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Abstract

The design and operating principles of the optical hot carrier solar cell (OHCSC) have been

investigated in this thesis. An OHCSC integrates a hot carrier absorber and a conventional

solar cell using a photonic structure called the optical contact, which enhances the carrier

hot-luminescence transfer rate at the bandgap frequency of the solar cell to reduce the

thermalization losses during photovoltaic conversion. Such an optically-integrated system

has the physical features of both a hot carrier solar cell and a spectrum up/down converter.

Therefore, it is a valuable general method to explore spectrum management for solar cells.

One goal of this study was to establish a comprehensive understanding of the device

characteristics in both thermal equilibrium (detailed-balance) and non-equilibrium (relaxation-

time-approximation) steady states. These demonstrate the general efficiency enhancement

conditions for the optically-integrated system and particular dependencies of its operat-

ing voltage on the luminescence yield. The device performance relies on the slow carrier

cooling rate in the absorber and the large enough luminescence enhancement ratio of the

optical contact, which is on the order of ∼ 1 ns and ∼ 1000 x for the up-converter while

∼ 500 ps and ∼ 100 x for the down-converter.

The second aspect was to develop a theoretical framework for the analysis of the

optical contacts. Using the electromagnetic Green’s functions constructed by the quasi-

normal modes, the photon transfer spectrum function can quantify the coupling rate more

accurately, especially for the near-field coupling. The hot-luminescence transfer has been

investigated in detail using a plasmonic core-shell nanowire illustration, which shows about

4800 times transfer enhancement and an improved device performance in up-conversions.

This study also explored hot carrier absorber candidates in the lead-halide perovskite

family (APbX3) using ultrafast optical characterization and first-principle calculations. A

stronger phonon bottleneck effect was shown in hybrid perovskites than in their inorganic

counterparts to prolong the carrier cooling period. At least a 10 times slower carrier-

phonon relaxation rate was observed in FAPbI3 comparing to the cesium-based inorganic
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system. The up-conversion of low-energy phonons has been proposed to be responsible

for the bottleneck effect, which also suggests a general way for achieving long-lived hot

carriers in materials.
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The particular contributions of

this thesis

Contribution 1: The potential and feasibility of the optical hot carrier solar cell are ex-

amined in a more practical consideration with detailed numerical examples and material

characterizations. A more general concept of optically-coupled energy-selective spectrum

conversion system has been developed whose operating characteristics and design prin-

ciples are analyzed.

Contribution 2: The non-equilibrium steady state of the hot carrier luminescence con-

verter is investigated using the relaxation-time-approximation model. It predicts a more

reasonable device performance beyond the framework of detailed-balance.

Contribution 3: A complete theoretical framework has been developed to analyze the

carrier hot-luminescence transfer through the optical energy selective contact and its ap-

plications in photovoltaics. Based on the Green’s function method, the developed model

illustrates the photonic dynamics of hot-luminescence transfer on a device level more ac-

curately.

Contribution 4: More systematic characterizations and analyses have been done on the

hot carrier dynamics in the lead-halide perovskites. The up-conversion of low energy acous-

tic phonons are proposed to explain the significant power-dependent phonon bottleneck

effect observed in these materials.
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Abbreviations and notations

Abbreviations

AI Auger-recombination/Impact-ionization

DFT density functional theory
DOS density of states

EL electroluminescence
ESC energy selective contacts

FDT fluctuation dissipation theorem
FDTD finite-difference time-domain

HCA hot carrier absorber
HCSC hot carrier solar cell

LDOS local density of optical states

MEG multiple exciton generation

OESC optical energy selective contact
OHCSC optical hot carrier solar cell

PCE power conversion efficiency
PL photoluminescence
PV photovoltaic

QNM quasi-normal mode

RTA relaxation-time approximation
RTD resonant tunneling diode

SPPs surface plasmon polaritons

TA transient absorption

WGM whispering-gallery-mode
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Notation

Q quality factor of resonance defined as ω0/∆ω

Rc optical concentration ratio of a solar cell

X generalized optical étendue

Ω optical étendue

χ(ω) photon transfer spectrum

Ṅ photon flux

Q̇ optical power flux

E electric field with polarization component Ea

G(r, r0;ω) dyadic Green’s function with polarization component Gab

p(r0;ω) density of radiative dipole moment with polarization component pa

τx relaxation time of process x

f̃µ(r;ωµ) quasi-normal mode with modal index µ and real resonant frequency ωµ

ñ=nr+iκ complex refractive index of material equals to nr + iκ

a optical absorptivity/emissivity (between 0 and 1)

gJ gain ratio of short-circuit current density

gV gain ratio of open-circuit voltage

gη gain ratio of device power conversion efficiency

m∗e ,m∗h effective mass of electrons and holes

n(εe, t), p(εh, t) electron’s and hole’s density on energy level ε at time delay t

t time delay of a certain process

εe, εh electronic energy level of electrons and holes respectively

ε=ε′+iε′′ complex dielectric function
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Chapter 1

Introduction

An overview of the thesis presents in this opening chapter, which shows the motivations,

contributions, and structural summaries of the thesis work.

1.1 General introduction of third generation photovoltaics

The increasing demand for clean and renewable energy is one of the challenges faced

by human society in the 21st century. Among all the state-of-the-art technologies in

renewable energy, the market share of photovoltaics (PV) has the fastest growth rate in

the past ten years according to the latest report released by the International Renewable

Energy Agency (IRENA) in 2017 [1]. Such a burst of growth relies on the rapid decrease

in the levelized cost of energy (LCOE) of photovoltaics, which is where the story of third-

generation photovoltaics (third-gen PV) begins.

The original concept of third-gen PV refers to the low-cost and high-efficiency solar cell

with a unit watt price below 0.50 US$/W [2, 3], comparing to the first-generation technique

by silicon wafer and second-generation by thin-film as shown in Figure 1.1. In general,

there are two unique characteristics of the third-gen PV which are a power conversion

efficiency (PCE) higher than the single-junction limit examined by Shockley et al. [4]

and also a quite low device cost per unit area. Both aspects cannot be achieved without

an in-depth exploring in the fundamental physics behind the photovoltaic conversion. By

addressing the intrinsic energy losses in a single junction solar cell, several novel device

concepts have been proposed including 1) Tandem or multi-color cells; 2) Intermediate-

band cells; 3) Multiple carrier excitations; 4) Spectrum up/down conversions; 5) Hot

carrier solar cells [3]. Nearly all these concepts intend to improve the energy utilization

efficiency of the broadband solar spectrum.
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Figure 1.1: Overview of third-generation photovoltaics. (a) Efficiency and cost projections for first- (I),
second- (II), and third-generation (III) PV technologies (wafer-based, thin films, and advanced thin films,
respectively); (b) Loss processes in a standard solar cell: 1© nonabsorption of below-bandgap photons; 2©
lattice thermalization loss; 3© and 4© junction and contact voltage losses; 5© recombination loss (radiative
recombination is unavoidable) [3].

After about ten years1 since the first emergence of the third-gen PV concept, the

price limit of US$0.50/W has been met by a huge cost decrease of silicon solar cells in

about 2013 which continually falls to about US$0.30/W in 2015 [5]. However, the study

of breaking the single-junction limit without complex device architecture is still ongoing.

Exploring novel physical mechanisms and new kind of conversion materials have become

the forefront of research in photovoltaics today.

1.2 Hot carrier solar cell and photonic engineering

Among the third-gen PV concepts listed above, the hot carrier solar cell (HCSC) is different

from others evidently in both of the device realization and operation.

The idea of HCSC originates from the thermodynamic insight of the photovoltaic

mechanism in a semiconductor material [6, 7]. The photogenerated charge carriers re-

lease part of their kinetic energy as the electrochemical potential by intraband relaxation.

However, this process is usually accompanied by significant non-ideal dissipations in con-

ventional semiconductors, in particular for those high energy hot carriers (process 2© in

Figure 1.1(b)). Instead, by narrowing the energy bandwidth before and after the hot car-

rier relaxation, a higher voltage is achievable from a semiconductor device with the same

electronic bandgap. Therefore, how to obviate non-ideal hot carrier relaxation and how to

1Multijunction cells were conceived in 1953 and first implemented in the 80’s
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export hot carriers via a narrow-band energy channel constitutes the two primary aspects

of a HCSC.

The HCSC also has a close correlation with the spectrum up/down conversions. The

essential methodology of spectrum conversion emphasizes the importance of a narrow band

emission as well, where the host photovoltaic material reabsorbs the converted lumines-

cence on its band edge referring to the monochromatic operation of a solar cell. Similar

arguments in thermodynamics for the HCSC can be paraphrased here to explain a higher

power efficiency achieved by the spectrum conversion system.

Recently, an optical coupling method was proposed by Farrell et al. [8] to export hot

carriers as quasi-monochromatic hot-luminescence and then to pump a conventional solar

cell with a matched bandgap. Such an optical hot carrier solar cell (OHCSC) combines

the concept of the HCSC and spectrum up/down conversion directly. The prototype study

showed an encouraging device performance, which is valuable for further development as

a general spectrum management method for photovoltaics.

One fundamental aspect of the OHCSC is using photonic engineering to manage the

luminescence transfer of hot carriers at selected photon energies. This is referred to as

an optical energy selective contact (OESC). In contrast with common fluorescence, carrier

thermalization usually occurs on much shorter timescales than the radiative recombination.

A large enough optical enhancement is then necessary to improve the yield of carrier

hot-luminescence with satisfactory monochromaticity. On the other hand, studying hot

carrier generation in materials is important in order to gain further understanding of the

carrier relaxation dynamics. It may be useful in investigating photovoltaics with higher

efficiencies. These two areas comprise the major research topics of this thesis.

1.3 Thesis overview

This thesis investigates the potential and feasibility of the OHCSC in a more practical con-

sideration with detailed numerical examples and material characterizations. It provides

physical insights into the operating and design principles of the device. The OESC intro-

duces a significant optical coupling between the solar cell and the hot carrier absorber,

leading to a series of unique characteristics in such an all optically-integrated system.

This thesis focuses on the theoretical understanding of the device physics. In particular,

analytical tools are developed to quantify the design and behavior of the OESC on a

device level. Material characterization of ultrafast carrier dynamics is also involved in this

3



CHAPTER 1. INTRODUCTION

project suggesting an unusual mechanism to obtain long-lived hot carrier populations in

semiconductor materials.

1.3.1 Brief summary of main chapters

Chapter 2 is a systematic literature review of the background knowledge to explore the

OHCSC. It starts with the general background of spectrum management for photovoltaics

in both of the optical and electronic ways. The following part shows the recent progress

in the area of spontaneous emission control and near-field coupling, which is very encour-

aging for the implementation of the OESC in practice. The primary study tools in the

theoretical, numerical, and experimental aspects are then discussed in the last part.

Chapter 3 investigates the most general and global working principles of the OHCSC

within the traditional framework of detailed-balance and thermo-equilibrium. The major

contributions include:

1) It analyzes the generality of the OHCSC, which concludes the revealed device prop-

erties is also applicable to the conventional spectrum up/down conversion systems.

2) It shows the general necessary condition to increase the power conversion efficiency

of the OHCSC.

3) It reveals several unique working principles of the OHCSC with an efficient OESC,

especially those concerning the interaction between the yield of hot-luminescence in the

hot carrier absorber and the working voltage of the integrated solar cell.

