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Abstract

Nanophotonic Engineering of

Light–Matter Interactions in

Organic Optoelectronic Devices

Hyungchae Kim

Department of Nano Science and Technology

Graduate School of Convergence Science and Technology

Seoul National University

Optical properties of materials are influenced not only by their inherent char-

acteristics but also by the electromagnetic environment. The nanocavity com-

posed of metal–dielectric–metal is a widely used nanophotonic platform to

control the electromagnetic environment due to the high photonic density of

states in the dielectric region. For example, a light-emitting diode or photo-

diode based on the cavity structure enhances photon emission or absorption.

In addition, the cavity structure can be used as a platform to realize perfect

absorbers and ultrafast emitter that do not exist in nature. Another example

that has recently emerged is chiral plasmonics. If the structure have chiral-

ity, the molecules coupled to the cavity modes can selectively emit or absorb

circularly polarized light depending on the helicity.

The aim of this study is to control the electromagnetic environment of

organic optoelectronic devices, e.g., organic light-emitting diodes (OLED), or-

ganic solar cells (OSC), and organic photodiodes (OPD), thereby improving

their performances or inducing new functionality. Organic materials are chosen

as the photoactive media since they have excellent emission and absorption
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properties even in a subwavelength scale device. In addition, it is easy to con-

trol the polarizability, desirable for tailoring the light–matter interaction. One

dimensional nanophotonic engineering will be demonstrated to solve the prob-

lems, such as low light absorption in the near-infrared region and the severe

thermalization loss. I will propose two types of solar cell structures and show

how to design them considering nanophotonic phenomena. Next, I will demon-

strate a numerical simulation of circularly polarized light emitting organic

diodes for deep understanding of their optical and chiroptical characteristics.

Finally, a promising chiral plasmonic platform consisting of a chirally pat-

terned metal–dielectric–metal (chiral MDM) structure will be demonstrated

to overcome the fundamental tradeoff between the quantum efficiency and the

dissymmetry factor of chiral optoelectronics.

Keywords: nanophotonics, plasmonics, organic light emitting diodes, organic

solar cells, organic photodetectors, organic semiconductor, chirality

Student Number: 2011-23984
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sorption layer (blue), the imaginary part of the z-component

of the relative permittivity (Im(ε̃z), orange) of the absorption

layer, and their product (red), which is proportional to ηA, un-

der r-CPL (c) and l-CPL (d) illumination with λ = 660 nm. In

the case of r-CPL, the tradeoff between the volume integral of
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−1

. . . . . . . . . . . . . . . . . 93

A.2 (a) Absorption coefficient α spectra of the three types of PbPc

films. Line cuts (b) along the arc defined by q = 0.54 Å
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Chapter 1

Introduction

1.1 Nanophotonic Engineering for Organic Optoelec-

tronics

1.1.1 Organic Molecules

Organic molecules have attracted much attention as a photoactive material due

to their unique optical characteristics. A number of organic molecules, featur-

ing a very high absorption coefficient, can absorb light very efficiently even in

a nanoscale thin film, desirable for low-cost solar energy harvesting [1]. A near-

unity luminescence quantum yield is another feature that organic molecules

often attain, enabling highly efficient display and lighting devices based on

organic molecular emitters [2]. Moreover, their controllable polarizability al-

lows their optical characteristics to be fully explored as applied into organic

optoelectronics [3, 4, 5]. In this thesis, I thus deal with the organic molecules,

desired to the photoactive layer of optoelectronic devices.
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1.1.2 Optoelectronic Devices Based on Organic Thin Films

Owing to the unique optical properties of organic molecules, optoelectronic de-

vices based on organic molecular thin films have attained significant progress

in information technology. Organic light emitting diodes (OLEDs) have been

commercially successful as display devices, and organic solar cells (OSCs) have

come close to 15% of power conversion efficiency (PCE) being a requirement

expected to be commercialize [6, 7, 8]. Together with the superior quantum ef-

ficiency, their functionalities, such as flexibility, transparency, and low-cost en-

gineering make organic electronics more promising than inorganic counterparts

as building blocks for next-generation information technology. These function-

alities arise from the properties of organic media bonded together with weak

Van der Waals force. Such thin film property eliminates the lattice-matching

requirement, thus enabling a number of superior heterojunctions composed of

organic molecules. This is in contrast to the inorganic counterparts, formed by

stronger ionic or covalent bonds, which are stiff and require the lattice match-

ing for epitaxial growth of thin films. The morphological and energetic disorder

inherent in organic thin films gives rise to unique charge transfer character-

istics at organic–metal and organic–organic interfaces [9, 10, 11], considered

as a key of the device operation. At the same time, however, the intrinsic

disorder also causes high thermalization loss of OSCs [12, 13], broad emission

spectra of OLEDs [2], and low electrical conductivity. In addition, the weak

bonding force results in those organic media being less susceptible to damage

from moisture and oxygen. Thus, organic optoelectronics based on organic

thin films have often come to the limit, as technological advances have more

requirements for materials.
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1.1.3 Nanophotonic Engineering

Nanophotonic engineering is a promising way to improve the optical proper-

ties of organic molecules or to induce new functionalities. The optical behavior

of molecules, e.g., optical absorption, emission, and their polarization sensi-

tivity, are influenced by the local photonic density of states (ρP) as well as

their inherent properties in vacuum(this will be mathematically discussed in

more detail in the Section 1.2). Since the total thickness of multilayer organic

optoelectronic devices, such as OSCs and OLEDs, is typically smaller than the

operation wavelength in the visible spectral range, their structure should be

treated with coherent behavior: the internal interference should be taken into

account. In addition, the metal-to-photoactive layer separation may be within

the range in which Förster-like energy transfer takes place between them.

Therefore, the multilayer OSCs and OLEDs should be considered as a kind

of one-dimensional nanophotonic structure. When a plane wave impinges a

conventional organic optoelectronic devices, the presence of an optically thick

metal layer that serves as a cathode in general gives rise to specularly re-

flected EM wave, which in turn interfere with the incident EM wave, forming

a standing wave. Since the degree of spatial overlap between the photoactive

layer and the high field region of the standing wave is crucial to the per-

formance of OLEDs and OSCs, one should optimize the thicknesses of the

constituting layers to maximize it [14, 15]. For the top metal, the use of a

thin metal layer as the top electrode that serves as the anode in general com-

pared to the typically used a transparent conductive oxide (TCO) is a way to

make nanocavity structure, which significantly increase the field intensity in

the position of a photoactive layer. OLEDs based on the nanocavity structure

enable a highly directional light emission with a high out-coupling efficiency,

determined by the ratio of the number of photons emitted into air and the
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number of generated photons in the device [16, 17].

Plasmonics has opened the door to innovations in transferring information

and energy in the form of confined electromagnetic fields in a much smaller

space than the operation wavelength. Controlling the geometry of three di-

mensional plasmonic structures to induce the desired functionality is gener-

ally easier than chemical designing of a molecule, which makes them promising

platforms. A metal–dielectric bilayer support a EM mode, called surface plas-

Dielectric

E

Hy

X

Z

Metal

+++ −−−+++ −−−

Figure 1.1 Schematic illustration of surface plasmon polariton (SPP) at the
metallodielectric interface. SPPs are transverse magnetic wave propagating
along the in-plane direction. The lines indicate the electric field (E) and the
± signs denote the polarity of the induced charges.

mon polariton (SPP) featuring a highly confined EM field intensity at the

interface (Fig. 1.1). Due to the very high photonic density of states, SPP

can be a nanophotonic route for increasing the optical absorption and photon

emission rates of molecules placed near the interface [18].

A nanocavity structure consisting of a subwavelength-thick-dielectric in-

terposed by two metal layers (MDM) allows more confined EM waves with

higher field intensity than the metal–dielectric bilayer (Fig. 1.2) [19]. Fig-

ure 1.2 shows a MDM structure and the bounded SPP modes (the red lines
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Dielectric (n=1.8)

Flat silver film

Flat silver film

(a) (b)

(c)

(d)

|Ez|
2

Re(Ez)

Re(Hx)

Figure 1.2 (a) Transverse magnetic dispersion relations (symbols) of a struc-
ture consisting of a dielectric (n = 1.8) sandwiched by two flat silver films,
where the upper and lower correspond to real and imaginary parts of the in-
plane wavevector (k), respectively. The black solid line represents light lines
in vacuum and the red line indicate the bounded SPP modes for guide to eyes.
(b–d) |Ez|2, Re(Ez), and Re(Hx) profiles, respectively, at Re(k) = 2π/Λ and
energy = 1.27 eV.
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for guide to eyes), featuring a high EM field intensity in the dielectric gap.

These SPPs in the dielectric gap originate from the hybridization between

two SSP waves at the top metal–dielectric interface and at the bottom metal–

dielectric interface [19]. Because the in-plane wavevector (k) of the SPP waves

are larger than k of a planewave propagating in air (black line; air mode) at

the same photon energy, SPP waves cannot be coupled into the air mode in

general [Fig. 1.2(a)]. In order to enable SPPs to be out-coupled into the air,

a widely employed nanophotonic platform is a periodically arranged nanopat-

tern (Fig. 1.3). When a nanograting with a period (Λ) is engraved on the

metallodielectric interface, thus scattering SPP waves propagating along the

interface (or scattering the incident planewaves), their k vector loses (or adds)

momentum by a factor of 2πn/Λ, where n is an integer.

Three-dimensional metal nanostructures support more various plasmonic

modes, enabling more advanced nanophotonic applications. When a plasmonic

nanostructure is engineered to allow excitation of electric dipolar and magnetic

dipolar modes oscillating at a same frequency, anomalous optical characteris-

tics can be obtained depending on the mutual phase difference and the rela-

tive dipole orientation. In Fig. 1.4, if an oscillating electric dipole moment (p)

aligned with y-axis and an oscillating magnetic dipole moment (m) aligned

with x-axis oscillate in π/2 out-of-phase, they radiate EM waves unidirection-

ally: two EM waves emitted by the dipoles in −z direction are constructively

interfered while they are destructively interfered in the opposite direction.

Figure 1.4(b) shows p and m polarized along to y-axis, which emit circularly

polarized light into ±z direction when oscillating in-phase. Note that the ra-

diation power of the single p is scaled to be identical to that of the single

m. Additional examples are available elsewhere, e.g., a perfect absorber with

an absorption efficiency close to 100% [20], a holography that has a different
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Figure 1.3 (a) Schematic of a surface plasmon polariton (SPP) wave cou-
pler consisting of periodically arranged square-gratings with periodicity Λ.
(b) Schematic diagram of dispersion relation of the bounded SPP wave on a
metallodielectric surface with periodic gratings.
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(b) ED//MD, in-phase

ED

MDx

yz

(a) ED⊥MD, 90° out-of-phase

Unidirectional emission Circularly polarized light emission

Figure 1.4 (a) Light emission from the mutually orthogonal electric dipole
moment (ED) and magnetic dipole moment (MD) oscillating π/2 out-of-phase.
(b) Light emission from the mutually parallel ED and MD oscillating in-phase.

reflection pattern depending on the polarization state of the incidence EM

wave [21], and nanorobots that can control the mechanical walk of nanostruc-

tures depending on the polarization state [22].

1.2 Light–Matter Interaction of Organic Molecules

In this section, I discuss mathematically in detail how the EM environment in

which a molecule is located affects its light absorption or emission character-

istics. In most textbooks of electromagnetics, electric dipole moments (p̃) are

introduced proportional to the electric field (Ẽ) in a linear system, where the

proportional constant is the electrical polarizability (α̃). Here, a parameter

with the tilde sign is a complex quantity. This implicitly ignores the depen-

dence of p̃ on magnetic fields (B̃), which in most cases is true. Depending on

the shape of organic molecule, the presence of B̃ can lead to p̃, and helicene
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𝒎

𝒑

𝐼

𝐁

Figure 1.5 Schematic of a (M)–(-)–(6) helicene molecule with anticlockwise
(or left-handed) helicity. When applied by an external magnetic field, electric
current is induced along the spiral structure of the molecule, which leaves a
separated hole–electron pair across the molecule.

is a representative example of this phenomenon (Fig. 1.5). When a magnetic

field is applied to a helicene molecule, the induced current leaves a separated

charge on both ends of it, generating p̃. Thus, p̃ can be generally expressed

as [23]:

p̃ = α̃Ẽ− iG̃B̃, (1.1)

where α̃ and the electro-magnetic dipole polarizability (G̃) are a third-order

tensor. The presence of G̃ also allows electric field to induce magnetic dipole

moment (m̃), which is expressed as:

m̃ = χ̃B̃+ iG̃B̃, (1.2)

where, χ̃ is the magnetic susceptibility. The optical absorption efficiency ηA

can be described by [18]:

ηA = ⟨ṗ ·E+ ṁ ·B⟩, (1.3)
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where this equation is assumed to be normalized by the incident power. In a

homogeneous medium, EM fields are described by using the following equa-

tions:

Ẽ(t) = Ẽ0exp(−iωt) =


Ẽx

Ẽy

Ẽz

 exp(−iωt), (1.4)

and

B̃(t) = B̃0exp(−iωt) =


B̃x

B̃y

B̃z

 exp(−iωt), (1.5)

and then substituting Eqs. (1.4) and (1.5) into Eq. (1.3) results in:

ηA =
ω

2
[Im(α̃)|Ẽ|2 + Im(χ̃)|B̃|2] + ωIm(G̃)Im(Ẽ

∗ · B̃) (1.6)

Since most organic media are non-magnetic, the term with Im(χ) can be ig-

nored in general. Using the time-even pseudoscalar C [23]:

C = ωµ02c
2Im(Ẽ

∗ · B̃), (1.7)

ηA can be simplified as:

ηA =
ω

2
Im(α̃)|Ẽ|2 + 2G′′C

ε0
, (1.8)

where ε0 and µ0 are the permittivity and permeability in vacuum, respectively.

According to Tang et al., C represents the optical chirality of the EM field. If

there is no C, Eq. (1.8) can be expressed as:

ηA =
ω

2
Im(α̃)|Ẽ|2 = ω

2
[Im(α̃x)|Ẽx|2 + Im(α̃y)|Ẽy|2 + Im(α̃z)|Ẽz|2], (1.9)

10



where α̃i is the diagonal i component of a tensor α̃.

According to Fermi’s golden rule [24], transition from one eigenstate to

another eigenstate is the result of a weak perturbation by the vacuum field

and its rate is governed by the degree of overlapped wavefunctions between

the initial and final states and by the the local photonic density of states (ρP)

of the final quantum states. Thus, the light emission rate (γE) of the molecule

in the case of nonmagnetic can be described by the following equation [18]:

γE =
4πω

3h
|p|2ρP, (1.10)

where h is the Planck constant. To express light emission from molecules

with various wavevector components, ρP can be determined using the dyadic

Green’s function (
↔

G) of the system [18]:

ρP =
6ω

πc2
[p̂ · Im(

↔

G) · p̂] (1.11)

where p̂ is a unit vector pointing in the identical direction of p. Through

the semiclassical representations of Fermi’s golden rule, the degree of overlap

between the two eigenstates and can be expressed as the degree of alignment

between E and p (i.e., p ·E/|p ·E|) and the ρP is approximately represented

by the square of the electric field intensity.

The results in this section point out that the increase of |E|2 (or ρP) is

a key to improve the optical absorption and emission properties of molecules

via nanophotonic engineering.

1.3 Overview of the Thesis

In this thesis, I investigate the interaction between molecules and their EM

fields, and explore ways in which these interactions can positively affect the
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performance of organic optoelectronic devices. In Chapter 2, one dimensional

nanophotonic engineering will be demonstrated to solve the urgent problems

in organic solar cell community, i.e., low light absorption in the near-infrared

region and the severe thermalization loss, I will propose two types of solar

cell structures and show how to design them considering optical interference.

In addition, I will discuss the nanophotonic strategy to overcome the limits

of circularly polarized light emitting organic diodes (CP-OLED) via numer-

ical simulation. This is the first comprehensive study to guide the design of

a CP-OLED structure in terms of the CPL dissymmetry factor and the ex-

ternal quantum efficiency. In Chapter 3, it will be introduced that a chirally

patterned metal–dielectric–metal (chiral MDM) structure can selectively ex-

cite plasmonic hotspots depending on helicity of incident circularly polarized

waves. It will be interpreted in the framework of hybridization between two

surface plasmon polaritons arising bounded at each metallodielectric layer.

