phys. Rev. Lett. 7, 118 (1961).

T. H. Maiman, “Stimulated optical radiation in ruby,” Nature 187, 493 (1960).

R. W. Terhune, P. D. Maker, and C. V. Savage, “Optical harmonic generation in
calcite,” Phys. Rev. Lett. 8, 404 (1962).

E. J. Woodbury and W. K. Ng, “Ruby laser operation in the near IR,” Proc. IRE
50, 2367 (1962).

R. Y. Chiao, C. H. Townes, and B. P. Stoicheff, “Stimulated Brillouin scattering and
coherent generation of intense hypersonic waves,” Phys. Rev. Lett. 12, 592 (1964).

R. W. Terhune, P. D. Maker, and C. M. Savage, “Measurements of nonlinear light
scattering,” Phys. Rev. Lett. 14, 681 (1965).

R. Righini, “Ultrafast optical Kerr effect in liquids and solids,” Science 1386, 681
(1993).

R. Y. Chiao, E. Garmire, and C. H. Townes, “Self-trapping of optical beams,” Phys.
Rev. Lett. 13, 479 (1964).

M. Kaiser and C. G. B. Garrett, “Two-photon excitation in CaF2: Eu2+,” Phys. Rev.
Lett. 7, 229 (1961).

D. M. Chapin, C. S. Fuller, and G. L. Pearson, “A new silicon p-n Junction photocell
for converting solar radiation into electrical power,” J. Appl. Phys. 25, 676 (1954).

M. A. Green, K. Emery, Y. Hishikawa, W. Warta, and E. D. Dunlop, “A new silicon
p-n Junction photocell for converting solar radiation into electrical power,” Prog.
Photovolt. Res. Appl. 20, 12 (2012).

B. Parida, S. Iniyan, and R. Goic, “A review of solar photovoltaic technologies,”
Renew. Sustainable Energy Rev. 15, 1625 (2011).



Bibliography 140

W. Shockley and H. J. Queisser, “Detailed balance limit of efficiency of p-n junction
solar cells,” J. Appl. Phys. 32, 510 (1961).

A. Kojima, K. Teshima, Y. Shirai, and T . Miyasaka, “Organometal halide perovskites
as visible-light sensitizers for photovoltaic cells,” J . Am. Chem. Soc. 131, 6050
(2009).

H.-S. Kim, C.-R. Lee, J.-H. Im, K.-B. Lee, T. Moehl, A. Marchioro, S.-J. Moon, R.
Humphry-Baker, J.-H. Yum, J. E. Moser, M. Grätzel, and N.-G. Park, “Lead iodide
perovskite sensitized all-solid-state submicron thin film mesoscopic solar Cell with
efficiency exceeding 9%,” Sci. Rep. 2, 591 (2012).

J. S. Manser, J. A. Christians, and P. V. Kamat, “Intriguing optoelectronic properties
of metal halide perovskites,” Chem. Rev. 116, 12956 (2016).

M. Grätzel, “The rise of highly efficient and stable perovskite solar cells,” Acc. Chem.
Res. 50, 487 (2017).
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