Chapter 4 further investigates the device working principles beyond the framework

of detailed-balance using the relaxation-time-approximation. The main contributions in-

clude:

1) It considers the device behavior in a non-equilibrium steady state and shows more

reasonable spectrum conversion dynamics obeying the laws of thermodynamics;

2) Non-ideal energy losses have been well considered which predict the device perform-

ance based on more reasonable grounds. It also suggests more stringent design require-

ments in both of the optical enhancement and hot carrier lifetime.

3) A complete physical picture of the device operation is summarized at the end of

this chapter.

Chapter 5 explores the optical enhancement in luminescence transfer using rigorous

electromagnetic theories to answer the requirements of optical enhancement asked by

Chapter 4. The main contributions are:
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1) A complete theoretical framework to analyze the luminescence transfer is developed

based on the electromagnetic Green’s function and fluctuation-dissipation theorem. The

photon transfer spectrum is proposed as the figure-of-merit to characterize the effectiveness

of photonic engineering to improve the intensity and monochromaticity of the carrier hot-

luminescence.

2) In particular, quasi-normal mode method is used to describe a more accurate

photonic dynamics in this energy transfer problem.

3) A plasmonic core-shell nanowire model is examined as the near-field OESC to em-

body the theoretical tools developed before, showing encouraging optical enhancement

result. A comprehensive study of hot-luminescence transfer is also performed, ending

with an investigation of the modified device performance.

Chapter 6 investigates the hot carrier dynamics in lead-halide perovskites, which is

proposed to be a novel candidate material in the hot carrier engineering recently with

superb luminescence properties. This gives a better understanding of the hot phonon

bottleneck effect observed in these kinds of materials. It will be helpful to develop the

general method to achieve long-lived hot carriers for photovoltaics discussed in Chapter

4. The main contributions include

1) A systematic study of hot carrier cooling is performed on four kinds of lead-halide

perovskites with different lattice composition using the transient absorption spectrum.

2) With the help of first-principle calculations, phonon relaxation is compared and

analyzed among the four kinds of lead-halide perovskites.

3) The acoustics-to-optical up-conversion of the low energy phonons is proposed to

explain the observed power-dependent phonon bottleneck effect occurring from several

tens to thousands of picoseconds after the excitation.

Chapter 7 concludes the main results achieved in previous chapters and also proposes

several new study directions for the future.
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Chapter 2

Literature Review

This chapter reviews and summarizes the research background, the theoretical basis, and

the relevant methodologies of this thesis. The first part introduces the essential energy

losses in the conventional single junction solar cell which encourage the exploration of solar

spectrum management. The progress and challenges in the hot carrier solar cell (HCSC)

are discussed subsequently as a representative third-generation photovoltaic (PV) concept

to improve utilization of the broadband solar spectrum. Photonic engineering relevant

to the optical energy selective contact (OESC) is also reviewed, which is followed by a

summary of the theoretical and experimental tools used in this study.

2.1 Background of hot carrier solar cell

2.1.1 Energy losses in photovoltaic energy conversion

The PV device converts the electromagnetic energy as a two-stage thermal engine. The

first stage is light harvesting, where the incident radiation is absorbed by the active ma-

terial and creates excited entities such as free electron-hole pairs. The second phase

establishes the electrochemical potential inside the semiconductor accomplished by the

relaxation of those photogenerated carriers [9].

Similar to the energy conversion in a thermal engine, the “cooling” is a necessary

process to extract entropy free work between hot and cold thermal reservoirs but is also

the stage at which additional massive energy losses can occur. In a conventional bulk

semiconductor, photogenerated carriers dissipate their kinetic energy irreversibly through

electron-phonon interactions and relax to the band edge within picoseconds after above-

band-edge excitations [10]. Since much of the available energy is converted into lattice
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heat, the cooling efficiency of hot carriers is far below the Carnot limit 1. It is known as

the intrinsic “above-bandgap” spectrum loss in a single junction solar cell. In addition, the

radiation capture ability is restricted by the absorption bandgap of the active material,

resulting in “below-bandgap” spectrum losses.

Figure 2.1: Energy losses during photovoltaic conversion. (a) Energy partition in a photovoltaic device
with a bandgap of 1.31 eV shown in a pseudo voltage-current diagram. (b) Energy partition of energy losses
in photovoltaic devices with bandgap. For cells at the optimum bandgap (1-1.5 eV), the thermalization
contributes about 20% to 40% of energy loss [11].

Hirst et al. have made a comprehensive study to analyze the breakdown of energy losses

in a PV device, as shown in Figure 2.1. Both the above- and below-bandgap mechanisms

contribute about 30% of energy losses each in a single junction device with a bandgap about

1.5 eV, the following 30% of energy then correspond to the well-known single-junction limit

of power conversion efficiency (PCE) in the one-sun condition [4].

2.1.2 Reducing thermalization losses by spectrum conversion

The method to obviate both the above- and below-bandgap spectrum losses aims for a

monochromatic operation of the PV cell. The monochromatic operation denotes the case

in which the frequency of excitation radiation matches the bandgap of the PV cell [9, 12].

It is the reason that spectrum conversion is so attractive to the photovoltaic community

[13, 14].

The spectrum conversion refers to the technique of tuning the effective frequency of

the incident radiation. Conventionally, frequency conversion is achieved using optoelec-

1The overall device efficiency is also limited by the light harvesting ability, like that indicated by the
blackbody limit written as (1 − Tc

4/Ts
4)(1 − TA/Tc), where Ts, Tc, and TA is the temperature of the sun,

converter(carrier), and ambient environment.
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tronic effects of functional materials. These materials can emit luminescence at different

frequencies compared to the absorbed spectrum accompanied by redistributions of radi-

ative entities among their energy levels. Popular material families include rare-earth ions

[15–18], transition metal ions [17, 19], and quantum nano-materials[15, 20–24].

Apart from the optical method above, specially designed electronic devices can also

improve the spectrum utilization. Typical concepts are the well-known HCSC [6] and mul-

tiple exciton generation (MEG) [25] solar cells in third-generation photovoltaics, as shown

in Figure 2.2. In these devices, energy re-distribution is realized via electronic scatter-

ings of charge carriers without luminescence. Also, carriers will be extracted as electrical

current directly through a narrow energy bandwidth to limit the creation of entropy [7].

The energy selection may not be apparent in the MEG solar cell since the newly created

charge carriers have settled at the material’s band edge which can be extracted by the

conventional metal contact normally. However, it still needs to block the direct output of

hot carriers in principle to maximize the down-conversion yield.

Figure 2.2: Schematic illustration of electronic spectrum conversions. (a) Hot carrier solar cell [26]; (b)
MEG processes in nano-material [27].

9
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2.1.3 Challenges in the hot carrier solar cell

The essential components of a HCSC are the hot carrier absorber (HCA) and energy

selective contacts (ESC). The HCA has unique phononic properties and therefore can

prolong the carrier cooling lifetime. Those hot carriers will then be extracted through the

ESC by performing energy selection [7], where ideal carrier coolings can happen and a

higher electrochemical potential will be established, as shown in Figure 2.2(a).

A great deal of theoretical modeling has been carried out for device performance by

different groups [28–31]. Most of this modeling show encouraging conversion efficiencies

by employing an ideal HCA and ESC. In recent years, more detailed physical processes

have been considered in the modeling along with realistic material parameters, especially

for the particle dynamics in HCA [32–34]. These more precise models require a much

longer carrier cooling lifetime, which should be around nanoseconds at least. It also found

that carrier refilling rate within the extraction window via carrier normalization will also

affect the device current in practice [34, 35].

Exploring the suitable HCA material relies mainly on the theoretical modeling of

phonon’s properties. The density functional theory (DFT) plus perturbation treatment

(also known as the DFPT) is a sophisticated and widely used approach to calculating the

lattice vibration properties [36–39]. The phonon bottleneck effect was believed to prolong

the carrier cooling lifetime [26]. In the traditional understanding, candidate materials

should have a large phononic bandgap and narrow electronic bandgap [10]. It predicted

that the large phononic bandgap could reduce the rate of hot-phonons’ relaxation and so

do the overall energy dissipation rate of the carrier-phonon system. Several materials were

tested as HCA, such as InP [40], InN [41, 42], InGaAs/GaAsP quantum wells [43] and

InGaN quantum wells [44] etc. The longest observed cooling time is around 30 ∼ 100 ps

in bulk materials.

Besides, nano-structured materials show a longer thermalization time due to the strong

spatial confinement and energy discretization [45]. A cooling lifetime up to nanoseconds

has been reported in quantum dots [46, 47]. However, the quantum/spatial confinement

of these nano-materials restricts their electrical conductivity fundamentally, raising disad-

vantages in their electronic application. Most recently, significant hot phonon bottleneck

effects were also reported in lead-halide perovskites. As a promising material in conven-

tional PV devices, lead-halide perovskites exhibit evident power-dependent carrier cooling

rates with a thermalization lifetime reaching to several hundred picoseconds [48], shown in

10
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Figure 2.3(a). The likelihood of a reduced carrier-phonon coupling in this kind of materi-

als due to polaron screening was also reported by Zhu et al. [49, 50]. Several mechanisms

have been suggested for the hot carrier dynamics on sub-picoseconds after the excitation

[50–52], however, a comprehensive understanding of the phonon bottleneck effect in these

materials occurring on the subsequent timescales (up to thousand picoseconds) is still

lacking.

On the other hand, the resonant tunneling diode (RTD) structure was used to act as

the electronic ESC [53], where the resonant tunneling energy level provides energy selection

of carrier transport. One of the successful experimental demonstration of ESC in recent

was from Liao et al. [54] as shown in Figure 2.3(b), where a peak-to-valley current ratio of

8 and a full width at half maximum of 30 mV are realized using germanium nano-crystal

at room temperature, known the best performance among RTDs based on annealed nano-

crystals. However, due to the inelastic tunneling, non-zero recombination and the finite

but a non-zero width of the extraction window, the ESC will suffer from severe energy

losses in practice [55–57]. Electronic engineering of ESC is still challenging to date.

Figure 2.3: Recent progress in the study of hot carrier solar cells. (a) Hot carrier dynamics in lead-halide
perovskites[48].; (b) Schematic of nano-crystal germanium resonant-tunneling-diode structures [54].

2.1.4 The possibility of hot carrier extraction via optical coupling

Optical extraction of hot carriers was introduced in 2011 by Farrell et al. [8] as an altern-

ative to electronic ESC, shown in Figure 2.4. In this original concept, the electronic ESC

was replaced by an artificial photonic structure which transfers carrier hot-luminescence

with a frequency selection. The luminescence is absorbed by another conventional single

junction solar cell with a matched bandgap. The rapid hot carrier luminescence, efficient

photon transfer, and quasi-monochromatic coupling were emphasized in this concept. In

general, the optical energy selection, known as the OESC, would also be easier to fabricate
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and control based on sophisticated photonic engineering techniques than their electronic

counterpart. The first prediction gave a very encouraging result for the device performance

by ignoring the thermalization losses in the hot carrier absorber.

Figure 2.4: The prototype of the optical hot carrier solar cell [8]. (a) Schematic illustration of device
concept and energy configurations; (b) Efficiency prediction of the optical hot carrier solar cell with an
ideal hot carrier absorber.