In addition, the chiral nanocavity will be applied to organic photodetectors,

which is a new type of optoelectronic devices attaining both high quantum

efficiency and circular dichroism. In Chapter 4, I will summarize this work

and discuss its prospects.
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Chapter 2

One-Dimensional Nanophotonic
Engineering for Organic
Optoelectronics

2.1 Introduction

In this chapter, I address the importance of nanophotonic engineering of one

dimensional multilayer optoelectronics to rationally design the architecture,

thus fully utilizing their potentials. First, I perform an nanophotonic simula-

tion to design organic-inorganic triple-junction hybrid solar cells, which is a

promising architecture to reduce thermalization loss of solar cells but is known

to be highly challenging for experimental optimization. Next, the importance

of complementary control of molecular orientation together with nanophotonic

property is addressed to fully optimize the spectral sensitivity of organic solar

cells (OSC) in the near-infrared (NIR) spectral region, where a structural tem-

plating method is used to control molecular orientation. Finally, a numerical

simulation of CP-OLEDs is demonstrated, which is the first work comprehen-
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sively understanding their optical characteristics in terms of gL and the energy

loss distribution of light from the CPL emitter. To investigate the nanopho-

tonic characteristics of OSCs and OLEDs, the transfer matrix and the finite

element based simulations are employed, respectively.

2.2 Efficient Photon Management in Multi-junction

Solar Cells

2.2.1 Strategy to Overcome Thermalization Loss of Solar Cells

Solar cells based on organic semiconductors have advantageous of cheap, light-

weight, flexible, and large-area processes, but their thermalization loss—loss of

photon energy greater than bandgap by the difference between them—is usu-

ally exceeding 0.3 eV as compared to the inorganic counterpart. Employing

multi-junction architecture, consisting of two or more subcells with comple-

mentary optical bandgap (Eopt), is a way for efficient photon management,

thus minimizing the thermalization loss. The largest portion of the energy

output is occupied by the large-Eopt subcell that absorb high energy photons,

which is usually employed as the front cell being illuminated first. A hybrid

multi-junction solar cell consisting of a subcell using hydrogenated amorphous

silicon (a-Si) with large-Eopt and an organic semiconductor based subcell with

small Eopt can effectively reduce the thermalization loss while accepting the

advantages of the organic solar cell described above. It is important for multi-

junction solar cells to design the device architecture so that the identical cur-

rent is generated from the top and bottom subcells. If the currents do not

match in the two subcells, charges build up somewhere, leading to the reduc-

tion of power conversion efficiency (PCE). In the case of a-Si / organic hybrid

double junction solar cells, organic semiconductor-based subcells limit current

matching in general. The thickness of the a-Si layer needs to be less than the
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thickness of the optimized single-junction device based on it, thereby reducing

the absorption of a-Si and increasing absorption in the organic layer in the

wavelength region where the two subcells are spectrally overlapped.

Here, it is demonstrated that triple junction solar cell consisting of a-Si

(top) / a-Si (middle) / organic (bottom) layers is desirable to PCE com-

pared to the a-Si (top) / organic (bottom) double-junction solar cell, despite

the absorption-spectral overlap between the top and middle a-Si subcells. The

main idea of this study is to minimize the absorption loss for current matching

by translating the parasitically absorbed photons into a form that can con-

tribute to device performance in terms of open-circuit voltage (Voc). In order

to create the same current in three subcells, I optimized the thickness of each

subcell and charge transport layer through transfer matrix based modeling.

In order to generate the identical current density in three subcells, I opti-

mized the thickness of each subcell and that of charge transport layer using

the transfer matrix based optical modeling. Based on the results of the optical

modeling, the triple-junction hybrid solar cell can be rationally designed, thus

exhibiting a high PCE of 7.8% and Voc of 2.35 V, being the sum of the Voc of

each subcell.

2.2.2 Tailoring Optical Field Distribution for Current Match-

ing

The architecture of triple-junction solar cell is comprised of two a-Si based so-

lar cells (top and middle subcells, respectively) and a PTB7–PC61BM donor–

acceptor mixed heterojunction based solar cell. The detailed structure is as

follows [Fig. 2.1(a)]: glass / 230 nm indium tin oxide (ITO) / 8 nm p-doped

a-Si / ha-Si1 nm a-Si / 10 nm n-doped a-Si / 7 nm p-doped a-Si / ha-Si2 nm

a-Si / 25 nm n-doped a-Si / 20 nm ITO / 23 nm PEDOT:PSS / hOPV nm
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(a)

(b)

Figure 2.1 (a) Structure of the triple-junction hybrid solar cell. (b) Complex
refractive index of the main absorber in each subcell constituting the triple-
junction solar cell.
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PTB7:PC61BM / hTiO2 nm titanium dioxide (TiO2) / 100 nm Al, where PTB7

and PC61BM, PEDOT:PSS are abbreviation of poly4,8-bis[(2-ethylhexyl)oxy]

benzo[1,2-b54,5-b9]dithiophene-2,6-diyl-alt-3-fluoro-2-[(2-ethylhexyl)carbonyl]

thieno[3,4-b]thiophene-4,6-diyl, (6,6)-phenyl C61 butyric acid methyl ester and

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, respectively.

Jsc = e

∫
ΦAM1.5G · ηA · IQE dλ, (2.1)

I first calculated the optical absorption of the multi-junction solar cells using

the transfer matrix based optical modeling with free parameters of ha-Si1,

ha-Si2, hOPV, and hTiO2, respectively, where complex refractive indices used

for simulation are determined from ellipsometry [Fig. 2.1(b)]. Then, Jsc of

each subcell is calculated using the following equation: where e and ΦAM1.5G

are the elementary charge and the photon flux of the standard air mass 1.5 G

solar spectrum, respectively. ηA is the excitation rate of the photoactive layer

in each subcell calculated using Eq. (1.9). I use the solar-spectrum-weighted

IQE of the OPV cells determined from the ratio of Jsc (obtained from measured

EQE) to Jsc,max (calculated from optical absorption assuming that the IQE is

unity) as shown in Fig. 2.2(a). For a-Si cells, the IQE was assumed to have a

typical value of 0.95. The lowest value among Jsc of each subcell is chosen to

be the representative value since it must govern the Jsc of the triple-junction

solar cells consisting of subcells connected in series. Figure 2.2(b) shows Jsc of

the triple-junction solar cell with hTiO2 = 20nm as functions of ha-Si1, ha-Si2,

and hOPV, respectively. The maximum Jsc of 4.3 mA cm–2 is found at ha-Si1 =

60nm, ha-Si2 = 400 nm, and hOPV = 107 nm, which is in good agreement with

the measured one of 5.1 mA cm–2 at ha-Si1 = 70nm, ha-Si2 = 350 nm, and hOPV

= 110 nm. The little discrepancy between the calculated and the experimented

values is likely attributed to the surface roughness that may be present in the
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fabricated solar cell giving rise to scattering and then a light-trapping inside

the solar cell and/or to the inaccuracy of the extracted ellipsometry data.

Figure 2.3(a) shows the effect of changes in tTiO2 on Jsc for the triple-

junction solar cell with ha-Si1 = 60nm, ha-Si1 = 400 nm, and hOPV = 107 nm.

It is found that the Jsc values of bottom and middle subcells depend strongly

on hTiO2, while the Jsc of top subcell is less affected by the change. To better

understand this, I investigated the spectrally and spatially resolved absorbed

photon flux (Φ) determined by the product of ηA [Eq. (1.3)] and the incidence

photon flux of solar spectrum. In Fig. 2.4, the Φ spectrum of the bottom and

the middle subcells shows interfered patterns as a consequence of multiple re-

flections in the multilayered architecture, while the Φ of the top subcell shows

exponentially decaying behavior due to absorption. The absorption character-

istic of the top subcell seems to follow the Beer–Lambert law because of the

very high extinction coefficient of the a-Si layer in the spectral range from

300 nm to 500 nm (Fig. 2.1). Thus the number of photons escaping the top

subcell region is negligible in this wavelength range, meaning that changes in

the layers below it have less effect on the absorption characteristics. In the

wavelength range from 600 nm to 700 nm, an anti-node of standing wave ap-

pears in the bottom subcell region. The degree of positional overlap between

the anti-node and the bottom subcell is mainly determined by hTiO2. This in

turn affects the Jsc of the middle subcell as well as that of the bottom subcell

since the bottom and middle subcells compete for photon absorption in the

wavelength range from 550 nm to 650 nm. From the results, I can expect that

Jsc of the triple-junction solar cell becomes maximum at hTiO2 = 27nm. The

Jsc were evaluated with varying hTiO2 around 27 nm as a reference point, and

found that the Jsc is experimentally optimized at hTiO2 = 20nm. As hTiO2

increased, the decrease in the electrical conductivity of TiO2 likely leads to
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the optimum point appearing at a smaller hTiO2 value than expected.
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Figure 2.2 (a) Internal quantum efficiency of the PTB7–PC61BM heterojunc-
tion based solar cell as a function of the active layer thickness (symbols).
The dashed line is a quadric fit with polynomial regression. (b) Simulated
short-circuit current density as a function of the active layer thickness of each
subcell.
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Figure 2.3 (a) TiO2 thickness dependency on a short-circuit current density
of each subcell. (b) Current density–voltage characteristics of the a-Si/a-Si
double-junction solar cell (red), the single-junction PTB7:PC61BM based or-
ganic solar cell (green), the triple-junction solar cells with out ultraviolet ozone
(UVO) treatment (cyan), that with 5 sec UVO treatment (blue), and that with
15 sec UVO treatment (olive), respectively.
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Figure 2.4 Spectrally and spatially resolved absorbed photon flux spectra of
the triple-junction hybrid solar cell.
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2.3 Enhancement of Near-Infrared Sensitivity of Or-

ganic Solar cells

2.3.1 Effects of Nanoscale Morphology of Lead Phthalocya-

nine Thin Films

In order to increase the efficiency of organic solar cells (OSCs), a number of

researchers have focused not only on developing new materials for photoac-

tive layers but also on optimizing their morphological characteristics. These

efforts have led to the achievement of power conversion efficiency (PCE) of

∼12% for single-junction OSCs based on absorbers with optical band gaps

Eopt of 1.5 – 1.6 eV [1, 2, 3], which is as high as an empirical estimate of

the efficiency limit [4]. To further increase the PCE, the use of a tandem

architecture—a serial connection of two sub-cells with different Eopt for com-

plementary optical absorption—is necessary [5]. Although improving the effi-

ciency of near-infrared (NIR) sensitive OSCs with small Eopt is strongly desired

for overcoming the PCE limit, as well as for transparent solar cells applica-

tions, the number of organic semiconductors absorbing light in a wide NIR

spectral region is quite limited. In this respect, morphological optimization of

pre-developed NIR sensitive OSCs is important.

Lead phthalocyanine (PbPc) is a promising donor material for NIR sen-

sitive OSCs because of its excellent chemical stability and high absorption

coefficient in a spectral region from 550 nm to 1000 nm [6, 7]. To improve the

spectral sensitivity of PbPc-based OSCs, a few studies have been performed

to control the morphology of PbPc thin films, where crystalline domain size,

crystal phase, and/or molecular orientation have been controlled by using a

template layer [8, 9, 10, 11, 12, 13, 14], or by adjusting the deposition rate

and/or the substrate temperature. [15] In particular, a template layer com-
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posed of copper iodide (CuI) has been widely used to increase the optical

absorption in the NIR by inducing an amorphous (or monoclinic)-to-triclinic

phase transition and by aligning the direction of the transition dipole moment

lying on the molecular plane with the incident electric field (i.e., by inducing

a face-on molecular arrangement) [10, 11]. The increase in the crystallinity

upon employing the CuI template layer, together with the face-on orientation,

enhances the excitonic couplings in the π-stacking direction, thus facilitat-

ing the exciton diffusion [11]. However, there have been less efforts to discuss

negative effects of the CuI template layer, such as exciton quenching at the

CuI–PbPc interface, which may have severely limited the internal quantum

efficiency (IQE) of the OSCs. Furthermore, although the morphology near

donor–acceptor (D–A) interfaces may have been considerably altered in these

demonstrations, discussions of the effects of change in morphology on solar

cell properties have mainly been limited to bulk processes (exciton diffusion

and generation), not addressing charge transfer (CT) and charge separation

(CS) processes considered the key in determining the open-circuit voltage Voc

and the short-circuit current density Jsc of OSCs [16, 17, 18, 19]. In addition,

previous discussions of exciton diffusion in these devices are rather incomplete,

since recombination loss of CT excitons has been ignored. [10, 11]

Here, I demonstrate that, like the widely used CuI template, a new bilayer

template consisting of a zinc phthalocyanine (ZnPc) layer deposited on a CuI

layer induces the formation of triclinic crystallites of a PbPc film deposited on

it, but introduces an increase in disorder of the orientation of PbPc molecules,

which in turn enhances the solar cell performance. It is addressed that the

control of molecular orientation together with the one-dimensional nanopho-

tonic engineering is important to fully maximize the spectral sensitivity in the

NIR region.
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2.3.2 Absorption Coefficients of Lead Phthalocyanine Films

To find the effects of the change in morphology of PbPc films on their optical

properties, I deposited 25-nm-thick PbPc films on the following samples: (i)

glass / 160 nm ITO, (ii) glass / 160 nm ITO / 1 nm CuI, and (iii) glass / 160

nm ITO / 1 nm CuI / 6 nm ZnPc, where the CuI and CuI/ZnPc layers in the

cases of (ii) and (iii), respectively, function as template layers, as in the so-

lar cells discussed in the previous section. To characterize their morphology, I

performed 2D-grazing incidence wide angle X-ray scattering (GIWAXS) mea-

surement. The GIWAXS spectra shown in Fig. 2.5(a) to 2.5(c) are analyzed

ITO ITO

triclinic

ITO

triclinic(d) (e) (f)
triclinic

monoclinic
amorphous

(a) (b) (c)

Figure 2.5 Two dimensional grazing incidence wide angle X-ray scattering (2D-
GIWAXS) spectra of (a) n-PbPc, (b) c-PbPc, and (c) bi-PbPc films prepared
on glass / ITO substrates. The color scale shown to the right of (c) applies
to all spectra. Schematics of the crystalline structures of the (d) n-PbPc, (e)
c-PbPc, and (f) bi-PbPc films. PbPc, ZnPc, and CuI are represented by angled
purple rods, blue rods, and orange layers, respectively.

in Appendix A, and here we summarize the main conclusions. The weak and
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diffusive signals of the non-templated PbPc (n-PbPc) thin film [Fig. 2.5(a)]

indicate that this is a mixture of amorphous and crystalline domains, with no

preferred molecular orientation [Fig. 2.5(d)]. The enhanced signal intensity of

the CuI-templated PbPc (c-PbPc) thin film [Fig. 2.5(b)] is mostly attributed

to the increased fraction of crystalline domains in triclinic phase preferen-

tially composed of face-on oriented molecules [Fig. 2.5(e)]. Like the c-PbPc,

the enhanced signal intensity of the bilayer-templated PbPc (bi-PbPc) thin

film [Fig. 2.5(c)] is mainly due to the increased fraction of triclinic crystal-

lites, but the broader signals of the bi-PbPc than the c-PbPc suggest that a

smaller number of PbPc molecules in the former are, on average, in the face-

on orientation, with a broader orientation distribution compared to the latter

[Fig. 2.5(f)].

The complex refractive indices n+ik of the three films were determined by

variable angle spectroscopic ellipsometry in a wavelength (λ) range from 300

to 1100 nm. The absorption coefficient (α) spectra in Fig. 2.6 were obtained

Figure 2.6 Absorption coefficient spectra of the three types of PbPc films.

using the relation: α = 4πk/λ. The α spectrum of the n-PbPc thin film shows
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a strong peak at 740 nm, with a small shoulder around 900 nm. For PbPc

crystals, the optical absorption near 740 and 900 nm is due to the monoclinic

and triclinic phases, respectively [10, 11]. The characteristics of a PbPc film

templated by a bilayer consisting of ZnPc deposited on CuI (bi-PbPc) are

similar to the c-PbPc film: both films show increased optical absorption in the

NIR region compared to the n-PbPc film deposited on ITO. The presence of

the bi-layer template causes the triclinic PbPc crystallites to have a broader

orientational distribution, which decreases the overall alignment between the

directions of incident electric field and transition dipole moment of the PbPc

molecules in triclinic phase, resulting into a smaller optical absorption of the

bi-PbPc than the c-PbPc in the NIR region.

2.3.3 Solar Cell Performances

Figure 2.7 shows short-circuit current density (Jsc) of OSCs, measured under

1-sun AM 1.5G illumination, having the following structure: glass / 160 nm

indium tin oxide (ITO) / template layer / tA nm PbPc / 35 nm C60 / 8 nm

bathocuproine (BCP) / 100 nm Ag, as a function of the thickness of the PbPc

layer (tA). Between the ITO and PbPc layers, 1 nm copper iodide (CuI) or

6 nm zinc phthalocyanine (ZnPc) deposited on 1 nm CuI was employed as

a template layer. In the following, the solar cell with the CuI or CuI/ZnPc

template layer is referred to as the c-PbPc or bi-PbPc device, respectively.

The Jsc data is normalized to the maximum value of each device. I have

fitted the experimental data (symbols) to the simulation data (lines) and find

the tA values where Jsc maxima appears: tA = 25nm and 30 nm for the bi-

PbPc and c-PbPc, respectively. Here, combination of transfer matrix based

optical modeling and exciton diffusion model was used for the simulation as

in Appendix B. The presence of Jsc maxima is due to the tradeoff between the
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light absorption and the exciton diffusion characteristics: as tA increases, the

optical absorption increases while the probability that the exciton generated

in the PbPc layer reaches the donor–acceptor interface decreases. Note that

considering both the fill factor (FF) and the open-circuit voltage (Voc), the

c-PbPc device also has the maximum power conversion efficiency (PCE) at tA

∼25 nm (data is not shown). Thus in the following discussions, the thickness of

PbPc will be fixed to be 25 nm. Before discussing the solar cell performances

in detail, the spatially and spectrally resolved optical density and absorption

distributions are investigated. Figures 2.8(a–c) show that the antinodes of

Figure 2.7 Dependence of short-circuit current density on the thickness of the
PbPc layer. The symbols are experimental data and the lines are fits to them.

EM waves in the NIR region in the ITO layer. If the thickness of PbPc is

increased, the antinodes will be located on the PbPc side, but in this case,

the quantum efficiency decreases due to the decrease of the exciton diffusion

efficiency. Compared to the absorption profiles of the n-PbPc [Fig. 2.7(d)], the

absorption at around 900 nm of the c-PbPc device [Fig. 2.7(e)] was greatly
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Table 2.1 Solar cell parameters (short-circuit current density Jsc, open-circuit
voltage Voc, fill factor FF, and power-conversion efficiency PCE) extracted
from the current density–voltage characteristics measured under 1-sun AM
1.5G illumination. Also listed in the table are the optical band gaps Eopt of
the PbPc films and a ZnPc film. Averages of the solar cell parameters were
taken across 6–8 devices.

Device Jsc
a [mA cm−2] Voc [mV] FF [%] PCEa [%] Eopt[eV ]

n-PbPc 6.55 ± 0.08 510 ± 5 54.3 ± 0.8 1.81 ± 0.03 1.29

c-PbPc 9.32 ± 0.12 475 ± 5 61.4 ± 0.2 2.72 ± 0.05 1.25

bi-PbPc 10.41 ± 0.14 489 ± 3 60.2 ± 0.3 3.06 ± 0.04 1.26

ZnPc 1.51
a corrected using the spectral mismatch factor.

increased due to the formation of triclinic crystallites composed of face-on

oriented molecules. The bi-PbPc device [Fig. 2.7(f)], the PbPc molecules of

which is less face-on, shows weaker absorption than the c-PbPc, indicating

that the face-on orientation of the c-PbPc is desirable for absorption.

2.3.4 Analysis of the Enhanced Spectral Responsivity in the

Near-Infrared Spectral Region

Figure 2.9 shows current density–voltage (J–V ) characteristics of OSCs, mea-

sured under 1-sun AM 1.5G illumination. The values of Jsc, Voc, FF, and PCE

are listed in Table 1, where Jsc and PCE were corrected using the spectral

mismatch factor [20]. Compared to the n-PbPc device, Jsc and FF of the c-

PbPc device are significantly increased, leading to the improvement of PCE

from 1.8% to 2.7% despite the reduction of Voc. The bi-PbPc device shows

a further improved PCE of 3.1%, which is attributed to the larger values of

both Jsc and Voc, with an almost identical FF, compared to the c-PbPc device.

In Fig. 2.10(a), the external quantum efficiency (EQE) spectra of the de-
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Figure 2.8 Normalized optical density |E(λ, z)|2/|E0|2 of the (a) n-PbPc, (b)
c-PbPc, and (c) bi-PbPc devices, where the E and E0 are the complex electric
field in each device and the amplitude of the incident electric field, respectively,
and z is the distance from the glass–ITO interface. The time averaged absorbed
power Φ of the (d) n-PbPc, (e) c-PbPc, and (f) bi-PbPc devices, calculated
using the relation: Φ(λ, z) = 1

2ωIm(ϵ)|E|2, where ω and ϵ are the angular
frequency of the incident light and the permittivity in each layer, respectively.
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Figure 2.9 Current density–voltage characteristics (J–V ) of the n-PbPc (blue),
c-PbPc (green), and bi-PbPc (red) devices under 1-sun AM 1.5G illumination.

vices measured under zero bias are shown (solid lines), indicating that the

increase in Jsc is mainly attributed to the increased response in the spectral

region from 550 to 1000 nm. To better identify the origins of this feature, we

first calculated the absorption efficiency ηabs of the C60 (or PbPc) layer in each

device, defined as the number of photons absorbed in that layer per unit time

divided by the number of incident photons per unit time. The calculation was

based on the transfer matrix method [21], with the complex refractive indices

of the constituent thin films obtained by spectroscopic ellipsometry, assuming

that the films are homogeneous. The ηabs spectra of the PbPc and C60 layers

in the three devices, shown in Fig. 2.10(b), indicate that although increased

light absorption in the c- and bi-PbPc devices near 900 nm is consistent with

their EQEs being larger than the EQE of the n-PbPc device in that spectral

region, the change in light absorption cannot fully explain the EQE spectra.

For example, the EQEs of the c- and bi-PbPc devices are larger than the n-

PbPc device in the entire spectral region ranging from 550 to 1000 nm, while

it is not the case for ηabs. Also, ηabs of the c-PbPc device is larger than the
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PbPc

C60

Figure 2.10 (a) External quantum efficiency of the n-PbPc (blue), c-PbPc
(green), and bi-PbPc (red) devices. Solid and dashed lines indicate the mea-
sured and simulated data, respectively. (b) Absorption efficiency ηabs of the
PbPc (solid lines) and C60 (dashed lines) layers in each device. (c) Internal
quantum efficiency of each device.
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bi-PbPc device in that spectral region, but the bi-PbPc is larger in EQE. The

IQE spectra, obtained by dividing the EQE spectra by the sum of ηabs of the

PbPc and C60 layers, reveal that the change in IQE upon employing template

layers is dominant in determining the EQE spectra [Fig. 2.10(c)]. Here, the

IQE is defined as the number of electrons collected at the electrode per unit

time divided by the number of photons absorbed in the active layer (the PbPc

or C60) per unit time. To fully understand the effects of the morphological

change on solar cell performances, the discussions of the IQE should be ac-

companied, which will be addressed in detail in Appendices B and B.2.
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2.3.5 Experimental Details

Sample Fabrication: ITO-coated glass substrates (15Ω/sq, 25mm × 25mm)

were cleaned in an ultrasonic bath with detergent, de-ionized water, acetone,

and isopropyl alcohol, sequentially. After drying the substrates at 200 ◦C in

a vacuum oven, they were exposed to UV-ozone for 15min. The materials—

ZnPc (CreaPhys), C60 (CreaPhys), PbPc (Jilin OLED), BCP (EM index),

CuI (Sigma Aldrich), and Ag—were deposited on the prepared substrates

using a vacuum thermal evaporator with a base pressure of approximately

3× 10−7Torr and a growth rate of 0.1 nm s−1. The solar cell area of 1mm

× 1mm is determined by the cross section between the pre-patterned ITO

electrode and the Ag electrode deposited through a shadow mask.

2D-GIWAXS measurement : 2D-GIWAXS measurement was performed at the

3C beam line in Pohang Accelerator Laboratory, Korea. The wavelength of the

incident X-ray was 1.231 Å and the incident angle was chosen to be the critical

angle of ∼0.25◦. Diffracted X-ray signals were collected by a two-dimensional

charge-coupled device (SX165, Rayonix) with a pixel size of 79.01 µm× 79.01 µm.

Characterizations of Optical Properties: The complex refractive indices n+ ik

of the organic thin films were determined using variable angle spectroscopic

ellipsometry (VASE, Woollam) in a wavelength range λ from 300 to 1100 nm.

The absorption coefficients α were obtained using the relation: α = 4πk/λ.

The absorption efficiencies of the PbPc and C60 layers in each solar cell were

calculated using the transfer matrix formalism [21].

Current Density–Voltage Characteristics: J–V characteristics were measured

under dark and AM 1.5G illumination using a solar simulator (L01, Peccell)
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and a source meter (2400, Keithley). The light intensity (100mW) was cali-

brated using a Si photodiode with a KG-5 filter (BS-520, Bunkoukeiki). The

Jsc and PCE values obtained from the J–V curves were corrected using the

spectral mismatch factor [20]. The temperature-dependent J–V characteris-

tics were obtained in an open-cycle liquid nitrogen cryostat.

EQE measurement : The monochromatic light incident on the OSCs, obtained

from a laser-driven Xe light source (EQ-99, Energetiq) coupled to a monochro-

mator, was modulated by a chopper at a frequency of ∼400Hz, and the pho-

tocurrent of the devices was measured using a current amplifier (SR570, Stan-

ford Research) and a lock-in amplifier (SR830, Stanford Research).

UPS measurement : UPS experiments were carried out in a modified Kratos

AXIS-165 system with a He I light-source, where the organic films were de-

posited in a vacuum thermal evaporator connected to the analysis chamber

with a base pressure of ∼10−9Torr.
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2.4 Circularly Polarized Light Emission from Multi-

layer Organic Light Emitting Diodes

2.4.1 Electromagnetic Description of Circularly Polarized Light

Emitters

In recent years, ultracompact circularly polarized light (CPL) emitting organic

diodes (henceforth referred to as CP-OLED) have attracted much attention for

various applications, such as quantum information systems and highly bright

2-D and 3-D OLED displays. CPL emitters are more desired than linearly

polarized light (LPL) emitters for information transmission due to the longer

time taken to be fully depolarized by unintentional scattering [22]. In addition,

the external quantum efficiency (ηE) of OLED displays, currently limited to

50% by the presence of antiglare filter [23], can be significantly improved by

using CP-OLED because of the high transparency of the antiglare filter to one

helicity of CPL. Unfortunately, the tradeoff between ηE and the dissymmetry

factor of the luminous intensity (gL) has made it challenging to practical use of

CP-OLEDs. In addition, even for a chiral emitter with a high gL value intrin-

sically, when it is employed into a conventional OLED structure consisting of

organic multilayers interposed by transparent top and optically thick bottom

electrodes, gL of the device has been very small due to the helicity-inversion of

the backward emitted light at the bottom electrode [23, 22]. For an extreme

case, gL is zero if the forward emission property of an emitter in an OLED is

identical to its backward emission property.

The analytic model based on Dyadic Green’s functions [24], widely used

to maximize ηE of one dimensional multilayer OLED, suggests that the for-

ward and backward emission properties are identical only when the structure

is symmetric with respect to the emission layer. This model, more importantly,
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implies that by adjusting the optical parameters, such as the thicknesses and

refractive indices of the constituent layers, more asymmetric behavior between

the forward and backward emissions can be obtained, which is desirable for

increasing gL of OLEDs. Thus, to rationally optimize CP-OLED in terms of

gL as well as ηE, comprehensive understandings of its optical characteristics

based on a device model is necessary. Zinna et al. suggested a simple math-

ematical model for CP-OLEDs based on the Beer–Lambert law, concluding

that gL increases with the emitter-to-cathode separation [22]. However, their

model does not properly deal with nanophotonic phenomena, such as inter-

ference, waveguide, and Purcell effect, important for analyzing OLED charac-

teristics [25]. Lee et al. demonstrated another model for CPL emission from

cholesteric stacking of conjugated polymers. The CPL emission described by

the model, in which CPL originates from the phase modification of LPL by

the compact waveplate consisting of the polymers that also functions as the

LPL emitter, has a different physical origin to the typical CP-OLEDs based

on chiral molecules. Therefore, this model is not generally applicable to other

studies for CP-OLEDs.

Here, I demonstrate numerical simulations of multilayer CP-OLEDs based

on chiral molecular emitters for understandings of their optical and chiroptical

characteristics comprehensively. CPL emitters are described electromagneti-

cally in two ways: (i) two oscillating electric point-dipoles (ED) with a mutual

phase difference of π/2 (henceforth referred to as ED⊥ED), and (ii) ED and

a magnetic point dipole (MD) oscillating in-phase (henceforth referred to as

ED∥MD). The constituting dipoles of ED⊥ED (or ED∥MD) are at a point.

The types (i) and (ii) mimic CPL emitters described by the asymmetric ex-

citonic coupling and the magnetically allowed transition, respectively, in the

chemistry and biochemistry communities [26, 27]. For all calculations, COM-
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SOL Multiphysics software, a finite element modeling tool, is used.

2.4.2 Circularly Polarized Light Emitters in Vacuum

𝜽

𝝓

ො𝒓

𝓞
𝒓

PML

Vacuum

Figure 2.11 Schematic illustration of the simulation geometry of a CPL emitter
in vacuum. The yellow lines denote the monitoring surface of r = 1.5 µm.

I first investigated the radiation characteristics of CPL emitters in vacuum.

Figure 2.11 is a schematic illustration of the simulation geometry, where the

spherical vacuum domain with radius r = 1.5 µm is enclosed by the shell

serving a perfectly matched layer (PML). This is an artificial absorbing layer

introduced to prevent scattering at the outermost surface of the simulation

domain of interest, and thus enabling the simulation of an infinite vacuum

space. A CPL emitter is located at the origin (O) marked with the red dot.

The monitoring surface denoted by yellow lines is at r = 1.5 µm for quantifying

the radiation characteristics. The radiation power per unit area from a CPL

emitter is calculated at the monitoring surface using the following equation:

⟨S(θ, ϕ)⟩ = Re(Ẽ× H̃
∗
)

2
, (2.2)
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Figure 2.12 (a) The dissymmetry factor and (b) the radiation power per unit
area from ED⊥ED. (c) The dissymmetry factor and (d) the radiation power
per unit area from ED∥MD. They are calculated at the monitoring surface of
r = 1.5 µm.
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where E is the electric fields and H is the magnetic field divided by the per-

meability in vacuum. Next, the distribution of gL at the monitoring surface is

calculated from:

gL = 2
|El|2 − |Er|2

|El|2 + |Er|2
, (2.3)

where the superscripts l and r denote the left and right handed circularly

polarized light, respectively. El/r is Eϕ ∓ iEθ , where Ei is the i component

of E in the spherical coordinate, and θ and ϕ are the polar and the azimuthal

angles, respectively. Figures 2.12(a) and 2.12(b) show the distributions of gL

and ⟨S(θ, ϕ)⟩ for ED⊥ED with the wavelength (λ) of 535 nm, and Figs. 2.12(c)

and 2.12(d) show those for ED∥MD with λ = 535 nm. The gL distribution of

ED⊥ED in the upper hemisphere (i.e., kz > 0) has opposite sign compared to

that in the lower hemisphere (i.e., kz < 0), while the gL of ED∥MD has identical

sign for all wavevectors k, where ki is the i component of k. For ED⊥ED,

the radiation power distribution features a cylindrical rotation-symmetry with

respect to the z axis and power maxima in ±kz directions [Fig. 2.12(b)]. This

is in contrast to the ED∥MD case [Fig. 2.12(d)], featuring a rotation-symmetry

with respect to the y axis and no emission in the ±ky direction with which

the dipoles aligned.