In summary, the value of such an OESC concept include the following four topics: First,

the OESC avoids electrical conduction which is more compatible with nano-structured hot

carrier materials. These materials show a longer hot carrier lifetime but a poor electrical

conductivity. The electrical isolation between the HCA and solar cell also allows a further

electronic optimization for each part; Second, the OESC is suitable for both the conven-

tional hot carrier (above band edge) and MEG (at the band edge) schemes by tuning the

photon coupling energy. It therefore can act as a general carrier extraction method in

spectrum management for photovoltaics; Third, the photovoltaic conversion of hot carri-

ers occurs in a well-developed conventional solar cell in this device which ensures a high

conversion efficiency; And fourth, energy selection from the optical spectrum is easier to

achieve than its electronic counterpart based on state-of-art techniques because of the

longer characteristic wavelength of photons.

However, comprehensive development of this prototype concept still lacks, especially

in the quantitative analysis of luminescence coupling in a detailed device structure. Device

design and working principles also need further exploration with more practical consider-

ations. In particular, there is no specific instance of the photonic engineering to enhance

the carrier hot-luminescence emission and enact frequency selection. The influence of hot

carrier thermalization should also be examined carefully. Both aspects are essential to

build a high-efficiency optical hot carrier solar cell (OHCSC) with OESC. These questions
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will be investigated systematically in the following chapters of this thesis.

2.2 Photonic engineering of semiconductor luminescence

Fast luminescence emission is one of the critical requirement for the OESC approach. This

section discusses the conventional implementation to modify the rate and yield of photon

luminescence.

The property of optical emission is tunable by changing the local density of optical

states (LDOS) of the medium, as was first identified by Purcell in 1946 [58]. The Purcell

factor Fp, indicating the ratio of LDOS enlargement by a certain optical mode, is written

as

Fp =
3

4π

(
λ

nr

)3 Q

Veff
(2.1)

, where nr is the relative refractive index of the active material, λ the resonant wavelength

in free space, Q is the quality factor of the optical mode indicating its lifetime and band-

width, and Veff is the effective mode volume. The mode volume shows the degree of field

confinement. For an ideal normal mode, mode volume is given as Eq (2.2)

Veff =

∫
V n

2
r |E|2dr3

max(n2
r |E|2)

(2.2)

2.2.1 Fluorescence enhancement near metal nano-particles

The metal nano-particles are widely used as a near-field structure to enhance optical

absorptions and emissions2 because of the field enhancements around them.

When the fluorophores are in the proximity of a metal nano-particle, both absorption

and emission enhancement can be observed where the metal particle acts as an optical

antenna and facilitates the radiative coupling with free space [59]. The enlarged LDOS

near metal particles also accelerates the radiative rate of fluorophores and increases their

luminescence quantum yield in principle when competing with non-radiative decay chan-

nels [60]. However, metal also absorbs part of the optical energy, especially when the

surface plasmon cannot couple to the far-field radiation efficiently [61]. Typically, this

phenomenon is named as luminescence quenching of excited entities. Therefore, an op-

timal distance between the metal nanoparticle and fluorophore exists to maximize the

2it is the spontaneous emission in the fluorescence applications
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far-field fluorescence enhancement [62].

Figure 2.5: Purcell enhancements in nano-cavities show a faster transient time-resolve photoluminescence.
(a) Square-type photonic crystal cavity [63]; (b) CdS–SiO2–Ag plasmonic core-shell nanowire[64].

2.2.2 Purcell effects in the nano-structure

Nano-cavity structures have been widely investigated in the field of quantum electro-

dynamics to modify the photon emission process. Since only a certain number of optical

modes can be supported inside the cavity with finite bandwidths, LDOS can be enlarged

evidently around the resonant frequencies so does the spontaneous emission rate of the

coupled emitter inside [65].

The photonic crystal cavity is the typical structure that has been widely investigated

in recent years, as shown in Figure 2.5(a). A two- or three-dimensional photonic crystal

can be fabricated based on the E-beam lithography or self-assembled growth, where an

artificial defect presents into a periodic array to form a local cavity [63, 66, 67]. As a result,

defect states are introduced inside the photonic bandgap [68, 69]. The Purcell factor in

such a cavity can reach several tens to hundreds of times. The primary challenge for the

dielectric cavity is a lack of sufficient spatial confinement of the fields leading to a relatively

large mode volume, even though its quality factor can be as large as several hundreds of

thousands. Recently, Shugayev et al. achieved an emission enhancement factor of 2000

in a multilayer dielectric core-shell structure by using Mie resonance [70], which offers a

new way to design high-enhancement-ratio dielectric cavity structure that do not require

metals.

The surface plasmon polaritons (SPPs) have been investigated to provide stronger field
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confinement in the nano-cavity. The standing wave modes of SPPs on metallic materials

can be excited around the cavity structure, such as the quasi-two-dimensional metal disk

sandwiched between dielectric layers [71] and the surface plasmonic whispering-gallery-

mode (WGM) cavity [72]. The mode volume of SPPs can be 100 times smaller than that

of the dielectric cavity, which is able to provide a Purcell factor over 1000 with a quality

factor below than 50. The WGM of plasmonic core-shell nanowires also showed remarkable

carrier hot-luminescence enhancements in recent [64, 73], as shown in Figure 2.5(b). Both

direct and indirect bandgap semiconductors have been tested as the emitter, where the

Purcell factor was reported to be about 1000 to 3000 times.

In addition to the cavity structure discussed above, the waveguide can also show a

strong modulation on LDOS. One typical example is the slot waveguide which uses a

low-refractive-index slot region in a waveguide to increase the local field intensity [74].

The waveguide design is adaptable to large-area implementation which is preferred for

photovoltaics. However, the enhanced luminescence is coupled into the guided mode which

propagates along a particular direction unless the cut-off condition is met. It raises a new

challenge for efficient luminescence collection in the secondary solar cell. Besides, the

enhancement factor of the guided modes would typically be smaller than that of cavity

modes. For example in the slot waveguide the enhancement factor can be several tens to

hundreds of times [75–77].

To simplify the analysis in this thesis without losing generality, the SPPs cavity will

be considered first as an example in Chapter 5 to embody the OESC. It focuses on the

development of the theoretical framework and exploration of the general working and

design principles. Dielectric cavities and waveguides are considered as promising future

work. Some initial results for the planar dielectric cavity are mentioned in Chapter 7.

2.2.3 Optical energy transformation via near-field coupling

After the luminescence emission from the spectrum converter, how to collect them again

efficiently by a conventional solar cell is another challenge for the OESC concept.

In a conventional far-field configuration, the upper limit of radiation rate is constrained

by the LDOS in the free-space known as the Stefan-Boltzmann limit [78]. When the

interfaces of the photon emitter and receiver are close enough, photon tunneling can occur

improving the energy transfer rate significantly [78–80]. It is a result of LDOS enhancement

by utilizing the evanescent surface modes.
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Figure 2.6: Radiative transfer in a near-field coupling. (a) Schematic illustration of the concept of
evanescent waves and photon tunneling and (b) radiative heat transfer between two SiC plates maintained
at 300 and 0 K. The energy transfer between two blackbodies has also been shown for reference [78].

One particular example of near-field coupling is using SPPs. By reversing the conven-

tional design principles of SPPs waveguides [81], the semiconductor thin-film can absorb

the SPPs directly with a relatively high efficiency. It has been widely used in the SPP-

based light trapping structures for the ultra-thin solar cell [82–84]. Efficient absorptions

of SPPs depends on two conditions. First, it requires an adequate absorption coefficient of

the semiconductor absorber because of the relatively small penetration depth of SPPs into

the active region [81]. Second, the dielectric constant of each component needs to be care-

fully chosen to further increase the field intensity of SPPs into the targeted components

[84, 85].

2.3 Brief introduction to methodology

This section summarizes the general background of the methodologies for optical modeling

and characterization employed in this thesis given in order of their appearance. More detail

will be presented in each chapter and appendix.

2.3.1 Theoretical basis of spontaneous emission

Photon luminescence comes from the spontaneous emission, whose rate γspon of an excited

quantum state is proportional to the LDOS as described by the well-known Fermi’s Golden

Rule [65]. For a simple two-level system, where the final electronic state is well defined,

the transition rate is proportional to the final photonic density of state, shown as
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γspon =
2ω

3h̄ε0
|p|2ρph(r;ω) (2.3)

, where h̄ is the reduced Planck constant, ε0 is the permittivity in vacuum, and |p|2 is

the intensity of dipole moment in the electric dipole approximation. The LDOS ρph(r;ω)

shows the available optical modal number at the place r and frequency ω in a particular

photonic environment. In a three-dimensional free space with a background refractive

index of nB, ρph given as

ρph(ω) =
ω2n3

B

π2c3
(2.4)

A powerful theoretical tool to examine the LDOS analytically is the electromagnetic

Green’s function G(r, r′;ω) of the optical modes. It is understood as the correlation

function between the triggered electromagnetic fields at position r and the excitation

source at position r′ [86–88]. Particularly, the local Green’s function relates to the LDOS

via the following equation [65, 89].

ρph(r, ω) =
6ω

πc2
[n · Im {G(r, r;ω)} · n] (2.5)

Because of the essential role of the Green’s function in photonic dynamics, Chapter 5

will use it to quantify the photon flux in the OESC. However, it is challenging to evaluate

the Green’s function correctly. In particular, the energy transfer problem in OHCSC is

non-Hermitian since the optical fields dissipate continually by either local absorptions

or far-field emission. No normal modes exist in this circumstance, the classical mode

expansion analysis [65] and Purcell’s formula (Eq. (2.1)) [90, 91] fail as well. Instead, this

thesis will use the numerical quasi-normal mode (QNM) method developed recently [92,

93] to calculate an accurate and self-consistent Green’s function. More details about the

electromagnetic Green’s function and QNM will be given in Chapter 5 and Appendix A.

2.3.2 Numerical modeling using finite-difference time-domain method

Chapter 5 applies the finite-difference time-domain (FDTD) method to simulate the optical

process numerically. The FDTD method models the electrodynamics in time-domain [94].

In contrast to the frequency-domain method in which only eigenmodes are often solved

from the master Maxwell’s equation, the FDTD method calculates the propagation of field

across a finite-difference grid in space, named Yee’s grid as shown in Figure 2.7.
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Figure 2.7: Schematic illustration of Yee’s grid in FDTD method [94].

In this method, mutual-coupled electric and magnetic field vector components distrib-

ute at different locations in the Yee’s cell in order to ease the numerical differentials with

a second-order accuracy. The modeling starts with a field pulse injected by a source in the

simulation domain. Typical sources include dipole and plane-wave types. Afterwards, the

algorithm updates electric and magnetic fields on each grid point in a leapfrog manner ac-

cording to Maxwell’s equations with time-domain iterations. The iteration ends if desired

transient or steady-state field behavior has been reached. The edges of the simulation

domain will provide appropriate boundary conditions to model the out-going radiation

and scatterings of the fields. Time variations of the field will be recorded which are then

converted as the frequency-domain data for subsequent manipulation and analysis.

The FDTD method has a particular advantage in the research of local field enhance-

ment. By monitoring the actual emission power PFDTD from a dipole source in the sim-

ulation, the local Purcell factor can be examined simply as Fp|FDTD = PFDTD/P0 where

P0 is the dipole power in a homogeneous environment [95]. Since the finite-difference grid

introduces spatial average naturally, the FDTD method has excellent numerical stability

and accuracy in the local field problem even in an absorbing medium in which the ana-

lytical formula of LDOS is divergent [96]. Therefore, the above method has been widely

used in previous studies to verify the calculation of Purcell factor [90, 92, 93, 97, 98] and

will also be employed in this thesis. All the FDTD simulations presented in this thesis are

based on the commercial package FDTD Solutions from Lumerical Solutions Inc. [99].
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Figure 2.8: Carrier dynamics investigated by transient absorption spectroscopy. (a) Photo-excited carrier
population in the semiconductor material before thermalization occurs; (b) Photo-excited carrier popula-
tion after thermalization. The red curve in the bottom sub-panel shows the corresponding TA spectrum
[48]. (c) Schematic representation of an experimental ultrafast transient absorption setup [100].

2.3.3 Hot carrier detection using ultrafast transient absorption

To explore new candidate materials with a long carrier thermalization lifetime, transi-

ent absorption (TA) was used to investigate the hot carrier dynamics in semiconductor

materials as shown in Figure 2.8 [100, 101]. The essence of the TA technique relates to

the state availability for optical transitions in the material. By comparing the time-

dependent transmission spectrum T (ω) of a probe beam to its background reference

T0(ω) across the sample after an optical pump (pump-probe technique), the informa-

tion of state occupation is visible via the real-time optical density at different frequencies

∆OD(ω, t) = log(T0(ω)/T (ω)), as shown in Figure 2.8(a)(b). Significant development has

been carried out to estimate the transient carrier temperature, thermalization lifetime and

effective phonon emission lifetime by analyzing the TA spectrum of the material, especially
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in the study of HCSC [48, 102–105].

In the experimental aspect, Figure 2.8(c) illustrates a typical setup of TA spectrometer.

In general, femtosecond laser pulses consist of a mode-locked oscillator (Ti:sapphire in

Figure 2.8(c)) that seeded a regenerative amplifier. These seed pulses are then split into

two sub-beams to trigger a frequency-tunable narrow-bandwidth pump beamline (using

nonlinear optical crystal, such as BBO) and another white light continuum probe beamline

(using a delay stage for example). Finally, the optical transmission of the probe beam after

the sample is detected by a polychromatic-CCD at a series of time-delays t following the

exposure of pump beam at t = 0.

This method is used in Chapter 6 to investigate the hot carrier dynamics in lead-halide

perovskites.

2.4 Summary and conclusions

In this chapter, the background knowledge needed to understand this thesis has been

summarized. The concepts and reasons for spectrum conversion in photovoltaics have been

presented. The OHCSC connects the optical and electronic types of spectrum conversion.

Further development of this concept can be beneficial in both areas.
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Chapter 3

Global Understanding of Optical

Hot Carrier Solar Cell

The general working principles of the optical hot carrier solar cell (OHCSC) is discussed

in this chapter, which can be understood as an optically-integrated spectrum conversion

system added on a conventional photovoltaic (PV) solar cell. Section 2 discusses the

general condition to improve the energy efficiency for this type of device, where a net

gain in the photocurrent for the same solar cell is recognized as the minimum requirement

after applying spectrum converters. Section 3 presents the device performance with an

optical energy selective contact to transfer the carrier hot-luminescence. Without loss of

generality, the thermalization losses in the hot carrier absorber are ignored here whose

impact will be fully addressed in the next chapter. The feedback electroluminescence

from the PV cell shows a significant impact on the conversion yield of the hot carrier

luminescence and therefore the output electrical power of the overall device. The photonic

engineering methods used to enhance the luminescence transfer will also be discussed in

section 4. Finally, section 5 addresses the thermodynamic limit in spectrum conversion of

the non-equilibrium steady state.

3.1 Introduction of optical hot carrier solar cell: in a per-

spective of spectrum conversion

The OHCSC uses the carrier hot-luminescence to drive a conventional frequency-matched

PV cell through an optical energy selective contact (OESC) [8] (see Figure 2.4). In this

concept, the semiconductor hot carrier absorber (HCA) works as a spectrum up/down
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converter which realizes energy redistribution and spectrum conversion by electronic scat-

terings of charge carriers, such as using the Auger-recombination/Impact-ionization (AI)

process. It then results in “photon fusion” (Auger, up-conversion) and “photon split-

ting”(impact ionization, down-conversion) subsequently in the carrier luminescence via

radiative recombination.

It is worth noting that spectrum conversions often require long hot carrier lifetimes.

In the up-conversion, the Auger-excited high energy carrier needs to be extracted before

its non-radiative intraband relaxation. Similarly, a photogenerated hot carrier has to per-

form a faster impact ionization to avoid thermalization losses. In fact, the hot carrier

understanding is also applicable to the spectrum up/down conversion from a thermody-

namic point of view. The non-radiative relaxation of high energy dipoles, or high energy

intermediate transition states in general, needs to be suppressed as well in the latter,

leading to a “hot” (broadband) distribution of excited entities in a thermal-equilibrium

(open-circuit) state. This principle is also valid for the down-conversion (quantum-cutting

effect [17, 21, 106]) and multiple exciton generation (MEG) [27, 107, 108]. The unique

feature of these cases is that carriers/photons are extracted on a lower energy level so

that the electrochemical equilibrium of the system shifts toward particle multiplication in

a steady state. Therefore, the carrier hot-luminescence phenomenon can be understood

thermodynamically as a general spectrum up/down conversions. The study outcomes of

OHCSC can also be used in the general optically-integrated spectrum conversion system.

There are three further considerations:

First, the above consideration addresses the similarities between the hot carrier and

up/down conversions only in steady state thermodynamics, rather than indicating that

hot carriers are the required physical mechanism in both cases. It emphasizes the value

of comparing them to each other in research methodologies and outcomes especially for

the OHCSC. For example, virtual transitions that are usually involved in the up/down

conversion is a different mechanism to that in conventional hot carrier dynamics. However,

no essential difference exists in their thermodynamic descriptions when in an equilibrium

steady state, where the Bose-Einstein statistics can apply to both cases to characterize

broadband carrier pairs or photons. Such a description has widely been used in previous

analyses [8, 13, 29, 109–111]. Even in a non-equilibrium steady state, the difference in

their transient mechanism may vary the final distribution functions in general, however,

their steady state operations still have similar properties.

Second, it is noted that researchers analyze the up/down-conversion process by assign-
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ing an ambient temperature to the dipole population usually on all energy levels, such

as 300 K, to distinguish from the conventional hot carrier dynamics. However, it must

be accompanied with non-uniform chemical potentials among these levels at the same

time to enable the spectrum conversion [13, 14, 112], which still corresponds to a “hot”

(broader) carrier population eventually. In fact, there is an arbitrary assignment of the

chemical potential and ensemble-averaged temperature to describe the same carrier occu-

pation probability on each energy level in thermodynamics, at least in the mathematical

description [113].

Third, conventional up/down-converters have discrete energy levels typically and there-

fore step-like conversion yield respect to the photon energy. Instead, continuous band

structure and output spectrum usually exist in the hot carrier scenario [8, 29, 34], where

carrier up/down transitions can occur at the same time and multiple-carrier scattering is

allowed in principle. Such a continuous conversion has already been observed in the MEG

process [107, 114]. It will not cause essential thermodynamic differences of the OHCSC

to the general spectrum conversion systems.

Apart from the above considerations, the OHCSC also emphasizes the strong optical

enhancement with a narrow bandwidth energy selection to conduct the carrier lumin-

escence, which is known as the OESC. The optical enhancement increases the photon

transfer rate and therefore improve the yield of the carrier hot-luminescence; on the other

hand, energy selection by photonic engineering is necessary to reduce the carrier thermal-

ization losses in the secondary PV cell with a matched bandgap. It is noted that such an

energy selection can be imposed by the discrete optoelectronic energy levels in a spectrum

converter usually. With a deep photonic engineering, the OESC introduces a significant

mutual coupling between the hot carrier absorber (spectrum converter) and the PV cell.

It leads to a series of unique device operating characteristics which will be discussed in

the following thesis.

3.2 A practical condition in efficiency enhancement

With the general understanding of the OHCSC and spectrum conversion above, this sec-

tion will discuss the requirements to achieve efficiency improvement in a practical situation.

Different to the limit efficiency widely being discussed in previous studies, this section ad-

dresses the general efficiency enhancement condition with a fixed solar cell (same bandgap)

when adding an extra spectrum converters.
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Throughout the thesis, a traditional semiconductor solar cell based on an ideal charge

separation mechanism is considered, referred to as the PV cell or PV component here-

after. The electrical properties of the cell follow the standard Shockley-Queisser formula

[115] with an ideality factor of 1 and without any parasitic resistances. Only radiative

recombination occurs which is estimated by the generalized Planck equation [9, 13] at

room temperature Trt = 300 K and chemical potential qV , where q is the elemental charge

and V is the bias voltage. Also, without losing generality, the hot carrier absorber only

has a single continuous energy band, which supports a hot carrier population with a tem-

perature Tc >300 K inside. The physical temperature, or lattice temperature, of the hot

carrier absorber (spectrum converter) is always at 300 K. The radiation energy Q̇(X,T, µ)

and photon flux Ṅ(X,T, µ) for both the converter and PV cell in an equilibrium state are

given as [9, 13].


Ṅ(X,T, µ) =

1

4π3h̄3c2

∫ ∞
0

X (ω) h̄2ω2

[
exp

(
h̄ω − µ
kBT

)
− 1

]−1

dh̄ω

Q̇(X,T, µ) =
1

4π3h̄3c2

∫ ∞
0

X (ω) h̄3ω3

[
exp

(
h̄ω − µ
kBT

)
− 1

]−1

dh̄ω

(3.1)

Here T is the ensemble-averaged temperature of the excited entities while µ is their

chemical potential, h̄ is the reduced Planck constant, c is the speed of light in vacuum,

kB is the Boltzmann’s constant, ω is optical frequency. Since the generalized optical

étendue X(ω) = Ω · a (ω) combines both the optical étendue Ω and frequency dependent

absorptivity/emissivity a(ω) (between 0 and 1), the integral over frequency is always from

zero to infinity.

Figure 3.1 shows the general energy flows, specific instances of the planar-tandem ar-

chitecture, and the definitions of up/down conversion configuration of the OHCSC [8]. All

the energy flows are labeled in the form of “emitter-receiver” in the subscript, where the

sun, free-space, PV cell and converter are abbreviated as “s”, “f”, “p” and “c” respect-

ively1. The total input power from the sun Q̇s (Rcfs, Tsun, 0) has a blackbody spectrum

with Ts = 5760 K and chemical potential of zero. Rc is the optical concentration factor

and fs = 6.8 × 10−5 is the solid angle factor for the sun observed on the Earth’s surface

[115]. Part of Q̇s is absorbed by the PV cell directly while the converter capture other

parts. This process can be characterized by the absorptance ap(ω) of the PV cell and

ac(ω) of the converter, respectively.