2.4.3 Circularly Polarized Light Emitters in a Multilayer Struc-

ture

To simulate CP-OLEDs, the CPL emitters are embedded in the organic layer

of the following multilayer structure [Fig. 2.13(a)]: glass /160 nm indium tin

oxide (ITO)/ h + 50nm organic layer / 400 nm aluminum (Al). The refrac-

tive indices of the glass and organic layers were assumed to be 1.5 and 1.8,

respectively, and the complex refractive indices of ITO and Al at λ = 535 nm

were taken from the literature [24, 28]. A CPL emitter with λ = 535 nm in
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Figure 2.13 (a) Schematic illustration of the simulation geometry of a
CP-OLED. (b) Horizontally- and (c) vertically-oriented ED⊥EDs. (d)
Horizontally- and (e) vertically-oriented ED∥MDs.
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vacuum is positioned at the origin denoted by the red dot, and the emitter-to-

ITO separation is 50 nm. The entire simulation geometry is chosen to be the

shape of a truncated sphere enveloped by a PML layer to effectively prevent

the scattering at the PML–multilayer interface. Although the local refractive

index of the PML is depending on that of the adjacent material, PML is illus-

trated as a single domain for simplicity. The orientation of ED∥MD is parallel

to the constituent dipoles [Figs. 2.13(d) and 2.13(e)], and that of ED⊥ED

is somewhat complex: it is horizontally-(or vertically-) oriented when a nor-

mal of the plane including the constituent dipoles is parallel to the z (or x)

axis as shown in Fig. 2.13(b) [or Fig. 2.13(c)]. All physics arising from an

arbitrarily-oriented CPL emitter can be described using one horizontally- and

one vertically-oriented CPL emitters due to a cylindrical rotation-symmetry

of the multilayer structure with respect to the z axis. In Fig. 2.13(a), θ is

illustrated while ϕ is omitted for simplicity.

Figure 2.14 shows the radiation-power-weighted average of the dissym-

metry factor in the luminous intensity (gM) calculated using the following

equation:

gM =

∫ 2π
0

∫ θC
0 gL(θ, ϕ)⟨S(θ, ϕ)⟩R2 sin(θ)dθdϕ∫ 2π
0

∫ θC
0 ⟨S(θ, ϕ)⟩R2 sin(θ)dθdϕ

(2.4)

where θC is the critical angle at the glass–air interface and R is 1.5 µm being

the distance from the origin to the monitoring surface. Notably, gM of ED⊥ED

less depends on h but dramatically changes with the orientation: gM for the

horizontally-oriented ED⊥ED (gHM) is close to 2 [gray line in Fig. 2.14(a)],

whereas gM for the vertically-oriented ED⊥ED (gVM) is almost 0 for the vertical

orientation [gray line in Fig. 2.14(b)]. For the horizontally-oriented case, the

emitted CPL propagating toward the region with z > 0 has an opposite helicity

to that propagating toward the region with z < 0 [Fig. 2.12(a)]. Since the
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Figure 2.14 Radiation-power-weighted averages of the dissymmetry factor in
luminous intensity for the (a) horizontally-, (b) vertically-, and (c) randomly-
oriented CPL emitters.
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former must undergoes internal reflection once more than the latter before

being outcoupled to the air, the helicity of CPL emitted into the air is always

identical regardless of the initial kz value, thus less depending on h. The gVM

value calculated at the monitoring surface with z > 0 is always zero due

to the vertical orientation together with the antisymmetric gL distribution

with respect to the plane parallel to the constituent dipoles [Fig. 2.12(a)].

For ED∥MD [black lines in Figs. 2.14(a) and 2.14(b)], gHM and gVM oscillates

with h, and the h values where local extrema occur change depending on the

orientation: the local gHM maxima are observed at h =69 and 229 nm, while the

local gVM maxima is observed at h = 150 nm. Such oscillating feature suggests

that there is h-dependency on the ratio between the power of the forward

emission and that of the backward emission from ED∥MD before undergoing

the internal reflections. Figure 2.14(c) shows gM for the randomly-oriented

case (gRM) calculated from:

gRM =
1

3
gHM +

2

3
gVM (for ED⊥ED), (2.5)

and

gRM =
2

3
gHM +

1

3
gVM (for ED ∥ MD). (2.6)

Note that the prefactors in Eq. (2.5) are different to those in Eq. (2.6). The gRM

value of ED⊥ED is ∼0.67 for most h [gray line in Fig. 2.14(c)], whereas that of

ED∥MD is very small at h = 0, which tends to increase with h despite a little

fluctuation [black line in Fig. 2.14(c)]. These results suggest that despite the

previous pessimistic projections on CP-OLEDs due to the helicity inversion,

the moderate gM values can be achieved through optimization of the device

structure even without the orientation control: the gRM value of ED⊥ED for

most h is 33.5% of the ideal value, i.e., 2, and that of ED∥MD at h = 229 nm
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is 35.5% of the ideal value. If the orientation can be controlled, gM will be

closer to the ideal value [Figs. 2.14(a) and 2.14(b)].

Figure 2.15 shows the energy transfer efficiency (ηT), quantifying how much

the energy of a CPL emitter is transferred into each layer, calculated from:

ηT,L =

∫ 2π
0

∫ θf
θi

⟨S(θ, ϕ)⟩R2 sin(θ)dθdϕ+
∫
V J ·EdV

P0
. (2.7)

Here, L is the layer index (L = M, O, I, and G for the aluminum, organic,

ITO, and glass layers, respectively), and V is the volume of each layer. θi and

θf are the initial and final values of the radial angle range for the integral,

varying with L. In Fig. 2.15, also shown is the energy transfer efficiency into

the air (L =A) calculated from:

ηT,A =

∫ 2π
0

∫ θC
0 ⟨S(θ, ϕ)⟩R2 sin(θ)dθdϕ

P0
, (2.8)

where P0 is the radiation power of a CPL emitter calculated at the spherical

monitoring surface with the radius (Rd) of 7.5 nm centered at the origin using

the following equation:

P0 =

∫ 2π

0

∫ θC

0
⟨S(θ, ϕ)⟩R2

d sin(θ)dθdϕ (2.9)

Figure 2.15(a) is ηT of the horizontally-oriented ED∥ED, which is similar with

that of the conventional OLED based on a single horizontally-oriented ED

source [29]: (i) when h is close to zero, the energy dissipation in the bottom

metal predominates over the other processes attributed to the efficient near-

field coupling in a non-radiative manner, which decreases with h, (ii) ηT,A

oscillates with h, due to the change in the coupling between the Fabry–Pérot

resonance and the excitation dipole source. Figure 2.15(b) shows the increased
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ηT,M of the vertically-oriented ED∥ED compared to the horizontally-oriented

case, originating from the presence of the vertical ED component, constituting

the vertically-oriented ED⊥ED [Fig. 2.13(c)], matched to the Ez component

of the surface plasmon polariton (SPP) bounded at the Al–organic interface.

It is worthwhile to note that the vertically-oriented ED⊥ED excites SPP and

waveguide modes propagating unidirectionally, discussed elsewhere [30]. Fig-

ure 2.15(d) shows that ηT,A of the horizontally-oriented ED∥MD at h = 0

is much larger than any other cases. This is attributed to the inefficient en-

ergy transfer between a single MD source and a metal layer: the non-radiative

quenching rate of MD is proportional to a−0.8, while that of ED is proportional

to a−3, where a is the dipole-to-metal separation [31]. In Fig. 2.15(e), ηT,A of

the vertically-oriented ED∥MD is the smallest due to the absence of a horizon-

tal component among the constituent dipoles. Figures 2.15(c) and 2.15(f) are

ηT of the randomly-oriented CPL emitters calculated from Figures 2.15(a,b)

and 2.15(d,e) using the prefactors with the similar manner in Eqs. 2.5 and 2.6.

Since gRM of ED⊥ED is almost constant to h [Fig. 2.14(c)], (h, gRM, ηT,A) =

(214 nm, 0.67, 21.4%) corresponding to the second order cavity with the high-

est ηT,A is desirable for CP-OLEDs [Fig. 2.15(c)]. The ED∥MD case, on the

other hand, tends to have a larger gRM as h increases [Fig. 2.14(c)], so that

(h, gRM, ηT,A) = (300 nm, 0.67, 18.1%) corresponding to the third order cavity

mode is likely better than (h, gRM, ηT,A) = (139 nm, 0.4, 20.4%) corresponding

to the second order cavity mode [Fig. 2.14(f)] because of the much larger gRM.

To summarize, I have demonstrated for the first time that the chiropti-

cal and nanophotonic properties of CP-OLED are greatly influenced by the

origin of the CPL emitter as well as the structure of the device. The helicity-

inversion caused by the optically-thick metal layer existing in conventional

OLEDs seemed very pessimistic for developing CP-OLEDs, but it has been
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found to be sufficiently overcome by the control of molecular orientation and

the optimization of the device structure. In this study, although ideal CPL

emitters were assumed, the results are applicable to typical CP-OLEDs, and

thus expected to help their rational design.
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[26] X. Yin, M. Schäferling, B. Metzger, and H. Giessen, “Interpreting chi-

ral nanophotonic spectra: the plasmonic Born–Kuhn model,” Nano Lett.,

vol. 13, no. 12, pp. 6238–6243, 2013.

[27] N. Berova, L. D. Bari, and G. Pescitelli, “Application of electronic cir-

cular dichroism in configurational and conformational analysis of organic

compounds,” Chem. Soc. Rev., vol. 36, no. 6, pp. 914–931, 2007.

[28] A. D. Rakic, “Algorithm for the determination of intrinsic optical-

constants of metal-films - application to aluminum,” Appl Optics, vol. 34,

no. 22, pp. 4755–4767, 1995.

55



[29] K. Kang, Y. Lee, J. Kim, H. Lee, and B. Yang, “A generalized Fabry–
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Chapter 3

Three Dimensional Nanophotonic
Engineering for Organic
Optoelectronics

3.1 Introduction

In this chapter, I demonstrate a promising nanophotonic platform consist-

ing of a dielectric sandwiched between a chirally patterned metal layer and

a flat metal layer (chiral MDM), where a plasmonic hotspot with very high

photonic density of states is formed in the dielectric region. A key advan-

tage of this is the independent engineering of the photoactive layer mainly

determining the external quantum efficiency and of the agent of inducing the

circular dichroic response, which leads to overcoming the tradeoff between the

external quantum efficiency and the dissymmetry factor. This is in contrast to

chiral molecules generally suffered from the tradeoff, limiting their practicality.

First, I investigate the electromagnetic features and the origin of the circular

dichroic plasmon modes of the chiral MDM structure. Next, I apply the chiral
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MDM structure as a nanophotonic platform for circular-polarization-sensitive

organic photodetectors (CP-OPD) and then I establish their design principles.

3.2 Chiral Cavity Structure for Inducing Circular Dichroic

Plasmons

3.2.1 Limits of Chiral Molecular Optoelectronics

Chiroptical effects, including circular dichroism [1], circular birefringence [1],

or circular conversion dichroism [2], originate from dissymmetric electromag-

netic responses of chiral objects to the polarization state of circularly polar-

ized light (CPL). Various applications of the chiroptical effects, such as chiral

molecular sensing [3], holography [4], nanorobotics [5], and detectors [6] and

emitters[7] of CPL, have attracted increasing attention. To further increase

the practicality of the chiroptical applications, it is essential to rationally con-

trol the shape and configuration of the chiral objects, such as chiral molecules,

helically aggregated molecules, and chiral plasmonic structures [8, 9, 10]. For

example, chiral objects configured to possess mutually parallel electric and

magnetic dipole moments oscillating in-phase can resonantly absorb or emit

CPL [9, 11].

Chiroptical effects arising from chiral molecules are often limited by a

mismatch between the molecular size and the wavelength (λ) of CPL [10].

One way to overcome this is to use a superchiral field that appears at the

node of a standing wave [10]. This greatly improves the CPL dissymmetry

factor (gA) defined as

gA = 2
ηlA − ηrA
ηlA + ηrA

, (3.1)

where ηA is the absorption efficiency of molecules and the l and r superscripts
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correspond to the illumination of left- and right-handed circularly polarized

light (l-CPL and r-CPL), respectively. However, because the field intensity is

very weak at the node, this method is not suitable for applications where high

ηA is desired. Alternatively, one can utilize a chiral supramolecular assembly of

chiral molecules [12] or achiral molecules with chirality-inducing additives [13].

This approach can increase gA without necessarily decreasing ηA, but is diffi-

cult to apply to thin-film chiral optoelectronic devices whose thicknesses are

comparable to or even smaller than the wavelength.

Chiral plasmonic nanostructures can amplify the chiroptical effects of chi-

ral molecules, or even induce those effects from achiral molecules [14], which

can be tuned by controlling their geometries. Because they can also function

as electrodes [8, 15], they are promising platforms for chiral optoelectronic

devices. In particular, a chiral MDM structure is known to selectively excite

a plasmonic hotspot, where the electromagnetic field is strongly localized, de-

pending on the helicity of CPL [15, 16, 17]. A previous study of the chiral

MDM structure has demonstrated circular dichroism originating from plas-

monic loss, which has been utilized for a chiral photodetector based on a

metal–semiconductor junction [15]. However, this type of photodetector oper-

ating via inefficient thermionic emission is inherently inferior compared to a

device based on a semiconductor–semiconductor junction.

Here, I numerically analyze photonic properties of the chiral MDM struc-

ture with the feature that plasmonic hotspots are selectively excited by CPL

incidence, and explore its possibility as nanophotonic platforms to improve

circular dichroism as well as optical density. I design a chiral MDM structure,

the top electrode of which has windmill (or gammadion)-shaped nanopattern.

For a circular polarization, the helicity of which is matched with the twisted

direction of the chiral nanopattern, the EM energy of the incident wave is
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Figure 3.1 (a) Schematic of the simulation geometry of the chiral MDM struc-
ture investigated in this study. (b) The volume average of |Ẽ|2 in the top
electrode (top left) and the dielectric gap (top right) under r-CPL (red) and
l-CPL (blue) illumination. Also shown are the associated dissymmetry factors
in the top electrode (bottom left) and the dielectric gap (bottom right).

effectively transferred to plasmonic hotspot arising in the gap region whereas

for the opposite circular polarization the energy is dissipated to heat in the

top electrode. The excitation of plasmonic hotspots is interpreted from the

view point of mode hybridization between SPP waves at the top and bottom

electrodes under the condition that the momentum matching is satisfied.

3.2.2 Simulation Geometry

Figure 3.1(a) shows a chiral MDM structure consisting of a subwavelength-

thick dielectric layer sandwiched between top and bottom electrodes, where

the top electrode is perforated in a shape of periodically arranged windmills.

The region enclosed by the black dashed lines represents a unit cell, with width

Λ in the x and y directions, possessing a four-fold rotational symmetry, and
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the origin (O) of the coordinate system is at the center of the square indicated

by the red dashed lines. The thicknesses of the top electrode, the bottom elec-

trode, and the dielectric gap are denoted by tT, tB, and tD, respectively. The

length and the width of the voids are denoted by lV and wV, respectively, and

the line width of the metal pattern is indicated by wL. Because the thickness

of the transparent uppermost layer representing a glass substrate is typically

much larger than the wavelength of CPL propagating in the −ẑ direction

[Fig. 3.1(a), red arrow], it is set to be infinite. Organic molecules are chosen

as the dielectric material because of the following reasons: large absorption

coefficient (α) allows for sufficient light absorption in the subwavelength-thick

layer; the direction of the transition dipole moment of molecules can be con-

trolled [18, 10], which is advantageous to fully optimize the chiral light–matter

interactions [10]. In Section 3.1, where chiral plasmonic resonances of the chiral

MDM structure are investigated, the relative permittivity (εr) of the dielectric

layer is assumed to be 3.24, a typical value for organic semiconductors [19].