Here, we consider the following five energy channels of the spectrum converter:

1For example, Q̇s-c means the transferred power flux from the sun to the converter.
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Figure 3.1: Schematic demonstration of a general spectrum conversion system. (a) General energy flow
diagram of an OHCSC and also of a spectrum up/down conversion system; (b) and (c) Planar-tandem
realization of the back-side and front-side converter, respectively; (d) and (e) Definitions of the up- and
down-conversion configuration of the OHCSC respect to the photon frequency ω. The blue block denotes
the PV cell’s energy band above its bandgap ωp

g while the orange one is for the converter above the
bandgap ωc

g. According to Ref. [8], the up-converter has a smaller bandgap than that of the PV cell while
the down-converter always has the same one. The dotted lines overlaid on the converter’s energy bands
denote the distribution probability of radiative dipoles inside which quickly decreases at a higher energy.

1. Incident light from the sun Q̇s-c (Rcfsac, Ts, 0);

2. Luminescence emission to the free-space Q̇c-f (Ωcac, Tc, µc) ;

3. Luminescence absorption from the PV cell Q̇p-c (X,Trt, qV );

4. Luminescence emission to the PV cell Q̇c-p (X,Tc, µc);

5. Non-radiative relaxation of excited entities, such as thermalization Q̇th.

Particular optical étendue Ωc and absorptivity ac of the converter are considered in

Q̇c-f which could be different to their intrinsic values 2 (Ω0
c , a0

c) due to the optical influences

from the PV cell. The mutual coupling factor X in fluxes Q̇p-c and Q̇c-p can, therefore,

2when the converter stand alone
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be represented as X = a0
pa

0
cΩ in general, where all the effects from photonic engineering

are included in the same optical étendue Ω from both sides. Importantly, Q̇p-c and Q̇c-p

only occur around the bandgap of the PV cell with a narrow bandwidth, as shown in

Figure 3.1(d) and (e). The working state of the converter and the yield of the luminescence

are then determined by the energy conservation equation Eq. (3.2) in a steady state [8].

Q̇s-c (Rcfsac, Ts, 0) + Q̇p-c (X,Trt, 0)

− Q̇c-f (Ωcac, Tc, µc)− Q̇c-p (X,Tc, µc)− Q̇th = 0
(3.2)

In order to determine the conditions for increasing the overall power conversion effi-

ciency (PCE), it is necessary to emphasize again that the PV cell works conventionally

here at its intrinsic bandgap with the radiative recombination loss Q̇p-f as labeled in Fig-

ure 3.1(a). Due to an invariant total input power from the sun Q̇s(Rcfs, Ts, 0), a higher

PCE η = Q̇out/Q̇s means a larger output electrical power Q̇out from the PV cell. It must

come from a larger input photocurrent or a smaller recombination loss of the cell. Eq. (3.3)

and Eq. (3.4) list the short-circuit current density Jsc and dark saturation current density

J0 of the cell before and after applying the spectrum converter, please note the difference

in the absorptivity used in these equations.



Jsc = q
[
Ṅc-p (X,Tc, µc) + Ṅs-p (Rcfsap, Ts, 0)− Ṅp-f (Rcfsap, Trt, 0)− Ṅp-c (X,Trt, 0)

]
≈ q

[
Ṅs-p (Rcfsap, Ts, 0) + Ṅc-p (X,Tc, µc)

]
; with the converter

Jsc
′ = q

[
Ṅs-p

(
Rcfsa

0
p, Ts, 0

)
− Ṅp-f

(
Rcfsa

0
p, Trt, 0

)]
≈ q

[
Ṅs-p

(
Rcfsa

0
p, Ts, 0

)]
; w/o the converter

(3.3)


J0 = q

[
Ṅp-f (Ωpap, Trt, 0) + Ṅp-c (X,Trt, 0)

]
; with the converter

J0
′ = q

[
Ṅp-f

(
Ωpa

0
p, Trt, 0

)]
; w/o the converter

(3.4)

Since an effective optical coupling between the cell and converter is imposed by the

OESC, typically the flux Ṅp-c (X,Trt, 0), that is the recombination luminescence from

the cell to the converter, will be a nontrivial number in Eq. (3.4) above. Therefore, it

is reasonable to predict a similar or even larger J0 when the converter presents nearby,

although the emissivity ap and a0
p may be different in both cases. Then, a preliminary

condition of PCE improvement for an OHCSC should be a larger short-circuit current of
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the cell.

Jsc > Jsc
′ (3.5)

Further discussion of Eq. (3.5) follows: First, this condition is defined at the short-

circuit condition (V = 0) of the solar cell rather than the open-circuit condition usually

used in the thermal-equilibrium analysis, like that of Ruppel and Würfel’s method [111,

116] to predict the limit efficiency of the device. It is the minimum necessary criteria to

have a better device performance; therefore it is more instructive in a practical device

design. Second, this condition could be applied to all the spectrum conversion systems

and in both the up/down-conversion configurations in Figure 3.1, since it is derived from

the general operating principle of a conventional solar cell. This condition also implies

the importance and necessity of photon management in an optically-integrated spectrum

conversion system. Of course, as identified by Eq. (3.4), the dark saturation current of the

cell may also increase significantly by the OESC, therefore Eq. (3.5) is a necessary but not

sufficient condition to ensure a larger PCE. The detailed variations of the output voltage

and overall efficiency will be discussed later.

3.3 Photonic engineering in spectrum conversion system

The significance of photonic engineering in a spectrum conversion system will be examined

in this section. It will show that in some cases the photonic enhancement is the only

method to satisfy Eq. (3.5) which also allows a more flexible design of the spectrum

conversion system in other situations.

Photon management in the spectrum conversion has been addressed before by Trupke

et al. [13], where high index materials were suggested to prevent the luminescence escaping

to the outer space. With the recent progress in nano-optics, photonic engineering could

further benefit the spectrum conversion system in the following aspects: 1) increasing the

transfer rate of optical energy; 2) increasing the internal quantum yield of the spectrum

conversion; 3) enforcing a quasi-monochromatic coupling of the luminescence at the desired

energy level.

The first benefit above comes from increased emissivity and absorptivity of both the

luminescent converter and the PV cell respectively, which typically relates to the enhance-

ment of electromagnetic fields in the structures. The second aspect refers to the fact
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that multiple carrier transitions happen simultaneously in the converter, the luminescence

yield is therefore determined by the radiation rate of excited entities compared to other

non-radiative processes [59, 117–119]. In the OHCSC, the dominate non-radiative loss

mechanism is carrier thermalizations occurring in several hundred to thousand picoseconds

typically. Optical energy selection replies on the photonic resonance. In the perspective

of Eq. (3.5), a monochromatic coupling close to the band edge of the PV cell allows the

maximum photon multiplication in an ideal case. It therefore results in the maximum

photocurrent increase in principle since the photon transfer occurs at the lowest available

energy.

A series of numerical examples are given below to illustrate the influence of photonic

engineering in the OHCSC. For simplicity, a planar geometry of both the PV cell and

hot carrier spectrum converter are used here with a maximum optical étendue of π into a

hemisphere as shown in Figure 3.1(b) and (c).

The device performance is estimated using the standard detailed-balance model in the

following discussions. Only the thermal equilibrium state under a 1-sun condition, Rc = 1,

is considered here unless otherwise specified. The yield of carrier hot-luminescence is de-

termined by solving the hot carrier temperature Tc from the energy conservation equation

Eq. (3.2), where the non-radiative spectrum losses or the thermalization of hot carriers is

ignored (Q̇th = 0). A zero chemical potential is always kept inside the converter, which

corresponds to an ultrafast AI process occurring in a semiconductor material and max-

imizes the freedom of carrier conversions [7, 8]. Section 5 will show that this assumption

is also compatible to the thermodynamic directionality to drive a spontaneous spectrum

conversion.

The intrinsic absorptivity a0
p/c (ω) of both the PV cell and spectrum converter have

a Heaviside step-like profile below and above their bandgap frequencies ωp
g and ωc

g re-

spectively, as shown in Figure 3.1(d) and (e). The uniform above-bandgap absorptance

has a value of 1 or 0.5 in these components, representing an ideally full absorption and a

semi-transparent device respectively. The semi-transparent situation is much common in

practice, especially in a nano-structured device.

For the photon fluxes associated with the external environment, the actual absorption

and emission of the two components may be affected by the optical couplings with each

other. One of the typical examples is the mutual shading in a thick tandem structure.

Without losing generality, here use the shading effect to simulate the incident energy

partition between the PV cell and spectrum converter. In the back-side converter as
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shown in Figure 3.1(b), ap = a0
p, ac = (1 − a0

p)a0
c . Instead, ap = (1 − a0

c)a0
p, ac = a0

c

for the front-side converter in Figure 3.1(c). All detailed optical interferences and surface

reflections are ignored here. Also, no far-field radiation leaves from the back-side of the

device either emitted by the PV cell or by the spectrum converter. These assumptions

will not affect the general discussion below.

The mutual photon fluxes between the PV cell and spectrum converter is modified

by some artificial photonic effects given as Ṅ
(
X = πa0

pa
0
cF0, T, µ

)
, where F0 is a general

optical enhancement factor. The frequency of transferred luminescence is around the

bandgap energy (frequency) of the PV cell ωp
g with a bandwidth assumed to be ∆ω =

ωp
g/30. The coefficient 30 here corresponds to the lifetime and resonant intensity of the

optical mode, known as the quality factor Q, whose value is accessible by common photonic

structures without difficulty [63, 64, 67, 73]. A rectangular profile on F0 (ω), and therefore

on the mutual photon flux Ṅc-p and Ṅp-c (ω) (labeled in Figure 3.1), is assumed whose

value is larger than one only when between ωp
g ∼ ωp

g + ∆ω.
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Figure 3.2: An example of a back-side up-converter device with optical enhancement. The bandgaps of the
converter ωc

g and PV cell ωp
g are 0.7 eV and 1.1 eV respectively. The intrinsic above-bandgap absorptance

of both components is 0.5 with a step-like profile as shown in (b), while the actual absorptance of the
far-field incident light will also be affected by the mutual shading between different components as shown
in (a). Five times optical enhancement F0 is applied near the ωp

g with a bandwidth of ωp
g/30 to modify

the luminescence transfer between the PV cell and spectrum converter.

Figure 3.2 shows an optical configuration as a representative demonstration for the

above parameters. In this example, the bandgap of the PV cell and converter are ωp
g =1.1 eV

and ωc
g=0.7 eV, respectively; the intrinsic absorptance of both components are 0.5 above

their bandgaps. When placing the converter at the back-side of the PV cell, the actual

absorptance and also emissivity of the converter is 0.25 when ω > ωp
g while is still 0.5

when ωc
g < ω < ωp

g . The optical enhancement ratio F0 is five within the coupling window
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ωp
g ∼ ωp

g + ∆ω.

With the above optical configuration, the gain ratio of short-circuit current density gJ

defined as Jsc/Jsc
′ will then be examined first under different optical enhancement ratios.

The impact on the open-circuit voltage gV = Voc/Voc
′ and the overall behavior of the PCE

gη= η/η′ will also be discussed in turn. All the reference variables here with a prime sign

denote those from the PV cell when it works alone with the intrinsic absorptance a0
p (ω)

to the incident sunlight.

3.3.1 Photocurrent gain via optical energy selective contact

Figure 3.3 and Figure 3.4 show the gain ratio of short-circuit current density gJ in both an

up- and down-conversion systems with different configurations. In the up-conversion case,

the bandgap of the PV cell is fixed at ωp
g = 1.1 eV while the bandgap of converter varies in

ωc
g ∈ [0.5 eV,1.1 eV). In contrast, both of the two bandgap energies varies simultaneously

ωp
g = ωc

g ∈ [0.5 eV,1.1 eV] in the down-conversion. The energy 1.1 eV chosen here refers

to the popular bandgaps in photovoltaics, such as that of the monocrystalline silicon. The

optical enhancement ratio within the selection window is F0 ∈ [1, 5000]. The same color

bar is used in both of Figure 3.3 and Figure 3.4 to show a global comparison in different

scenarios.

In principle, the up-conversion configuration allows both the front-side and back-side

converters due to a lower bandgap energy of the converter as shown in Figure 3.1. Since

the back-side converter works more like an additional contributor to the PV cell without

introducing shading losses, it can always provide a net current gain (gJ > 1) for the cell

as shown in Figure 3.3(a) and (b). Instead, a front-side converter may reduce the overall

photon currents (gJ < 1) in three possible ways if no adequate optical enhancement

presents in Figure 3.3(c) and (d): 1) reducing the direct absorption of the PV cell to

sunlight (shading effect); 2) emission back to the air from the front-side surface (reciprocal

effect); 3) mismatch of the emission/reabsorption profiles between the converter and PV

cell due to ωp
g 6= ωc

g (escape effect). For example, on the point (ωc, F ) = (0.5, 1) in

Figure 3.3(c), gJ ≈ 9 × 10−4 with Ṅc-f/Ṅc-p equals about 4333, meaning almost all the

hot-luminescence is emitted from the top front surface and hence back to the free-space

(via Ṅc-f in Figure 3.1(a)).

The luminescence flux Ṅc-p to the cell is a product of the transfer velocity and spatial

density of photons around the extraction energy level ωp
g . A higher photon current gain is
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Figure 3.3: The gain ratio of short-circuit current density in the up-conversion configuration. (a) and
(b) back-side up-converter with intrinsic above-bandgap absorptivities of both components equal to 1 and
0.5, respectively; (c) and (d) front-side up-converter with intrinsic above-bandgap absorptivities of both
components equal to 1 and 0.5, respectively

always available by increasing the optical enhancement factor F0 according to Figure 3.3,

which elevates the transfer rate of a single photon. On the other hand, a smaller energy

difference of ωp
g − ωc

g will enlarge the up-conversion yield of hot-luminescence around

ωp
g considering a Bose-Einstein’s distribution of radiative dipoles exists above ωc

g in the

converter.

However, a larger ωc
g will reduce the available solar spectrum to the converter Q̇s-c and

therefore the ensemble-averaged carrier temperature Tc according to Eq. (3.2). It leads

to a lower yield of carrier hot-luminescence at ωp
g . The divergence in the total excitation

power also explains the lowest achievable maximum gJ shown in Figure 3.3(a) compared

to other cases, since Q̇s-c is non-zero only when ω ∈
[
ωc
g, 1.1 eV

)
in that configuration. It

strongly limits the hot carrier temperature and the dipole occupations at higher energy
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Not avaliable 

in principle

Figure 3.4: The gain ratio of short-circuit current density in the down-conversion configuration. (a) and
(b) front-side down-converter with intrinsic above-bandgap absorptivities of both components equal to 1
and 0.5, respectively; (c) back-side down-converter with intrinsic above-bandgap absorptivities of both
components equal 0.5. The back-side converter down-converter is not available in principle when the solar
cell has an ideal absorption at the front side.

levels. Therefore, receiving a larger excitation becomes the particular advantage of the

front-side converter for the OHCSC 3. Then, it has to introduce a sufficiently large optical

enhancement to realize the potential, as shown in Figure 3.3(c) and (d).

Overall, with the trade-off between the excitation power and conversion yield men-

tioned above, a maximum gJ appears around ωc
g ≈ 0.7 ∼ 0.8 eV in the four cases of

Figure 3.3 with the highest value of F0. Strictly speaking, in the front-side converter and

semi-transparent cases above, the photon (carrier) down-conversion can also contribute to

the final yield of carrier hot-luminescence since the emission frequency ωp
g may be lower

than the average frequency of the absorbed incident spectrum4. The down-conversion can

3The poor blue response of a conventional solar cell can be another advantage of the front-end converter,
however, since the ideal cell is assumed, it is not included here.

4Again, the definition of an up-converter in Ref. [8] is followed in this thesis, which simply means
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happen here due to the continuous conversion yield in the hot carrier absorber and efficient

AI process occurring reciprocally. However, it would not affect the general conclusions to

improve the conversion yield discussed above.

Quite similar effects can be seen in the down-conversion configuration as shown in

Figure 3.4. In this case, a back-side down-conversion converter is not available in principle

when ap = 1. Due to a better matching between the emission and reabsorption profiles

(ωp
g = ωc

g) and typically higher Q̇s-c, the average gJ are larger than the up-conversion

configurations. The highest photon current gain still appears in the front-side converter,

reaching about 3.46 as shown in 3.3(b). It is important to emphasize that the results in

Figure 3.3 are irrelevant to the PCE optimization over the bandgap energy ωp
g , which also

depends on the trade-off with the open-circuit voltage. Instead, it only shows whether the

precondition Eq. (3.5) is fulfilled or not. Interestingly, it is still possible to lose photon

current in a front-side down-converter if no optical enhancement exists in the internal

luminescence transfer, as shown in Figure 3.3(a) and (b). The front-side radiation escape

and insufficient conversion yield are the main reasons here.

3.3.2 Effect of frequency filter

An ideal monochromatic optical coupling requires all the transferred luminescence out

of the extraction window to be zero. As the problem faced by the electronic energy

selective contacts (ESC) [57], a rigorous energy selection is better in principle to convert

the spectrum, which however leads to a higher current resistance in turn. It, therefore,

requires an even larger F0 to compensate the optical resistance given by an ideal frequency

filter.

By modifying the non-ideal rectangular profile of a0
pa

0
cF0 in Ṅc-p and Ṅp-c from the

previous models (see Figure 3.2), Figure 5 shows the results when an ideal frequency filter

is applied into the OHCSC. A front-side spectrum converter is considered there since the

far-field radiation from the top surface makes it more sensitive to the photon losses. Here

use ωc
g = 0.7 eV, ωp

g = 1.1 eV in the up-conversion case and ωc
g = ωp

g = 0.7 eV in the

down-conversion case here as examples. The results show evident photon losses when the

ideal filter is applied and F0 is below 50, especially in the down-conversion. When F0 is

close to 5000, the gain ratio with a perfect filter does show a larger than its counterpart

but the increment is just of the order of ×10−5 in all cases.

ωc
g < ωp

g as shown in Figure 3.1.
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Figure 3.5: Effects of an ideal frequency filter around the coupling frequency. With the presence of the
ideal filter, the transfer spectrum of luminescence will be zero outside the energy range ωp

g ∼ ωp
g + ∆ω. A

front-side converter with ωc
g = 0.7 eV is used in both of the up- (ωp

g= 1.1 eV) and down-conversion (ωp
g=

0.7 eV) configurations to show the differences. Both components have ideal absorptions here (a = 1).

3.3.3 Influences on the open-circuit voltage and device efficiency

The analytical formula of Voc ≈ kBTrt/q · ln (Jsc/J0) for the PV cell can be derived from

Eq. (3.3) and Eq. (3.4), as given below


Voc ≈

kBTrt

q
· ln

[
Ṅs-p (Rcfsap, Ts, 0) + Ṅc-p

(
πa0

pa
0
cF0, Tc, 0

)
Ṅp-f (πap, Trt, 0) + Ṅp-c

(
πa0

pa
0
cF0, Trt, 0

) ] ; with the converter

Voc
′ ≈ kBTrt

q
· ln

[
Ṅs-p (Rcfs, Ts, 0)

Ṅp-f (π, Trt, 0)

]
; w/o the converter

(3.6)

Voc ≈


kBTrt

q
· ln

[
Ṅs-p (Rcfs, Ts, 0)

Ṅp-f (π, Trt, 0)

]
= Voc

′, F0 → 0

kBTrt

q
· ln

[
Ṅc-p (π, Tc, 0)

Ṅp-c (π, Trt, 0)

]
, F0 →∞

(3.7)

Since a step-like absorptance is considered in this modeling with a uniform above

bandgap value, the intrinsic absorptivity a0
p is then canceled in both the top and bottom

row of Voc
′ in Eq. (3.6). It is necessary to emphasize again that the far-field emission

only occurs at the front surface of the device in this modeling, where the emission cross-

section in a unit étendue is fully reciprocal with the absorption for far-field radiation,
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and therefore the open-circuit voltage Voc
′ is irrelative to the absorptivity a0

p. When the

converters appear, additional two fluxes Ṅc-p and Ṅp-c arise as well in the Voc.

Two limiting situations are considered first. If there is no additional optical enhance-

ment at all with F0 = 0 but only shading from the converter, the Voc is equal to Voc
′ (ap

cancels out). If there is an ultra-strong coupling with F0 →∞, Voc is then determined by

the steady state carrier temperature Tc in the spectrum converter, as shown in Eq. (3.7).

Again, the same factor a0
pa

0
cF0 is also canceled in the second case of Eq. (3.7). Since the

carrier temperature cannot be larger than Ts in general, it results in a voltage loss of the

cell gV = Voc/Voc
′ < 1. In between the above two situations, Voc is an increasing function

of F0 if Tc is invariant.

However, Tc is not a fixed number in the practical situation and is determined by

Eq. (3.2) in each specific steady state and therefore varies along with F0. Actually

that Tc will be a decreasing function of F0 as shown in Figure 3.6(a), since the car-

rier hot-luminescence emission/extraction is an “energy loss” process for the converter

which can down-shift the steady state temperature of the dipole population (red curve

in Figure 3.6(a)). As a consequence, the pseudo-Voc, evaluated by the formula Voc ≈

kBTrt/q · ln (Jsc/J0) at the short-circuit condition of the PV cell, also decreases with rising

F0 (blue curve in Figure 3.6(a)).

When the cell is working with a positive bias voltage (V > 0), the feedback electrolu-

minescence (EL) from the cell will also influence Eq. (3.2), further shifting the steady state

temperature Tc. The effect of the feedback EL may be ignored in the previous analysis

of the spectrum conversion system [110] but must be taken into account when a strong

optical coupling appears.

On the one hand, Tc will increase under a larger bias voltage (black line in Fig-

ure 3.6(b)), since the feedback EL from the PV cell is an “energy gain” process of the

converter. It, therefore, up-shifts Tc and also enlarges the transferred luminescence Ṅc-p

when pushing up the working voltage of the cell. A direct inference here is that a “voltage-

dependent open-circuit voltage” must exist in the device. This means that the actual Voc,

as well as the maximum power point (VMPP), of the PV cell is higher than the pseudo

value estimated at the short-circuit condition, since the actual input photon currents be-

come greater along with the bias voltage (Ṅc-p|V >0 > Ṅc-p|V=0, added with a constant

Ṅs-p). This phenomenon is presented in Figure 6(a), where the blue dashed line and blue

solid line are the pseudo and actual gain ratios of open-circuit voltage gV , respectively.