In Section 3.2, the dielectric layer is described by the complex relative per-

mittivity tensor (¯̄εr) to reflect the anisotropic and absorptive characteristics

of the constituent molecules. The top and bottom electrodes are composed

of silver because it is known to form efficient charge injection and extraction

electrodes upon employing appropriate interfacial layers [20] and to have low

optical loss [21]. The wavelength-dependent εr values of silver are taken from

the literature [22], and the εr values of the voids and the glass substrate are

assumed to be 3.24 and 2.25, respectively, at all wavelengths. All materials are

assumed to be nonmagnetic and homogeneous. For all calculations, COMSOL

Multiphysics software, a finite element modeling tool, is used.
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3.2.3 Circular Dichroic Plasmons in the Chiral Cavity Struc-

ture

Figure 3.1(b) shows the volume average of |Ẽ|2 calculated using the following

equation:

IσV =

∫
V |Ẽ|2dV∫

V dV
, (3.2)

for CPL impinging upon the chiral MDM structure with tD = 80nm, tT =

50nm, tB = 200 nm, Λ = 423 nm, wL = 73nm, wV = 104 nm, and lV = 175 nm.

Here, Ẽ is the complex amplitude of the electric field (E), V is either the top

electrode (T ) or the dielectric layer (D) in a unit cell, and σ is the helicity

of the CPL, where σ = r (or l) corresponds to r-CPL (or l-CPL) whose E

in the xy plane rotates in the counterclockwise (or clockwise) direction when

viewd from above. Notable is that the resonant feature at λ = 660 nm strongly

depends on σ and V: I lT is larger than IrT (left panel), whereas IrD is larger

than I lD (right panel). The dissymmetric optical response is quantified by the

dissymmetry factor of IV , defined as

gI = 2
I lV − IrV
I lV + IrV

. (3.3)

The highest value of |gI| is found to be 0.8 at λ = 660 nm when V = D

[Fig. 3.1(b), bottom right], indicating that this type of chiral MDM structure

with photoactive molecules positioned in the dielectric gap is a promising

architecture for CP-OPDs.

To understand the characteristics of the electromagnetic resonance arising

at λ = 660 nm, I investigate the electromagnetic field distributions in the

chiral MDM structure. Figures 3.2(a) and 3.2(b) are the |Ẽz|2 and |Ẽxy|2 (=

|Ẽx|2 + |Ẽy|2) profiles in the yz-plane at x = Λ/2, and Figs. 3.2(c) and 3.2(d)

are the |Ẽz|2 and |H̃xy|2 (= |H̃x|2 + |H̃y|2) profiles in the xy-plane at z =

62



(a) (b)

(c) (d)

(e) (f)

෨𝐸𝑧
2
at 𝑥 = Λ/2 ෨𝐸𝑥𝑦

2
at 𝑥 = Λ/2

෨𝐸𝑧
2
at 𝑧 = −40 nm ෩𝐻𝑥𝑦

2
at 𝑧 = −40 nm

r-CPL

r-CPL

r-CPL

r-CPL

r-CPL

r-CPL

[a.u.] [a.u.]

[a.u.] [a.u.]

[a.u.] [a.u.]𝐻𝑥 at 𝑥 = Λ/2 𝐻𝑥 at 𝑧 = −40 nm

l-CPL

l-CPL

l-CPL

l-CPL

l-CPL

l-CPL

Bottom electrode

Dielectric gap

Top electrode

0

1.5

0

1

0

1

0

1

–1

1

–1

1

Figure 3.2 (a) |Ẽz|2 profiles at x = Λ/2. (b) |Ẽxy|2 profiles at x = Λ/2. (c) |Ẽz|2
profiles at z = −40 nm (the midpoint on the z-axis in the dielectric layer). (d)
|H̃xy|2 profiles at z = −40 nm. (e) Hx profiles at x = Λ/2. (f) Hx profiles at
z = −40 nm. The arrows in (e) represent the induced current density. The
left and right panels in (a)–(f) correspond to the cases of r-CPL and l-CPL
illumination, respectively.
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−40 nm (the midpoint on the z-axis in the dielectric gap), respectively. Ẽi (or

H̃i) is the complex amplitude of the i component of the E [or magnetic (H)]

field. In each figure, the left and right profiles correspond to the cases of r-CPL

and l-CPL illumination, respectively. In the case of r-CPL the electromagnetic

field is localized in the dielectric gap, whereas in the case of l-CPL it is localized

around the top electrode. Hx(Λ/2, y, z) and the induced current density (J ,

arrows) at time τH when |Hx| is maximized are plotted in Fig. 3.2(e), where the

length of the arrows is proportional to log J . For the r-CPL, current loops are

observed across the top and bottom electrodes, indicating that the plasmonic

hotspots formed in the dielectric gap are attributed to a magnetic resonance.

When the k vector of the incident CPL is tilted in the yz plane, the resonance

frequency varies linearly with the angle of incidence (Fig. 3.3), implying that

the resonance is excited by grating-coupled SPPs with the aid of the reciprocal

lattice vector of the periodic chiral grating (k = 2mπ
Λ x̂+ 2nπ

Λ ŷ, where m and n

are integers) [23, 24]. In addition, the Hx profiles at z = −40 nm [Fig. 3.2(f)],

where four anti-nodes are observed in the case of r-CPL, indicate that m =

n = 1 [24].

3.2.4 Hybridization of Surface Plasmon Polaritons

To further investigate the grating-coupled SPPs, |Ẽ|2 averaged over a plane

normal to the z-axis within a unit cell is plotted as a function of tD and λ

(Fig. 3.4). The z-position of the plane is chosen to be at the interface be-

tween the dielectric and the bottom electrode (z = −tD) to better identify the

wavelengths of the magnetic resonance by reducing the background originating

from the non-resonantly coupled electromagnetic field localized around the top

electrode. In the case of r-CPL [Fig. 3.4(a)], when tD > 200 nm the branch

denoted by SPPD is observed at λ ≈ 610 nm, which, as tD decreases below
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(a) [a.u.]
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(b) [a.u.]
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Figure 3.3 Optical power absorbed in the bottom electrode as a function of
the frequency f (or wavelength λ) and the incident angle θ under (a) r-CPL
and (b) l-CPL illumination. The k vector is in the yz-plane and θ is the
angle between k and −ẑ. The linear dependence of the resonance frequency
on θ (dashed lines) indicates that the resonance features originate from the
grating-coupled SPPs.

200 nm, splits into the red- and blue-shifted branches, indicated by SPPR and

SPPB, respectively. In the l-CPL case [Fig. 3.3(b)], the resonance features in

the region with tD > 200 nm are almost identical to those in the r-CPL case

in the same region, but the SPPR branch is absent. Next, I investigate the

Ez profile corresponding to a representative point on each branch: point A

(λ = 612 nm, tD = 240 nm) where the SPPD branch begins to separate, point

B (λ = 660 nm, tD = 80nm) on the SPPR branch where the maximum |gI|

(Fig. 3.1) is observed, and point C (λ = 570 nm, tD = 140 nm) on the SPPB

branch. Figures 3.5(a) and 3.5(b) show the Ez(Λ/2, y, z) profiles at point A,

captured at time τE when |Ez| is maximized and at τE + T/4, where T is the

period of the electromagnetic wave, respectively. These two profiles exhibit

the characteristics of bonding and antibonding modes, respectively, suggest-

ing that they result from the hybridization of the SPPs propagating along the
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Figure 3.4 Surface average of |Ẽ|2 at the dielectric–bottom metal interface
(z = −tD) as a function of the thickness of the dielectric layer tD and the
wavelength λ (or frequency f) of the incident r-CPL (a) and l-CPL (b). The
dotted lines in (a) are a guide to the eye, drawn to better identify the resonance
conditions.

metal–dielectric interfaces at z = 0nm and −tD [25]. For the bonding case, the

polarity of Ez is maintained along the z-axis in the dielectric region, whereas

for the antibonding case, there exists a horizontal plane with Ez = 0 at which

the polarity is reversed [25]. Furthermore, when tD is large (> 200 nm), these

two modes are degenerate. When tD decreases below 200 nm, the features of

the antibonding (or bonding) mode are observed only in the SPPB (or SPPR)

branch, as shown in Figs. 3.5(c) and 3.5(d). Interestingly, unlike in the case

of the SPPB branch [Fig. 3.5(d)], the field distribution of the SPPR branch

[Fig. 3.5(c)] strongly depends on the helicity of CPL, resulting in large |gI|

in the dielectric gap [Fig. 3.1(b)]. It is this characteristic of the chiral MDM

structure that I exploit in the design of CP-OPDs having both high gA and

ηA. The two slightly tilted horizontal features with low intensities in Fig. 3.4

originate from Fabry–Perot resonances, where the total reflection from the

chiral MDM structure significantly increases (data not shown).

66



r-CPL l-CPL

a Point A

(𝜏 = 𝜏𝐸)

Bottom electrode

Dielectric layer

Top electrode

Glass

–1

1

r-CPL l-CPL

Bottom electrode

Dielectric layer

Top electrode

Glass

–0.5

0.5

b Point A

(𝜏 = 𝜏𝐸+ Τ𝑇 4)

r-CPL l-CPL

Bottom electrode

Dielectric layer

Top electrode

Glass

–1

1

c Point B

(𝜏 = 𝜏𝐸)

r-CPL l-CPL

Bottom electrode

Dielectric layer

Top electrode

Glass

–0.67

0.67

d Point C

(𝜏 = 𝜏𝐸)

Figure 3.5 Ez profiles in the yz plane at x = Λ/2 corresponding to point A
(a,b), point B (c), and point C (d). The profiles in (a, c, d) are captured when
|Ez| is maximized (τ = τE), while the profile in (b) is captured at τ = τE+T/4.
The left and right plots in each figure correspond to the cases of r-CPL and
l-CPL illumination, respectively.
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3.2.5 Light–Matter Interactions in the Chiral Cavity

In this section, the effects of inherent molecular chirality (g0) in vacuum on

ηA and gA will be discussed for the case that chiral molecules with |g0| > 0

are located at z = −40 nm (the midpoint on the z-axis in the dielectric layer).

It is assumed that the dielectric is homogeneous, isotropic, nonmagnetic, and

lossless, and that its electromagnetic response is perturbed by a very thin

molecular layer. First, the value of ηA at z = −40 nm is calculated using

eq 1.8, and then the dissymmetry factor (gCC) is obtained using the following

equation:

gCC = 2
ηlA,CC − ηrA,CC

ηlA,CC + ηrA,CC

, (3.4)

where the subscript CC means that chiral molecules are located inside the

cavity. Equation 3.4 can be expressed as a function of g0(= −4G′′

cα′′ ) as follows:

gCC(g0) = 2
ω(|El|2 − |Er|2) + cg0

ε0
(C l − Cr)

ω(|El|2 + |Er|2) + cg0
ε0

(C l + Cr)
, (3.5)

where α′′ and G′′ are the imaginary parts of the electric polarizability and

electro-magnetic dipole polarizability, respectively, and C is the optical chiral-

ity, discussed in the Sec. 1.1.3. Figure 3.6(a) shows ∆gCC0(= |gCC(g0)|− |g0|),

which quantifies how much the use of the chiral cavity leads to the increase in

the dissymmetry factor of absorption by chiral molecules. Figure 3.6(b) shows

∆gCCA(= |gCC(g0)| − |gCA|), which quantifies how much the use of the chiral

molecules in the chiral cavity leads to the gain of the dissymmetry factor as

compared to the case using achiral molecules, where the subscript CA indi-

cates that achiral molecules are located inside the chiral cavity, i.e., gCA =

gCC(g0 = 0). In Fig 3.6(a) [or Fig. 3.6(b)], the positive value indicates that

the use of the chiral cavity (or the use of chiral molecules) leads to the gain of
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Figure 3.6 (a) Difference in the dissymmetry factor between the chiral
molecules in the chiral cavity and the chiral molecules in the vacuum (∆gCC0).
(b) Difference in the dissymmetry factor between the chiral molecules in the
chiral cavity and the achiral molecules in the chiral cavity (∆gCCA). (c) Line
cuts of the ∆gCC0 (blue) and ∆gCCA (red) spectra along f = 454THz, respec-
tively.
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Figure 3.7 (a) Difference in the optical chirality(∆C = C l−Cr) at z = –tD/2.
(b) Difference in the square of the electric field intensity (∆|E|2 = |El|2−|Er|2)
at z = –tD/2.

the dissymmetry factor. The red and blue lines in Fig. 3.6(c) are the linecuts

at f = 454THz in Figs. 3.6(a) and 3.6(b), respectively. The shaded region in

Fig. 3.6(c), where both ∆gCCA and ∆gCC0 are larger than zero, corresponds

to the desirable values of g0 in terms of the dissymmetry factor of absorption

in the chiral cavity.

Next, I investigated which of the increase in g0 and the control of the

dipole orientation increases the dissymmetry factor more effectively. Substi-

tuting Eq. (1.1) and the following relative permittivity tensor (¯̄εr),

¯̄εr =


ε̃x 0 0

0 ε̃y 0

0 0 ε̃z

 , (3.6)

into Eq. (1.3) yields

η
l/r
CA =

ω

2
(α′′

x|Ẽ
l/r
x |2 + α′′

y|Ẽ
l/r
y |2α′′

z |Ẽ
l/r
z |2). (3.7)
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Figure 3.8 Dissymmetry factor of absorption by molecules in the chiral cav-
ity with different molecular orientation and chirality. The black, orange, and
green solid lines correspond to randomly-, vertically-, and horizontally-oriented
anisotropic molecules, respectively. The blue and red dashed lines correspond
to the isotropic chiral molecules with g0 = 1.23 and those with g0 = −1.23,
respectively.

Figure 3.8 shows the dissymmetry factor of absorption by the absorber located

at z = −40 nm (the midpoint on the z axis in the dielectric layer) for different

molecular polarizability under CPL illumination with λ = 660 nm. It is notable

that the vertically oriented achiral molecules (orange) show larger value of gA

than the randomly (black) and horizontally (green) oriented achiral molecules

and even than the chiral molecules (red and blue): |gA| of the vertically oriented

molecules is 1.55, which is larger than |gA| of the chiral molecules with g0 =

1.23 by 14%. This is because the localized plasmon in the dielectric gap is

mainly composed of the z component, that matches the vertical orientation of

molecules as shown in Eq. (1.3). In addition, this chiral cavity structure is not

desirable to maximize the difference in the optical chirality: ∆C (= C l − Cr)

distribution is not spatially uniform [Fig. 3.7(a)], indicating that the g0∆C in

Eq. (3.5) will be cancelled out by spatial averaging in unit cell.
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3.3 Circular-Polarization-Sensitive Organic Photode-

tectors using the Chiral Cavity

3.3.1 Circularly Polarized Light Detectors

In recent years, photodetectors generating contrasting photocurrents in re-

sponse to circularly polarized light (CPL) with opposite helicity have attracted

attention [6, 26, 27, 28, 29, 15] due to their potential applications in spin in-

formation processing [30], quantum teleportation [31] and computation [32],

and circular dichroism spectroscopy [33]. One rational approach to realizing a

compact circular-polarization-sensitive photodetector that uses no bulky opti-

cal components is to replace the material constituting the photoactive layer in

a conventional photodetector with chiral molecules possessing dissymmetric

absorption depending on the helicity of the incident CPL. In this case, the

dissymmetric photocurrent is determined by the dissymmetry in absorption

quantified either by the circular dichroism value [11]:

CD = ηlA − ηrA, (3.8)

or by the dissymmetry factor of absorption [11]:

gA = 2
ηlA − ηrA
ηlA + ηrA

, (3.9)

where ηA is the absorption efficiency and the superscripts l and r denote

the illumination of left- and right-handed circularly polarized light (l-CPL

and r-CPL), respectively. Because the value of CD or gA of chiral molecules

is limited by the mismatch between the molecular size and the wavelength

(λ) of CPL [10], a supramolecular assembly of chiral molecules or that of

achiral molecules with chirality-inducing additives [13] is often utilized to
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amplify CD or gA. For example, a photodetector based on supramolecular

squaraine derivative–fullerene donor–acceptor heterojunction attained a peak

|gA| of 0.1 at λ = 545 nm [26], which is relatively large compared to other

circular-polarization-sensitive organic or organic–inorganic hybrid photodetec-

tors [28, 29, 27]. However, this value is much smaller than that of the ideal

case corresponding to the complete dissymmetry in absorption, i.e., |gA| = 2.