It suggests that the divergence between these two values will even increase with F0. In
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VMPP

Figure 3.6: Carrier temperature and working voltage in a back-side up-converter. The bandgap of converter
and PV cell are 0.7 eV and 1.1 eV respectively. The intrinsic above-bandgap absorptance is 1 in both
components. (a) Steady hot carrier temperature Tc, with V = 0, gain ratio of the short-circuit current
density gJ , gain ratio of the open-circuit voltage gV under different optical enhancement ratios. The pseudo
open-circuit voltage is that estimated at the short-circuit condition, which is different to the actual values
of the cell. (b) Black line: Steady hot carrier temperature Tc solved under different bias voltages V of
the PV cell with a fixed F0 = 200 (Tc v.s. V @ F0 = 200); Red line: Steady hot carrier temperature
Tc solved at the maximum power point (Vmpp) of the PV cell with different F0 (Tc v.s. V @ Vmpp). (c)
The complete J-V and P-V curves of the device under different optical enhancement ratios. The major
variation mechanisms of the J-V property are labeled as: 1) Optical enhancement increases Jsc; 2) “Voltage
dependent open-circuit voltage”; 3) Tc decrease along with larger F0.

the view of cell operations, this phenomenon comes from the fact that a good spectrum

converter without non-radiative losses (Q̇th → 0) could restore parts of the EL back to the

cell, especially when the internal luminescence transfer is more efficient than the outgoing

radiation (F0 � 1, Ṅc-p � Ṅc-s ). As a consequence, it quenches the far-field radiative

recombination losses of the PV cell effectively and elevates the Voc. Importantly, Eq. (3.6)

is still valid here to calculate the actual Voc if a correct Tc is used in the formula.
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On the other hand, the carrier temperature Tc and also the luminescence flux Ṅc-p(Tc)

at the maximum power point (VMPP ) are still (almost always) reducing versus F0 (red

curve in Figure 6(b)). Therefore, a similar decreasing tendency also exists for the real

characteristic voltages (Voc,VMPP) of the cell, like that of the pseudo-Voc discussed above.

It is confirmed in the complete J-V and P-V curves in Figure 3.6(c).

In summary, the characteristic voltages and also the electrical power of the PV cell

show a complex variation dependence on different mechanisms. Figure 6(c) labels the

major three mechanisms have been discussed above: 1) Optical enhancement increases

Jsc; 2) “Voltage dependent open-circuit voltage”; 3) Tc decreases along with larger F0.

These observations also suggest the essential aspect of Eq. (3.5) that is the conversion

yield of hot-luminescence current determines the actual performance of the device, whose

intensity is also tunable using photonic engineering.

As a corollary to the above observations, in a rigorous consideration, it is possible to

gain a final efficiency enhancement in the device even if the condition of Eq. (3.5) is not

met at V = 0, since the phenomenon of “voltage-dependent open-circuit voltage” can still

push the VMPP up a little bit. However, such a critical situation has almost no practical

significance. Therefore, we still conclude that Eq. (3.5) is a prerequisite for obtaining PCE

enhancements in practice.
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Figure 3.7: Representative PCE enhancement gη ratio evaluated from two legendary configurations: (a)
back-side up-converter. The bandgap of the converter and PV cell are 0.7 eV and 1.1 eV respectively;
(b) front-side down-converter. The bandgaps of both the converter and PV cell are 0.7 eV. The intrinsic
above-bandgap absorptance is 0.5 in both components and all cases.

With this understanding above, the overall PCE enhancement ratios gη = η/η′ are

given below in two representative situations (compared to the regular detailed-balance
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results η′ with the same bandgap and optical concentration Rc). Two specific configur-

ations are presented here, a back-side up-converter with ωc
g = 0.7 eV and ωp

g = 1.1 eV

and a front-side down-converter with ωc
g = ωp

g = 0.7 eV. An intrinsic above-bandgap ab-

sorptance of 0.5 applies to all components. In particular, the effect of an ideal frequency

filter is also given in the 5000-suns case, where an inadequate gη is observed again when

the F0 is below about 50 times.

3.4 Understanding luminescence transfer

The basis of luminescence emission and the methodology of optical enhancement will be

discussed in this section. It summarizes the typical strategies and design principles of

luminescence management.

3.4.1 Internal luminescence and light extraction

In a thermal-equilibrium state, the photoluminescence (PL) flux of semiconductors is given

by the van Roosbroek–Shockley relation as shown below

Q̇PL (ω) = α (ω)
ω2n3

c

π2c3
· fph ·

c

nc
· h̄ω (3.8)

In the above equation, the first term α (ω) is the photon emissivity. It is the absorption

coefficient of the material when discussing the local PL density inside the material while

becomes the integrated absorptance a (ω) over the whole emitter in a collective emission

scenario [120]. The second term is the local density of optical states (LDOS) of the con-

verter with a refractive index of nc. To simplify the discussion, the anisotropy of the

photonic environment is ignored here. The third term fph is the photon occupation func-

tion while the fourth term above is the photon propagation speed inside the medium. The

corresponding far-field luminescence needs to consider an additional extraction efficiency

ηext, which bridges the divergence of the LDOS between the luminescence emitter and the

propagation medium [115]. For a thick planar geometry, the ηext can be approximated as

n2
m/4n

2
c which is just the reciprocal of the Yablonovitch limit of light trapping [121, 122]

when the refractive index of the outer medium is nm. Therefore, the far-field PL flux is

Q̇PL (ω) · ηext = a (ω) · ω
2n2

m

4π2c2
· fph · h̄ω [dω]

= a (ω) ·
2πn2

mε
2
ph

h3c2
· fph · εph [dεph]

(3.9)
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The above equation recovers the Eq. (3.1) in a planar geometry, where εph is the single

photon energy.

3.4.2 Increasing the luminescence transfer rate by photonic engineering

According to Eq. (3.9), the transfer rate of luminescence through a photonic environment

depends on both the LDOS and coupling efficiency.

In the far-field coupling configuration as shown in Figure. 3.8(a), the PL intensity

can typically be increased by using a coupling layer and antenna system. Nano-photonics

allows a deeper engineering on the local electric fields. As a consequence, the transition

period of radiative dipoles can also become shorter, which therefore increases the quantum

yield of the emitter substantially. Therefore, the overall luminescence leaving a spectrum

converter to the far-field can be written as

Q̇c-p | far(ω) = Ff
ω2n2

m

4π2c2
· fph · h̄ω (3.10)

, where factor Ff includes additional optical benefits from both the coupling efficiency

and photon yield enhancement. The intrinsic emissivity of the converter and also the

absorptivity of the PV cell are assigned as one.

ph LDOS

L

PV CellConverter

PLfar-fieldPLinternal

ηext

Medium

PV CellConverter
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b

Figure 3.8: Luminescence transfer in (a) far-field coupling via propagating mode, ηext is the luminescence
extraction efficiency; (b) near-field coupling via localized mode, the local absorption of the PV cell depends
on the photon occupation function fph and the LDOS of the cell within a mode penetration length L.

It is noted that the outgoing coupling efficiency of propagating modes can never be

greater than 1. Besides, the local field enhancement conflicts with a larger far-field radi-

ation efficiency in principle. Hence, near-field reabsorption can better utilize the enlarged
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LDOS in the structure in principle. Let’s consider such an instance, where the lumines-

cence emitter and PV cell are coupled by the same cavity resonant mode in the near-field

as shown in Figure 3.8(b). Then the localized evanescent field is able to penetrate directly

into the PV cell and deliver electromagnetic power. By assuming the intrinsic emissivity

equal to one, the transferred optical power in an equilibrium state can be approximated

as [123]

Q̇c-p |near(ω) = Fn

ω2n3
p

π2c3
· fph · h̄ω · ω · εp

′′ (ω) · L (3.11)

In the above equation, Fn
ω2n3

p

π2c3
is the LDOS of the PV cell (refractive index np) mod-

ulated by the cavity mode with an enhancement factor Fn, fph is the photon occupation

function determined by the emitter, ω · εp
′′ (ω) is known as the optical conductivity of the

material where εp
′′ (ω) is the imaginary part of the PV cell’s dielectric function. A field

penetration depth L into the PV cell is added in Eq. (3.11) to convert the photon density

into a flux which is determined by the optical mode and photonic structure.

A very general comparison between the far- and near-field luminescence transfers is

given below. Supposing all the far-field radiation Q̇c-p | far could be reabsorbed by a thick

PV cell via air, while all the local fields Q̇c-p |near are absorbed within its penetration

length, the ratio between the far- and near-field optical power will be

Q̇c-p |near(ω)

Q̇c-p |far(ω)
=
Fn

Ff
·
[
8πn2

p · εp
′′ (ω) · npL

λ

]
(3.12)

In the above equation, the factor npL/λ is approximated to be the normalized expan-

sion length of the resonant mode inside the PV cell. For the present resonant cavities in

nano-optics, a typical mode volume is around 0.1(λ/n)3 in the dielectric photonic cav-

ities [63, 67, 124] and 0.001(λ/n)3 in the plasmonic cavities [71, 125, 126], leading to

L ≈ 0.3 (λ/n) on average. If it is further supposed that a typical PV cell has a refractive

index 3.5 and band edge εp
′′ around 0.1, then the factor 8πn2

p ·εp
′′ (ω)· npL

λ in Eq. (3.12) can

reach to about 9.2. It means that the far-field enhancement factor Ff has to be around 10

times of the Fn to transfer the same amount of optical energy, providing the propagating

modes could be fully absorbed within a device length of npL/λ.

In practices, the far-field coupling requires a sufficiently large optical thickness of the

PV cell to absorb the luminescence near the bandgap entirely. It, therefore, shows obvious

disadvantage on the nano-structured solar cell. Instead, the near-field coupling scheme

introduces field localization in principle, which is typically comparable or even smaller
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than the nano-size of the device. Hence, it can maximize the luminescence collection

efficiency in a natural way. Of course, the near-field coupling scheme also has systematic

energy losses during the luminescence transfer. Typical examples include the inevitable

radiation escaping to the far-field and parasitic absorption by the photonic structures.

These effects will be discussed in detail in Chapter 5.

3.5 Thermodynamic limit of spectrum conversion

All the above discussions have addressed the influence of the optical enhancement to a

spectrum conversion system, which increases the coupling efficiency of the electromagnetic

energy. It is based on a precondition that the spectrum conversion occurs spontaneously

and continuously inside the spectrum. This section discusses the thermodynamic require-

ment of spectrum conversion.

Apart from a sufficiently long non-radiative relaxation lifetime of the excited entities, a

non-equilibrium carrier population must also be kept in the material to force a spontaneous

conversion process which is asked by the second low of thermodynamics [112]. This non-

equilibrium distribution requires

µ(ω) ≥ µ0
ω

ω0

fph(ω;Tc, µ) ≥
[(
fph(ω0;Tc, µ0)−1 + 1

)ω/ω0

− 1

]−1 (3.13)

, where µ(ω) is the chemical potential of photons at frequency ω while ω0 is the coupling

frequency, Tc is the photon temperature in the converter, fph is the photon occupation

function. Such a thermodynamic directionality makes a further limitation on the power

conversion efficiency of the device. However, it will not affect the design principle of the

photonic engineering to maximize the transfer rate of optical energy. In the previous

sections, the chemical potential of dipoles inside the converter is assumed to be zero

(µ(ω) = 0) which is recognized as a critical condition to fulfill Eq. (3.13) for an arbitrary ω0.