Interestingly, a circular-polarization-sensitive phototransistor based on a he-

licene thin film demonstrated a much higher photocurrent dissymmetry factor

of 1.6–1.8 than is expected from its CD value [6]. Its applicability, however, is

limited by a low external quantum efficiency (ηE) of 0.1% and a slow response

time of 6.2ms attributed to the lateral thin-film transistor geometry.

Alternatively, one can modify a local electromagnetic environment in the

photoactive region so that the dissymmetry in photocurrent is amplified be-

yond what is expected from the CD value or is induced even with a photoactive

layer having no intrinsic chirality [14]. For example, a previous study demon-

strated that depending on the helicity of incident CPL, the electromagnetic

field intensity can be selectively enhanced near Z-shaped plasmonic structures,

generating hot electrons injected into Si over a Schottky barrier [15]. A circular-

polarization-sensitive photodetector based on this mechanism yielded a high

gA of 1.1 and a near-unity ηA at λ = 1340 nm [15]. Although inherently very

fast [34], hot electron injection has a disadvantage that a significant number of

hot electrons are thermally relaxed before being injected [35, 36], resulting in

a low ηE of 0.2%. In addition, the dissymmetry factor of photocurrent is only

∼70% of gA, meaning that the device architecture was not fully optimized.

To realize a high-performance circular-polarization-sensitive-photodetector, it

is essential to develop a new optoelectronic platform that can induce high gA

while being compatible with photoactive materials suitable for high ηE.
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Here, I numerically demonstrate that a circular-polarization-sensitive or-

ganic photodetector (CP-OPD) based on a chiral plasmonic nanostructure

can achieve both high gA and ηE. The chiral MDM structure, as discussed in

the previous chapter, a plasmon mode featuring a high photonic density of

states in the dielectric region is excited only for incident CPL with its helicity

matched to the twisted direction of the chiral nanopattern. A key feature of

my CP-OPD is that the circular dichroic response is almost decoupled with

the engineering of the organic donor–acceptor photoactive layer required for a

high internal quantum efficiency (ηI). This is in contrast to previously demon-

strated CPL detectors, in which chiral molecules function as both the absorber

and the agent that distinguishes the helicity of CPL [6, 26, 28, 27].

3.3.2 Investigation of the Dependence of Chiroptical Responses

on the Position and Orientation of Absorbers

When the dielectric gap is composed of an optical absorption layer sandwiched

between two nonabsorbing layers facilitating charge transport and extraction,

the chiral MDM structure can generate charge carriers in response to incident

CPL. When a conventional organic photodetector having a planar multilayer

structure is illuminated with a planewave with k ∥ ẑ (normal incidence), the

E profile, composed entirely of the xy component, has a local maximum at a

distance of about a quarter wavelength from the back metal electrode [37, 38].

In contrast, in the case of the chiral MDM structure, E inside the dielectric

region is primarily composed of the z component, which is strongly concen-

trated at the metal–dielectric interfaces as shown in Fig. 3.2(a). Because of

these different electromagnetic properties of the two types of structures, it

is not appropriate to apply to the plasmonic CP-OPDs the approaches typi-

cally used for conventional OPDs to maximize the optical absorption, i.e., the
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Figure 3.9 (a) Layer structure of the plasmonic CP-OPD. The absorption
efficiencies of the CP-OPD with tA = 5nm and α = 1× 105 cm−1 as a function
of d and the orientation of p under r-CPL (b) and l-CPL (c) illumination. (d)
The dissymmetry factor of absorption calculated from (b,c).
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uses of an optical spacer [38] and molecules lying flat to the substrate [18].

Thus, to realize plasmonic CP-OPDs based on the chiral MDM structure that

have both high ηA and gA, a new design principle is needed. The structure

of the plasmonic CP-OPD with tD = 80nm is schematically illustrated in

Fig. 3.9(a), where the thicknesses of the optical absorption layer and the lower

charge transport layer are denoted by tA and d, respectively. The anisotropic

characteristic of the absorption layer is described by the complex permittivity

tensor

¯̄εr =


ε̃x 0 0

0 ε̃y 0

0 0 ε̃z

 , (3.10)

where the diagonal components are set to make α equal to 1× 105 cm−1—a

value typical for organic films at absorption maxima—for an incident planewave

with E parallel to the transition dipole moment (p) of the absorbing molecule.

For example, for a planewave with λ, the diagonal components are set as fol-

lows: (i) for p perpendicular to the substrate (case p⊥), Im(ε̃x) = Im(ε̃y) = 0

and Im(ε̃z) = −2n′n′′ (= −1.972 when λ = 660 nm), (ii) for p parallel to the

substrate (case p∥), Im(ε̃z) = 0 and Im(ε̃x) = Im(ε̃y) = −
√
2n′n′′ (= −1.394

when λ = 660 nm), where n′
(
=

√
3.24 + (αλ4π )

2

)
and −n′′ (= −αλ

4π ) are the

real and imaginary parts of the complex refractive index (ñ = n′ − in′′), re-

spectively. The real part of ¯̄εr is assumed to be independent of λ and the

orientation of p: Re(ε̃x) = Re(ε̃y) = Re(ε̃z) = 3.24. To quantify the chiropti-

cal performance of the plasmonic CP-OPD, I first calculate ησA, the number of

photons absorbed in the absorption layer divided by the number of incident
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photons, as follows:

ησA = −ωε0
2P0

∫
V

{
Im(ε̃x)|Ẽx|2 + Im(ε̃y)|Ẽy|2 + Im(ε̃z)|Ẽz|2

}
dV, (3.11)

where P0 is the power of CPL incident on a unit cell, ε0 is the permittivity

in vacuum, ω is the angular frequency, and V is the absorption layer in a unit

cell. The value of gA is then obtained from ησA using Eq. (3.9).

The values of ησA and gA are calculated as functions of d and the orientation

of p for the CP-OPD with tA = 5nm under r-CPL and l-CPL illumination

at λ = 660 nm [Figs. 3.9(b–d)]. For all values of d, ηrA is found to be larger

in case p⊥ than in case p∥ [Fig. 3.9(b)]. The r-CPL illumination excites the

plasmonic mode belonging to the SPPR branch with E composed primarily of

Ez [Fig. 3.2(a)], and thus the molecules with p ∥ ẑ absorb more strongly than

the molecules with p ⊥ ẑ. For both orientations, ηrA has local maxima at d = 0

and 75 nm because |Ẽz|2 (or |Ẽxy|2) in case p⊥ (or p∥) is concentrated at the

top and bottom metal–dielectric interfaces as shown in Figs. 3.2(a) and 3.2(b).

Unlike ηrA, η
l
A is almost identical for both orientations [Fig. 3.9(c)], where ηlA

is close to zero at d = 0 and monotonically increases with d, except for an

initial slight decrease for p⊥ case. This result is a direct consequence of the

field profile, |Ẽz|2 for case p⊥ and |Ẽxy|2 for case p∥, which concentrates at the

top metal–dielectric interface and rapidly decreases away from it, as shown

in the right panels of Figs. 3.2(a) and 3.2(b). The highest |gA| is found to be

1.51 at d = 0nm for case p∥ and 1.63 at d = 5nm for case p⊥ [Fig. 3.9(d)].

Although these two values are comparable, ηrA, which is the relevant absorp-

tion efficiency in this study because the twisted direction of the chiral MDM

structure [Fig. 3.1(a)] is designed to resonantly match r-CPL, is much higher

in case p⊥ than in case p∥. Therefore, to achieve both high |gA| and ηA, the

absorption layer must be composed of molecules with p ∥ ẑ and be positioned
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Figure 3.10 The absorption efficiencies for case p⊥ as a function of α and
tA under r-CPL (a) and l-CPL (b) illumination. (c) The dissymmetry factor
calculated from (e,f). The value of tA (in nm) is shown for each line.
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close to the bottom electrode.

3.3.3 Optimization of Circularly Polarized Light Dissymmetry

Value

To further optimize the performance of the CP-OPD, I investigate the depen-

dence of ηA and gA on α and tA for case p⊥. The thickness of the lower charge

transport layer (d = 10nm) is chosen to be as small as possible to maximize

gA [Fig. 3.9(d)], and at the same time to be large enough to prevent exciton

quenching by the bottom electrode [38, 39]. Figures 3.10(a) and 3.10(b) show

ηrA(α) and ηlA(α), respectively, calculated for different tA, from which gA(α),

shown in Fig. 3.10(c), is calculated using Eq. (3.9). The dependence of ηrA on

α and tA is somewhat complex: an increase of α (or tA) does not always result

in a gain in ηrA, and for tA ≤ 40 nm, local maxima ranging from 25.2 to 29.4%

exist. ηlA, on the other hand, increases monotonically with α for all tA. In the

case of ηrA, the increase in α of the absorbing molecules, which are located in

the high-field region, decreases the volume average of |Ẽz|2 in the absorption

layer, as shown in Figs. 3.11(a) and 3.11(c). This tradeoff between |Ẽz|2 and

α leads to the presence of local maxima of ηrA. In the case of ηlA, on the other

hand, the absorbers are excited by the tail of the SPP wave localized at the

top metal–dielectric interface. As a result, the effect of α on |Ẽz|2 is much

weaker compared to the case of ηrA [Figs. 3.11(b) and 3.11(d)], and hence ηlA

increases monotonically with α.

As the values of α and tA change, gA may vary significantly while ηrA

remains nearly constant. For example, compared to the CP-OPD with α =

8.5× 104 cm−1 and tA = 35nm, gA of the CP-OPD with α = 4.5× 104 cm−1

and tA = 20nm doubles from 0.7 to 1.4, while ηrA is ∼28% for both devices.

The values of α and tA can be chosen depending on the application. For appli-
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Figure 3.11 Volume integral of |Ẽz(λ, α)|2 in the absorption layer with tA =
20nm under r-CPL (a) and l-CPL (b) illumination, calculated with α vary-
ing from 1× 104 to 2× 105 cm−1 in 1× 104 cm−1 increments. (c) The volume
integral of |Ẽz(λ, α)|2 in the absorption layer (blue), the imaginary part of
the z-component of the relative permittivity (Im(ε̃z), orange) of the absorp-
tion layer, and their product (red), which is proportional to ηA, under r-CPL
(c) and l-CPL (d) illumination with λ = 660 nm. In the case of r-CPL, the
tradeoff between the volume integral of |Ẽz|2 and Im(ε̃z) is clearly shown, re-
sulting in a maximum of ηA at α = 6× 104 cm−1. In the case of l-CPL, on the
other hand, ηA increases monotonically with α because the |Ẽz(λ)|2 integral
decreases much more slowly compared to the r-CPL case.

cations requiring high gA, the CP-OPD with α = 1× 104 cm−1 and tA =10nm

is desirable, yielding |gA| = 1.7 and ηrA = 8.8%. On the other hand, for appli-

cations whose primary figure of merit is ηrA, the device with α = 5× 104 cm−1

and tA =10nm, with the corresponding values of |gA| and ηrA being 1.6 and
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Figure 3.12 Absorption efficiencies of the CP-OPD with tA = 20nm and α
= 1× 104 cm−1 under r-CPL (a) and l-CPL (b) illumination, calculated with
Im(ε̃r) of the top and bottom electrodes varying from 0 to 0.38 in 0.038 incre-
ments. The data denoted by red dashed lines correspond to the Im(ε̃r) value
of a silver film (= 0.19) taken from the literature [22]. (c) Dissymmetry factor
of absorption at λ = 660 nm (gray triangles) calculated from (a,b) and absorp-
tion efficiencies at λ = 660 nm under r-CPL (filled squares) and l-CPL (open
squares) illumination.

23.8% respectively, is preferred despite slightly lowered gA. I note that the

values of ησA shown in Figs. 3.9 and 3.10, calculated for CPL incident from

the semi-infinite glass substrate, are a good approximation to the external

quantum efficiency (ησE, the number of electrons collected at the electrode di-

vided by the number of incident photons) because (i) a near-unity internal

quantum efficiency (ηI, the number of electrons collected at the electrode di-

vided by the number of incident photons) is commonly achieved in the visible

spectrum for single donor–acceptor heterojunction OPDs [40, 41, 20], ensur-

ing ησE = ησAη
σ
I ≃ ησI and (ii) reflection at the glass–air interface can easily be

minimized at the operational wavelength by application of an anti-reflection

coating.

Finally, I investigated the effects of the metallic loss of the chiral plas-

monic nanocavity on ησA and gA. Figures 3.12(a) and 3.12(b) show the ηrA

and ηlA spectra, respectively, for the CP-OPD with tA = 20nm and α =
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1× 104 cm−1, calculated by varying the Im(ε̃r) value of silver composing the

top and bottom electrodes while fixing the Re(ε̃r) value. As a reference, the

data calculated using Im(ε̃r) = 0.19 , which corresponds to the value of a sil-

ver film taken from the literature [22], are denoted by the red dashed lines

in Figs. 3.12(a) and 3.12(b). As Im(ε̃r) decreases, both ηrA and ηlA peak with

increasingly higher intensities, due to the reduction of the metallic loss com-

peting for absorption with the absorption layer and the concomitant increase

in the quality factor of the cavity resonance. Figure 3.12(c) shows the values of

ηrA (filled squares), ηlA (open squares), and |gA| (gray triangles) at λ = 660 nm,

as a function of Im(ε̃r). Except in the highly lossy region where Im(ε̃r) > 0.27,

an increase in Im(ε̃r), which is required to increase |gA| , necessarily decreases

ηrA, presenting a tradeoff between |gA| and ηrA. In addition, |gA| approaches

zero as Im(ε̃r) decreases, consistent with a previous study showing that asym-

metric transmission of CPL depending on the helicity occurs only for a lossy

planar metamaterial possessing two dimensional chirality [42].

By studying the electromagnetic properties of the CP-OPD, I established

a design principle for the maximization of ηE and gA. The resulting CP-OPD

attains ηE = 23.8% and |gA| = 1.6 , representing significant improvements

compared to previously demonstrated circular-polarization-sensitive photode-

tectors (Table 1). I also note that owing to the the vertical geometry and

the ultrathin device thickness, the response time of my plasmonic CP-OPD

is likely to be significantly shorter than that of chiral photodetectors with

the lateral thin-film transistor geometry [6, 29]. According to the reciprocity

principle [43, 7], the proposed chiral MDM structure is also expected to be

utilized as an optoelectronic platform for organic circularly polarized light

emitting diodes.
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Table 3.1 Dissymmetry factor of photocurrent (gPh) and exter-
nal quantum efficiency (ηE) of previously demonstrated circular-
polarization-sensitive photodetectors compared with those of my
photodetector.

Reference Origin of chirality λc
max [nm] gPh ηE [%]

[6] (–)-1-aza[6]helicene 365 1.8 0.1

[26]
(S, S)-prolinol-derived

squaraines
545 0.1 50

[27]
(S)-1,1′-binaphthyl

derivatives
375 0.1 0.14

[28]
Poly(fluorene-alt-

dithienylbenzothiadiazole)
543 0.017 –

[29]
S-α-phenylethylamine
lead halide perovskite

395 0.1 253

[15] Plasmonic nanostructure 1340 1.1 0.2

This work Plasmonic nanostructure 660 1.6b 23.8c

a λmax is the wavelength at which gPh is maximized.
b Dissymmetry factor of absorption (gA).
c Absorption efficiency (ηA).

83



3.4 Bibliography

[1] J. T. Collins, C. Kuppe, D. C. Hooper, C. Sibilia, M. Centini, and V. K.

Valev, “Chirality and chiroptical effects in metal nanostructures: funda-

mentals and current trends,” Adv. Opt. Mater, vol. 5, no. 16, a. 1700182,

2017.

[2] E. Plum, V. A. Fedotov, and N. I. Zheludev, “Planar metamaterial with

transmission and reflection that depend on the direction of incidence,”

Appl. Phys. Lett., vol. 94, no. 13, a. 131901, 2009.

[3] E. Hendry, T. Carpy, J. Johnston, M. Popland, R. V. Mikhaylovskiy, A. J.

Lapthorn, S. M. Kelly, L. D. Barron, N. Gadegaard, and M. Kadodwala,

“Ultrasensitive detection and characterization of biomolecules using su-

perchiral fields,” Nat. Nanotechnol., vol. 5, no. 11, pp. 783–787, 2010.

[4] W. M. Ye, F. Zeuner, X. Li, B. Reineke, S. He, C.-W. Qiu, J. Liu, Y. Wang,

S. Zhang, and T. Zentgraf, “Spin and wavelength multiplexed nonlinear

metasurface holography,” Nat. Commun., vol. 7, a. 11930, 2016.

[5] M. J. Urban, C. Zhou, X. Duan, and N. Liu, “Optically resolving the dy-

namic walking of a plasmonic walker couple,” Nano Lett., vol. 15, no. 12,

pp. 8392–8396, 2015.

[6] Y. Yang, R. C. Da Costa, M. J. Fuchter, and A. J. Campbell, “Circularly

polarized light detection by a chiral organic semiconductor transistor,”

Nat. Photonics, vol. 7, no. 8, pp. 634–638, 2013.

[7] K. Konishi, M. Nomura, N. Kumagai, S. Iwamoto, Y. Arakawa, and

M. Kuwata-Gonokami, “Circularly polarized light emission from semi-

conductor planar chiral nanostructures,” Phys. Rev. Lett., vol. 106, no. 5,

a. 057402, 2011.

84
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and V. D. Kulakovskii, “Circularly polarized light emission from chiral

spatially-structured planar semiconductor microcavities,” Phys. Rev. B,

vol. 89, no. 4, a. 045316, 2014.

89



Chapter 4

Conclusions

I have demonstrated promising nanophotonic approaches to improve the light–

matter interactions in the 1-D planar multilayer structures and the 3-D peri-

odic nanophotonic structures, and applied them to organic and hybrid solar

cells and CPL emitting organic diodes and CPL detecting organic photodi-

odes. Together with the nanophotonic engineering, organic material systems

employed as the photoactive materials are shown to be advantageous to fully

explore the potential performances of optoelectronic devices due to the con-

trollable polarizability. The chiral optoelectronics attracting much interest has

been limited in practicality due to the fundamental tradeoff between the quan-

tum efficiency and the dissymmetry factor. I have proposed a chiral cavity

structure to overcome this tradeoff, which can be used as a plasmonic plat-

form for high-performance CPL emitters and detectors. In the future, CPL

emitting devices will be a solution to overcome the efficiency limits of the

current OLED display due to the presence of the anti-glare filter that reduces

50%of luminescence efficiency. They also can be applied to virtual reality and
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augmented reality displays eliminating the CPL filter used in those devices,

thus increasing their luminance. Furthermore, the chiral plasmonic emitter

and absorber may be employed as building blocks of quantum information

systems.

The limitations of this study are probably in fabrication and lack of useful

plasmonic materials. Silver used as a plasmonic material may have a little op-

tical loss in visible frequency depending on deposition methods. The develop-

ment of materials that can minimize plasmonic losses in the optical frequency

domain is urgent and desirable. In addition, electron beam lithography, which

is often used to fabricate nanostructures, is very inefficient in terms of cost

and time. Development of a bottom-up process based on nanochemistry in-

stead of top-down lithography may increase the practicality of nanophotonic

approaches.
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Appendix A

Morphology of Lead
Phthalocyanine Thin Films

A.1 Analysis of Grazing Incidence Wide Angle X-ray

Scattering Spectra

Figure A.1 shows 2D-GIWAXS spectra of the three types of PbPc films, where

qz and qxy are, respectively, the out-of-plane and in-plane components of the

scattering vector q, defined as the change in wave vector between the incident

and diffracted beams. I note that, instead of Si (or SiO2) substrates preferred

for increased signal-to-noise ratios, ITO substrates were used because of the

following reason: crystallinity and spread of crystal-plane orientations of PbPc

films deposited on Si (or SiO2) varies significantly from those of PbPc films on

ITO, on which the three types of PbPc–C60 solar cells were fabricated. Since

the inevitable use of the ITO-coated substrates makes it difficult to clearly

distinguish Bragg signals of PbPc from the background signal in the qxy–qz

plane where q > 1 Å
−1

(Fig. A.1), my discussions are focused on Bragg signals
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occurring in three regions—Region 1, 2, and 3 with q ≤ 1 Å
−1

enclosed by

dashed boundaries in Fig. A.1(a).

(a) (b) (c)

(d) (e) (f)

Region 2

Region 1

Region 3

Figure A.1 2D-GIWAXS spectra of the (a) n-PbPc, (b) c-PbPc, and (c) bi-
PbPc films prepared on glass / ITO substrates, and those of the (d) n-PbPc,
(e) c-PbPc, and (f) bi-PbPc films on Si substrates, in the qxy–qz plane with

q < 2 Å
−1

.

Figure A.1(a) shows the GIWAXS spectrum of a non-templated PbPc (n-

PbPc) thin film, where the weak and broad signals in Regions 1 to 3 are at-

tributed to orientational disorder of crystalline domains, and the particularly

diffusive background in Region 1 also indicates the existence of amorphous

domains. For CuI- and CuI/ZnPc bilayer-templated (c-PbPc and bi-PbPc,

respectively) films, the GIWAXS spectra in Figs. A.1(b) and A.1(c) show sig-

nificant increases in signal intensity in Regions 2 and 3, indicative of increased

crystallinity. At the same time, their optical absorption coefficients α shown

in Fig. A.2(a) increase and decrease around 900 nm and 740 nm, respectively,

compared to the corresponding value of the n-PbPc film. Since it is well es-

tablished for PbPc crystals that the monoclinic (or amorphous)-to-triclinic
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phase transition gives rise to an abrupt shift of the absorption peak from near

740 nm to near 900 nm [1, 2, 3], the α spectra shown in Fig. A.2(a) indicate

that volume fractions occupied by triclinic crystallites in the c- and bi-PbPc

films are significantly increased, and that their increased intensities in Regions

2 and 3 are likely due to diffraction from the triclinic crystallites. Consider-

ing the previous study by Vasseur et al. based on complementary GIWAXS

and X-ray reflectivity measurements on PbPc films with varying thicknesses

deposited on substrates with different surface energies [3], the majority of

triclinic crystallites in the c-PbPc film likely adopts an almost face-on orienta-

tion. Furthermore, since α of the bi-PbPc differs appreciably from that of the

c-PbPc only in the NIR region, the differences in Bragg signals of the bi-PbPc

compared to the c-PbPc, i.e., the presence of the Bragg signals in Region 1

and the broader signals in Region 2, mean that morphological characteristics

of triclinic crystalline domains in these two films are different.

From the GIWAXS signals along the arc defined by q = 0.54 Å−1 as a

function of χ, the angle between q and the qz-axis (Fig. A.2b), the full widths

at half maximum (FWHMs) of the Bragg peaks in Region 2 extracted from the

Gaussian fits are determined to be 51.1◦ and 67.2◦ for the c- and bi-PbPc films,

respectively. Also, the signal in a broad range of χ from 0◦ to 57◦ is larger for

the bi-PbPc than the c-PbPc. These results indicate that the degree of face-on

orientation is smaller for the bi-PbPc than the c-PbPc: a smaller number of

PbPc molecules in the bi-PbPc are, on average, in the face-on orientation, with

a broader orientation distribution compared to the c-PbPc [3]. This change in

molecular orientation of the bi-PbPc is expected to decrease the alignment

between the directions of the polarization of incident light and the transition

dipole moment of the molecules, consistent with its α smaller than that of the

c-PbPc in the NIR region, as shown in Fig. A.2(a).
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Figure A.2 (a) Absorption coefficient α spectra of the three types of PbPc

films. Line cuts (b) along the arc defined by q = 0.54 Å
−1

, and (c) along the
directions of χ ≃ 60◦ of the GIWAXS spectra of the c-PbPc (green) and bi-
PbPc (red) films. The dashed lines in (b,c) are the Gaussian fits to the line
cuts. The fit for the bi-PbPc in (b) can be decomposed into the two dotted
lines that represent Bragg peaks in Regions 1 and 2.

In Figure A.2(c), I draw line cuts of the Bragg spectra along the directions

defined by χ = 57◦ and 62◦ corresponding to the locations of the peaks shown

in Fig. A.2(b) for the bi- and c-PbPc, respectively, showing that the FWHM

for the bi-PbPc (=0.076 Å−1) is larger than that for the c-PbPc (=0.064 Å−1).

The approximate sizes L of the crystallites in this direction (χ ≃ 60◦), cal-

culated by Scherrer’s equation, L = 0.9 × 2π/FWHM, [4] are 75 and 88 Å

for the bi-PbPc and c-PbPc, respectively. The morphological features of the

bi-PbPc that are different from those of the c-PbPc—less face-on orientation

with a broader orientation distribution and the decrease in crystallite size, as

schematically described in Figs. 3(e) and 3(f) in the main text—are induced

by randomly oriented ZnPc molecules in the bi-layer template, as is confirmed

in the following paragraph.

The GIWAXS spectrum of a 6-nm-thick ZnPc layer deposited on 1-nm-

thick CuI layer shows a ring-shaped pattern in Regions 1 and 2, and a diffu-

sive background in Region 1 [Fig. A.3(a)]. This indicates that ZnPc molecules

in this sample are mostly disordered and that a small number of ordered
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molecules that form crystallites are randomly oriented as depicted in Fig. A.3(b).

As a result, compared to the c-PbPc film, the PbPc film deposited on the

CuI/ZnPc bilayer consists of smaller crystallites with a broader orientation

distribution. In addition, the CuI/ZnPc bilayer has much weaker Bragg sig-

nals than the bi-PbPc film [Fig. A.1(c)], suggesting that it is fair to ignore the

diffractions due to the CuI/ZnPc bilayer when analyzing the GIWAXS spec-

trum of the bi-PbPc film. When the thickness of the ZnPc layer is increased

to 20 nm, a notable Bragg peak appears in Region 2 [(Fig. A.3(c)], indicat-

ing that an upper portion of this film consists predominantly of well-ordered

ZnPc molecules with a face-on orientation [5, 6], as schematically depicted

in Fig. A.3(d). This is consistent with previous studies reporting that a CuI

template induces face-on oriented phthalocyanines [5, 7].

CuI
ITO

(d) 1 nm CuI / 20 nm ZnPc 

(b) 1 nm CuI / 6 nm ZnPc 

ITO
CuI

ZnPc

ZnPc

(a) 1 nm CuI / 6 nm ZnPc

(c) 1 nm CuI / 20 nm ZnPc

Region 2

Region 1

Figure A.3 (a) A GIWAXS spectrum and (b) a schematic of the crystalline
structure of a 6-nm-thick ZnPc layer. (c) A GIWAXS spectrum and (d) a
schematic of the crystalline structure of a 20-nm-thick ZnPc layer. In both
cases, the ZnPc films were deposited on a 1-nm-thick CuI layer deposited on
a glass substrate pre-coated with an ITO layer.
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Appendix B

Analysis of the Internal Quantum
Efficiency of Lead
Phthalocyanine–C60
Heterojunction Based Solar Sells

B.1 Coupled Optical and Exciton Diffusion Analyses

The morphological changes upon employing the template layers are expected

to affect the J–V characteristics by altering the exciton diffusion length Ld of

PbPc and the CT-dissociation efficiency ηcs, which are sensitive to the bulk

and the D–A interfacial morphology, respectively. In addition, the insertion

of the template layers between the ITO and PbPc layers modifies the exciton

quenching rates kq at the PbPc interfaces facing the ITO, thus determining,

together with Ld, the exciton diffusion efficiency ηed. Here, ηed is defined as

the probability that a photogenerated exciton in the active layer reaches the

D–A interface, and ηcs as the probability that an exciton reaching the D–A

interface is converted into charge separated species. For the three types of
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PbPc-based bilayer solar cells studied here, a precise quantification of Ld, ηed,

and ηcs is difficult for the following reasons. Because of the extremely weak

fluorescence from PbPc [1], the commonly employed method for determining

Ld using fluorescence quenching is not applicable [2, 3]. A simple method to

determine ηcs is to assume it to be equal to the ratio of the photocurrent at zero

bias to the saturated photocurrent under a sufficiently large reverse bias [4, 5].

However, this cannot be used in my case since the implicit assumption that ηed

= 1 is not appropriate. Transient absorption spectroscopy has often been used

to investigate CT-related dynamics of the bulk heterojunction OSCs [6, 7].

For my planar heterojunction devices, however, the signal due to CT excitons

resulting from charge transfer that is preceded by exciton diffusion may cause

inaccuracy in determining ηcs.

Therefore, I instead estimated possible ranges of ηed and ηcs as functions

of Ld by assuming for each device an appropriate range of kq at the PbPc in-

terface facing the ITO: ηed at each wavelength λ was first determined by solv-

ing the exciton diffusion equation with different Ld using the absorption pro-

file [8]; next, wavelength-independent ηcs was determined as the value that best

matches the simulated and measured EQE(λ) [=ηabs(λ)×ηed(λ)×ηcs] (dashed

and solid lines in Fig. 2.10(a), respectively). In obtaining ηcs, I assumed that

all CS species are collected at the respective electrode.The range of kq specify-

ing the boundary condition of the exciton diffusion equation was determined

for each device as follows. At the ITO–PbPc and CuI–PbPc interfaces, since

the PbPc excitons are very close to the conductor (i.e., ITO), with an exciton-

to-conductor separation d < 1 nm for the ITO–PbPc and d < 2 nm for the

CuI–PbPc, they are expected to be quenched through non-radiative energy

transfer. Following a model based on dipole–dipole couplings, where the rate

of energy transfer from an exciton in a dielectric to an adjacent conductor
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is 10−9d−3 cm3 s−1 [9], it is estimated that kq > 1012 s−1 for the ITO–PbPc

and kq > 1011 s−1 for the CuI–PbPc. At the ZnPc–PbPc interface, on the

other hand, exciton quenching due to energy transfer is negligible since (i) the

presence of the 6-nm-thick ZnPc layer significantly lowers the rate of energy

transfer from PbPc to ITO [9], making the lifetime (1/kq) comparable to the

intrinsic lifetime of singlet excitons commonly known to be ∼1 ns [10, 11, 12],

and (ii) the fact that Eopt of the PbPc is smaller than that of the ZnPc (Table

1) implies that Förster energy transfer from PbPc to ZnPc is mostly forbid-

den [13]. Exciton quenching due to charge transfer from PbPc to ZnPc cannot

be ruled out, but it is likely inefficient since the highest occupied molecular or-

bital (HOMO) level of PbPc is slightly below that of ZnPc: for PbPc deposited

on ZnPc, the difference between the HOMO levels was found to be ∼0.16 eV

by ultraviolet photoelectron spectroscopy (UPS), which is notably lower than

that in typical OSCs where the HOMO (or the lowest unoccupied molecu-

lar orbital, LUMO) level differences are chosen to be larger than 0.3 eV for

efficient charge transfer [14]. Regarding the APFO3–PCBM interface having

the LUMO level difference of 0.3 – 0.4 eV and kq of 5× 1012 s−1 as a refer-

ence point [15, 16, 17, 18], I estimated using the Marcus theory that the small

HOMO level difference of ∼0.16 eV at the ZnPc–PbPc interface translates into

kq of 5× 1010 s−1 – 5× 1011 s−1 [10], smaller by a factor of 10 – 100 than that of

the APFO3–PCBM case. This kq value is possibly overestimated because of er-

rors in determining the free energy term in the exponent in the Marcus theory,

but its influence on my conclusion of the analysis in this section is insignifi-

cant. The range of kq is then narrowed to 5× 1010 s−1 ≤ kq ≤ 2× 1011 s−1,

noting that the EQE fit with kq > 2× 1011 s−1 at Ld = 30nm, the largest

Ld previously reported for phthalocyanine films [12], yields ηcs > 1. At D–A

interfaces in all devices, kq is assumed to be infinite since the singlet exciton

101



life time is in general several thousand time larger than the CT state formation

time [19, 20].

(a) (b)

2 × 1011

5 × 1010

1011

1012

𝑘𝑞 = 0

𝑘𝑞=∞

5 × 1010 1011

1012
2 × 1011

Figure B.1 Calculated (a) exciton diffusion efficiency ηed and (b) CT-
dissociation efficiency ηcs of the n-PbPc (blue), c-PbPc (green), and bi-PbPc
(red) devices. Solid, dotted, and dashed lines are the data calculated with the
non-quenching (kq = 0), perfect-quenching (kq = ∞), and partial-quenching
(kq [s−1] shown near each dashed line) boundary conditions, respectively. Note
that the solid (and dotted) lines in (a) are very closely located.

Figure B.1 shows the calculated ηed and ηcs as functions of Ld, where solid,

dashed, and dotted lines correspond, respectively, to the data obtained with

non-, partial-, and perfect-quenching boundary conditions at the template–

and the ITO–PbPc interfaces. The values of ηed plotted in Fig. B.1 are the

solar-spectrum-weighted averages of ηed(λ) over spectral regions where PbPc

is absorptive. As Ld increases or kq decreases, the contribution of ηed to the

IQE increases, while that of ηcs decreases. The shaded regions, bounded by

the data calculated under the boundary conditions specified by the kq values

determined above, are where the actual parameters of Ld, ηed, and ηcs are

located. Most of the red region, corresponding to the bi-PbPc device, is located

above the others, suggesting that ηed and ηcs of the bi-PbPc device are larger
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than those of the other devices. The validity of this claim obviously depends

on the actual values of Ld and therefore the estimates of Ld are necessary: the

claim does not hold when Ld of c-PbPc is much larger than that of bi-PbPc,

which may not seem unlikely considering the morphological characteristics of

the PbPc films discussed in the section of Thin Film Morphology. Ld can

be estimated to be equal to the thickness of the PbPc layer in each device

that maximizes Jsc, which is 24 and 30 nm for the bi- and c-PbPc devices,

respectively (data not shown). The ranges of ηed and ηcs of the bi- and c-PbPc

devices at the estimated values of Ld are marked by double-headed arrows

in Fig. B.1, showing the increased likelihood that the bi-PbPc has larger ηed

than the c-PbPc, and, perhaps more interestingly, that larger ηcs of the bi-

PbPc than that of the c-PbPc has contributed to the increased IQE of the

former device.

B.2 Charge Transfered- and Charge Separated-State

Energetics

The differences in ηcs among the three types of PbPc devices inferred from

the analysis in the previous section are likely to be due to changes in CT

and CS state energetics arising from the morphological changes in the PbPc

films. In this section, using the entropy- and disorder-driven charge separation

model [10, 21], I present another argument suggesting that ηcs of the bi-PbPc

device is increased relative to the other two devices. According to this model,

the height of the free energy barrier ∆G that CT excitons should overcome to

be separated into free carriers can be estimated as the difference between the

free energy of the CS state Gcs and that of the CT state Gct,

∆G = Gcs −Gct = ∆H − T∆S, (B.1)
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where ∆H (or ∆S) is the change in enthalpy (or entropy) associated with

the CT-dissociation process, and T is the temperature. Although it has been

discussed that ∆H is equal to the change in the Coulombic potential en-

ergy [10, 22, 23], it is difficult to either directly measure the Coulombic po-

tential energy (U = e2/4πϵr) or calculating it without accurately knowing

the electron-hole separation r (i.e., the spatial extent of CT exciton) and the

permittivity ϵ of the surrounding medium. Therefore, similar to the previous

studies [24, 25], I assume that ∆H is equal to the difference between the lowest

CS state energy Ecs and the average CT state energy Ect:

∆H = Ecs − Ect. (B.2)

From the difference between the HOMO of PbPc and the LUMO of C60, the

Ecs values of the n-, c-, and bi-PbPc devices were obtained to be 1.07, 0.99, and

1.04 eV, respectively, where the HOMO levels (5.07, 4.99, and 5.04 eV below

the vacuum level for the n-, c-, and bi-PbPc, respectively) were determined

by UPS and the LUMO of C60 (4 eV below the vacuum level) was taken from

the literature [26]. The Ect values were extracted by fitting the measured

temperature-dependence of Voc to the following model derived by Burke et al.

based on equilibrium between CT states and free carriers [25],

Voc =
Ect

e
− σ2

ct

2ekT
− kT

e
log

(
Js0
Jsc

)
. (B.3)

Here, σct is the standard deviation of CT state energy distribution, e is the

elementary charge, k is Boltzmann’s constant, Js0 is a variable proportional

to the recombination current of CT excitons. The fitting parameters were

Ect, σct, and Js0, and their extracted values are expected to be reliable, since

the three terms in Eq. (B.3) have very different temperature dependencies.
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Figure B.2 shows Voc measured in a temperature range from 100 to 297K (open

Temperature [K]

V
o
c

[V
]

(a) (b) (c)

Js0 = 1.1 × 107 mA cm–2 Js0 = 2.4 × 108 mA cm–2Js0 = 9.8 × 106 mA cm–2

Ect = 0.96 eV

𝜎ct = 68 meV

Ect = 0.98 eV

𝜎ct = 50 meV

Ect = 0.88 eV

𝜎ct = 45 meV

Temperature [K] Temperature [K]

Figure B.2 Temperature-dependence of open-circuit voltages Voc of the (a)
n-PbPc, (b) c-PbPc, and (c) bi-PbPc devices. Symbols and dashed lines indi-
cate the measured data and the fits, respectively. The extracted parameters
(average energy of charge-transfer (CT) states Ect, standard deviation of CT
state energy distribution σct, and a variable proportional to the recombination
current of CT excitons Js0) are listed inside the figures.

symbols), fits to the model described by Eq. (B.3) (lines), and extracted fitting

parameters. The values of ∆H, determined from the extracted Ect and Ecs,

are shown in Fig. B.3(a) (red symbols), where I find that the bi-PbPc device

has much smaller ∆H compared to the other devices. The more generally used

method for extracting Ect based on measurements of the sub-Eopt absorption

spectrum and the electroluminescence from CT states could not be used in

this case, since fluorescence from the PbPc–C60 CT states was not observed.

Next, I calculatedH andG for the three types of devices using the following

equations [27, 21]:

H(r) =

〈
1

Z(r)

Ω(r)∑
α=1

Eα exp

(
− Eα

kbT

)〉
(B.4)
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Figure B.3 (a) Origins of open-circuit voltage Voc loss. (b) Enthalpy H and (c)
free energy G of an electron-hole pair as functions of their separation r. Open
circles in (b) and (c) denote the enthalpy Hcs and the free energy Gcs of the
CS state, respectively, while filled circles in (b) and (c) denote the enthalpy
Hct and the free energy Gct of the CT state, respectively.
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and

G(r) = −⟨kT logZ(r)⟩ , (B.5)

where

Z(r) =

Ω(r)∑
α=1

exp

(
− Eα

kbT

)
(B.6)

and

Eα = U(r) + Ee
α + Eh

α. (B.7)

Here, Z is the canonical partition function, Ω is the total number of available

states for electrons and holes, Ee
α (or Eh

α) is a normal distribution with a stan-

dard deviation σ, describing the broadening of energy distribution of electrons

(or holes), and ⟨·⟩ denotes an ensemble average. All parameters used to calcu-

late Eq. (B.4) – (B.7) except for σ were the same as those in the study by Hood

et al. representing the typical values for OSCs [21]. The σ values for the n-,

c-, and bi-PbPc devices were estimated to be 48, 32, and 35meV, respectively,

from the relation σct =
√
2σ derived from an assumption that the CT state

is a product of a molecular orbital accommodating a hole and that accommo-

dating an electron. Colored solid lines in Fig. B.3(b) and Fig. B.3(c) are the

calculated H and G, respectively, and the black solid lines in both figures rep-

resent U . In Fig. B.3(b), H is noticeably smaller than U for most r because

of the influence of energetic disorder, where H decreases with increasing σ.

This tendency is attributed to the fact that as the energy distribution of CS

states broadens (i.e., as σ increases), the average energy of CS states that CT

excitons are converted into decreases [21]. The entropic contribution implicitly
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introduced in Eq. (B.5) [21] makes G [Fig. B.3(c)] smaller than H [Fig. B.3(b)]

for most r and results in maxima of G [indicated by open circles in Fig. B.3(c)]

occurring at r = 3.4, 4.1, and 4 nm for the n-, c-, and bi-PbPc devices, respec-

tively. Since each of these r values represents the minimum electron-to-hole

distance at which the electron and hole can spontaneously dissociate, which is

denoted by rcs, I regard the maximum of G as the free energy of the CS state:

i.e., G(rcs) = Gcs. From rcs, I then determined Hcs[= H(rcs)], the enthalpy of

the CS state, denoted by open circles in Fig. B.3(b). Next, Hct, the enthalpy

of the CT state, was determined using the relation Hct = Hcs−∆H, with ∆H

calculated above [those plotted in Fig. B.3(a)], from which rct, representing the

electron-to-hole separation immediately after charge transfer, was calculated

by requiring that H(rct) = Hct. Points (rct, Hct) are marked by filled circles

in Fig. B.3(b), and the rct values are 1, 1.6, and 2.5 nm for the n-, c-, and bi-

PbPc devices, respectively. Finally, from Gct[= G(rct)], the free energy of the

CT state marked by filled circles in Fig. B.3(c), I obtained ∆G(= Gcs −Gct),

which are 57, 39, and 9meV for the n-, c-, and bi-PbPc devices, respectively.

The fact that ∆G of the bi-PbPc device is smaller compared to the other

devices indicates that the CT dissociation process in this device is thermo-

dynamically more favored than that in the other devices, which is consistent

with my expectation in the section of Exciton Diffusion Analysis that ηcs of

the bi-PbPc is the highest. Note that what I intend in this section is to semi-

quantitatively characterize the influences of the energetic terms such as σ,

Ect, and the PbPc HOMO level on the CT-dissociation process, rather than

rigorously calculating ∆G. Although the accuracies of the LUMO level used

in calculating Eq. (B.2) and the parameters assumed in calculating Eq. (B.4)

– (B.7) such as the lattice constant, molecular density, and permittivity may

have caused errors in the resulting values of ∆G, the LUMO levels and the
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parameters are not expected to be significantly different among the devices,

and thus the trend of ∆G are likely to remain valid.

From the σct and Js0 values extracted from the fits to the temperature-

dependent Voc, I also determined, respectively, voltage losses due to energetic

disorder at the D–A interface (∆V ed
oc = σ2

ct/2ekT ) and due to recombination

of CT states [∆V rec
oc = (kT/e) log (Js0/Jsc)], the second and third terms in

Eq. (B.3), respectively. For ∆V rec
oc [black symbol, Fig. B.3(a)], it is notice-

able that the bi-PbPc device shows a significant increase, which is due to

its Js0 that is approximately one order of magnitude larger compared to the

other devices. This increase in ∆V rec
oc causes Voc of the bi-PbPc device to be

smaller, compared to the n-PbPc device. The Js0 values were compared to

the prefactor J ′
s0 of the energetic term in the dark saturation current den-

sity Js in the ideal diode equation for organic heterojunctions, described by

Js=J ′
s0exp(−Ecs/kT ) [28, 29]. Js0 and J ′

s0, which have the same physical ori-

gin but were derived using different methods, show a very similar trend. The

change in the D–A interfacial area upon employing the template layers may

cause the variation in Js0 [25]. To confirm this possibility, I performed atomic

force microscope measurements on the surfaces of the three types of PbPc

films. The results show that the root-mean-square roughness and the folding

ratio (the ratio of the surface area of the topographical image to the scan-

ning area of the image [30]) do not change significantly as the template layer

is varied, meaning that the differences in D–A interfacial area cannot be the

primary reason for the significant increase in Js0 and thus for the change in

IQE and Voc. I note that the increased Js0 of the bi-PbPc device does not

necessarily conflict with the conclusion that the bi-PbPc has a larger ηcs than

the c-PbPc. Rather, it suggests that enhanced intermolecular orbital coupling

in this device also increases the rate of dissociation of CT excitons, the amount
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of which is sufficiently large to increase IQE. Moreover, the fact that rct of the

bi-PbPc is the largest indicates that CT states between non-adjacent PbPc

and C60 molecules are more likely to be present in the bi-PbPc device than

in the other devices, leading to the increase in the total number of CT states,

which in turn increases Js0. Since the CT recombination rate and the number

of CT states are strongly affected by intermolecular orbital coupling between

donor and acceptor molecules [25], it is highly likely that the PbPc molecules

in the bi-PbPc device, adopting the less face-on orientation, have enhanced

intermolecular orbital coupling with C60 molecules, thus giving rise to the in-

creased Js0. A similar conclusion, that upright and flat-lying ZnPc molecules

have much weaker intermolecular orbital coupling with C60 than those with

intermediate (i.e., less face-on) orientations, was previously made based on

quantum chemical calculations [30]. Figure B.3a also shows that ∆V ed
oc (blue

symbols) of the n-PbPc device is the largest, while that of the c-PbPc de-

vice is the smallest. The degree of energetic disorder determined from this

result is consistent with the degree of crystalline disorder inferred from my

morphological study.
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요 약 (국문초록)

유기 광전자소자에서의 빛–물질 사이

상호작용의 나노광학적 제어

김 형 채

나노융합학과

융합과학기술대학원

서울대학교

물질의 광 특성은 물질 자체의 특성 뿐만 아니라 그 주변의 전자기적 환경

에 영향을 받는다. 예를 들어서, 금속–절연체–금속 구조의 발광 다이오드 또는

포토다이오드는 페브리–페롯 공명모드가 여기 되도록 절연체의 두께가 적절히

조절되었을 때 광추출 또는 광흡수 효율이 극대화 된다. 금속–절연체 계면에서

발생하며 높은 광자상태밀도를 특징으로 하는 플라즈모닉 모드는 자연에 존재하

지 않는 완전 흡수체 또는 초고속 발광체를 구현하는데 이용될 수 있다. 키랄성

패턴을 포함하고 있는 나노캐비티 구조는 키랄성 분자의 키랄-광학적 특성을 증

폭하거나 비키랄성 분자의 키랄-광학적 특성을 유도하는데 사용될 수 있다. 본

연구의 목표는 나노광학적 플랫폼으로 이용해서 유기 광전자소자의 전자기적 환

경을 제어하고 이를 통해서 성능을 향상시키거나 이들에게 새로운 기능성을 부

여하는것이다.유기분자가광흡수및발광특성이우수할뿐만아니라분극률의

조절이 용이해서 소자 내부의 빛–물질 상호작용을 맞춤 제어하기에 적합하기 때

문에광활성층의재료로써주로유기분자가이용되었다.유기태양전지분야에서

난제로남아있는두이슈인근적외선영역의낮은광흡수율문제와광자에너지의

열손실 문제를 해결하기 위해서 나는 두 종류의 태양전지 구조를 새롭게 제안하

였으며 1차원 나노캐비티 구조인 이 태양전지의 광 특성을 최적화 하기 위해서

전달행렬방식의시뮬레이션을이용하였다.또한원편광발광소자의키랄-광학적
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특성에 대한 포괄적인 연구를 최초로 수행 되었으며, 이를 통해서 거울 반사에

기인한 원편광 상태의 소멸 문제를 극복하고 이성적으로 고성능 소자를 제작 할

수 있는 방법을 제안 하였다.

다음으로, 키랄성 나노캐비티가 비키랄성 분자의 원편광 이색성을 유도하는

광플랫폼으로 이용될 수 있음을 3차원 광시뮬레이션을 이용해서 보였다. 키랄성

캐비티 내부에서는 원편광 상태에에 따라서 플라즈모닉 핫스폿이 선택적으로 여

기되는것이관측되었으며이는전자기모드분석을통해서상부와하부전극에서

발생하는 표면플라즈몬 모드 간의 혼성화에 기인한 현상임을 밝혀내었다. 키랄

성 나노캐비티 기반의 유기포토다이오드는 본 연구에서 최초로 수치해석적으로

시연 되었으며 이들은 기존에 최고의 성능을 보여주던 분자 기반의 소자들과 비

교했을 때 양자효율과 원형편광 비대칭성 측면에서 우수한 결과를 나타내었다.

나아가, 키랄성 나노태키비티는 현존하는 유기발광다이오드 기반 디스플레이의

에너지효율을크게향상시키는데이용되거나삼차원디스플레이소자와편광반

응성광센서에사용될수있으며나아가양자정보시스템의빌딩블록으로응용될

것으로 기대된다.

주요어: 나노포토닉스, 플라즈모닉스, 유기발광다이오드, 유기태양전지, 유기광

검출기, 유기반도체, 키랄성

학번: 2011-23984
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