Complicated relaxation processes among different carrier scattering mechanisms have to be

considered to understand the device performance in a non-equilibrium steady state, such

as using the relaxation-time approximation (RTA) model discussed in the next chapter

where the impact of carrier thermalization losses will also be fully addressed.
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3.6 Conclusion

In this chapter, the general working principles of the optical hot carrier solar cell are dis-

cussed from a thermodynamic perspective. Exporting the carrier hot-luminescence at an

arbitrary energy level to pump a conventional solar cell is recognized as a general represent-

ation of spectrum conversion processes both phenomenologically and thermodynamically.

The gain of photon currents is then recognized as a general and minimum precondition to

improving the PCE of the device, in both of the up- and down-conversion configurations. It

hence requires photonic engineering to increase the luminescence transfer efficiency around

the coupling frequencies, where the localized near-field coupling shows a greater poten-

tial. On the other hand, the output voltage and device efficiency are strongly affected by

the thermodynamic state and conversion yield of the converter, where the feedback EL

from the PV cell shows a significant impact in the deep coupling scenario. It results in

a complex dependence of the device performance on both the optical enhancement ratio

and also the working voltage itself known as the “voltage-dependent open-circuit voltage”.

Importantly, all the above conclusions are also applicable to the conventional spectrum

converters with photonic modifications.
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Chapter 4

Investigation of Hot-luminescence

Conversion using Relaxation-Time

Approximation Model

This chapter further investigates the design and working principles of the optical hot

carrier solar cell (OHCSC) using the relaxation-time approximation (RTA). By assigning

practical relaxation lifetimes of carrier scattering, the RTA addresses the non-equilibrium

steady state of the converter and takes the thermalization losses fully into account. It,

therefore, can predict a more reasonable device performance and avoid the limitation

imposed by the requirement of thermal-equilibrium added in the conventional detailed-

balance model. This chapter is organized as follows. Section 4.1 shows the necessity and

advantages of using the RTA model. Section 4.2 introduces the theoretical framework of

the RTA modeling. A down-conversion system is systematically investigated in Section 4.3

as a numerical example. More detailed discussions and comments to understand the RTA

model and the device design principle are given in Section 4.4. It compares the practical

device performance and those ideal cases discussed in Chapter 3 to depict a comprehensive

understanding of the OHCSC.

4.1 Introduction

The thermal-equilibrium of a carrier population is one of the classic approximations used

in the photovoltaic analyses, especially in the estimation of limit efficiency [111, 116].

However, this approximation is rigorously exact only when the solar cell is in the open-
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circuit condition with negligible non-radiative recombination. For a conventional solar

cell under an arbitrary bias voltage V , the equilibrium approximation is still solid since

the carrier population has quickly relaxed to the band edge at the ambient temperature

(300 K) and background electrical potential (V ) within picoseconds. Fast elastic carrier-

carrier scatterings also renormalize the carrier population continuously to the equilibrium

distribution.

However, this approximation becomes questionable in the hot carrier scenario, espe-

cially when the non-radiative thermalization losses needs to be well considered. When the

carrier cooling rate becomes slow and the luminescence transfer rate is enlarged, there has

room for competition between multiple carrier dynamics. Hence, the final steady state of

the carrier population could be strongly non-equilibrium, as suggested by Feng et al. [34].

As a consequence, electrons and holes may not follow the Fermi-Dirac distributions in the

material so does the luminescence bias away from the Boss-Einstein statistics.

Also, the yield of carrier hot-luminescence heavily relies on the actual thermal-state of

hot carriers in the converter, as concluded in the last chapter. When photonic engineer-

ing is applied along with the optical energy selective contact (OESC), significant optical

enhancements will perturb the carrier population further. Therefore, recognizing the non-

equilibrium steady state of the converter becomes vital to predict the device performance

more accurately.

This chapter uses the RTA model [34] with experimentally available material para-

meters to examine the device performance. In the RTA model, we consider a particular

distribution of charge carriers in the converter. The carrier dynamics caused by each

mechanism is represented by a simple relaxation process to push the carrier gas towards

to the corresponding thermal-equilibrium state. The final steady state is then determined

by mutual competition between different evolution channels as they occur in practice. It,

therefore, suggests practical working principles and design requirements of the OHCSC.

4.2 Relaxation-time-approximation model

The modeling procedure of the RTA centers on the evaluation of carrier distributions in

the spectrum converter n(εe, t), p(εh, t), defined by energy states εe, εh and time delay t.

Symbol n and p are the volume densities of electrons and holes respectively, while εe, εh are

their electronic energy levels above each band edge. A non-equilibrium carrier distribution

will naturally relax to a corresponding equilibrium state within a finite period after the
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Figure 4.1: Schematic illustration of multiple carrier evolution mechanisms in the optical hot carrier solar
cell. Ṅs-c and Ṅc-f denote the photon fluxes between the hot carrier converter and the external environment,
while Ṅs-p and Ṅp-f are the external fluxes of the photovoltaic (PV) cell. Ṅp-c and Ṅc-p are the internal
photon fluxes between the converter and PVs cell through an OESC structure. The final steady state
and operating condition of the system are determined by real-time competitions between all these carrier
dynamical processes in the converter.

perturbation disappears, as required by the second law of thermodynamics. Therefore, the

dynamic variations of carrier population ∆n(ε, t) caused by a particular mechanism “x”

can be approximated by an exponential relaxation process characterized by a lifetime τx.

The total evolution rate of electrons in the converter dn(εe, t)/dt can then be represented

as

dn(εe, t)

dt
=− n(εe, t)− neq ee(εe)

τee
−
n(εe, t)− neq eh(εe)

τeh

−
n(εe, t)− neq th(εe)

τth
− n(εe, t)− neq ai(εe)

τai

+
Ṅs-c(εe)− Ṅc-f(εe, t)

d
+
Ṅp-c(εe)− Ṅc-p(εe, t)

d

(4.1)

All the considered carrier dynamics in Eq. (4.1) are labeled in Figure 4.1. A similar

equation also holds for the holes’ distribution p(εh, t) in the converter. Detailed explana-

tions of Eq. (4.1) are given in the following subsections.

4.2.1 Relaxation approximation of carrier scattering

The first four terms on the right-hand-side (RHS) of Eq. (4.1) are the relaxation terms

caused by carrier scatterings including: 1) elastic electron-electron scattering; 2) elastic
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electron-hole scattering; 3) thermalization and 4) Auger-recombination/Impact-ionization

(AI).

In those terms, n(εe, t) is the real-time electron density at energy εe which is compared

with the equilibrium distributions neq x(εe) resulting from each relaxation process. The

subscript “x” here is written as “ee”, “eh”, “th” and “ai” in Eq. (4.1) to represent the above

four kinds of carrier scattering respectively. The evolution rates of carrier density are then

defined with the corresponding relaxation lifetimes τee, τeh, τth, τai of each mechanism.

In particular, the non-radiative carrier recombination is ignored here whose lifetime is

typically much longer than that of the carrier scatterings considered here (see below) in a

good spectrum converter.

The same methods used in Ref. [34] give those thermal-equilibrium distributions neq x(εe)

from an arbitrary non-equilibrium state. For example, elastic electron-electron scattering

will conserve both the total carrier energy and carrier number before and after the re-

laxation. These two equations can calculate the ensemble-averaged carrier temperature

and the chemical potential for the corresponding equilibrium state, where carriers will

follow a rigorous Fermi-Dirac distribution (two equations, two variables). Instead, carrier

thermalization will only conserve the carrier number which gives the equilibrium chemical

potential at 300 K. The AI process, including both the forward multiplication and reverse

fusion, uses a single relaxation time τai. The overall effect of these two reciprocal processes

in thermodynamics drives the electrochemical potential of electron-hole pairs towards zero

[7].

4.2.2 Optical interaction with surroundings

The last two terms at the RHS of Eq. (4.1) are the photon fluxes Ṅ associated with the

spectrum converter. These fluxes are in the same symbolic system defined in Chapter 3, in

which the subscript labels the direction in the way of “emitter-receiver” and “s”,“f”,“p”,“c”

are shorthands for the sun, free-space, PV cell, and converter, respectively. With the

notations used here, the fifth term in Eq. (4.1) is the net photon flux exchanged with the

external environment at εe while the final term is the net photon flux being exchanged

with the PV cell. In particular, Ṅp-c is the feedback electroluminescence (EL) from the

PV cell, which is recognized to have significant impacts on the conversion process from

the last chapter. The extra factor d in the denominator is the thickness of the converter,

which converts the photon flux to the carrier density in a slab geometry. In details, these
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photon fluxes are written as

Ṅs-c(εe) =
2Xs-c

h3c2

ε2ph

exp [εph/kBTs]− 1
(4.2)

Ṅc-f(εe) =
2Xc-f

h3c2

ε2ph

[ρe(εe)/n(εe)− 1] [ρh(εh)/p(εh)− 1]
(4.3)

Ṅp-c(εe) = F0(εph) · 2X0

h3c2

ε2ph

exp [(εph − qV ) /kBTrt]− 1
(4.4)

Ṅc-p(εe) = F0(εph) · 2X0

h3c2

ε2ph

[ρe(εe)/n(εe)− 1] [ρh(εh)/p(εh)− 1]
(4.5)

 εh = m*
e/m

*
h · εe

εph = Ec
g + εe + εh

(4.6)

In particular, Eq. (4.2) ∼ Eq. (4.5) are defined by the electron energy level above

the band edge, εe. The correspondence between the electron energy εe, hole energy εh

and photon energy εph are given in Eq. (4.6), where Ec
g is the bandgap energy of the

converter material. A parabolic band structure characterized by the electron and hole

effective masses (m∗e ,m∗h) is used here, and only the direct optical transition is considered.

The symbol Xs-c and Xc-f above are the generalized étendues 1 between the sun (“s”) and

converter (“c”), while X0 is the same generalized mutual étendue between the converter

and PV cell. Since the generalized étendue includes collective absorptivity/emissivity of

the component, therefore it also contains the information about the converter’s bandgap

Ec
g. Function F0 above introduces the effect of photonic engineering. It is written as a

multiple of the far-field radiation spectrum with a particular frequency dependent profile,

like that defined in Chapter 3.

Instead of the standard Bose-Einstein factor used in Eq. (4.2) and Eq. (4.4), a general-

ized dipole occupation function {[ρe(εe)/n(εe)− 1] [ρh(εh)/p(εh)− 1]}−1 is used in Eq. (4.3)

and Eq. (4.5) to describe the non-equilibrium luminescence from the converter [120], where

ρe(εe,m
∗
e) and ρh(εh,m

∗
h) are the density of states for electrons and holes respectively es-

timated by the well-known parabolic dispersion relationship.

1Defined in Chapter 3
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4.2.3 Estimation of device performance

The PV cell works normally on its intrinsic band edge at 300 K, where the regular detailed-

balance framework examines the operation property. The solar spectrum absorbed directly

by the PV cell and its EL returning to the free-space are given in Eq. (4.7) and Eq. (4.8),

respectively.

Ṅs-p(εph) =
2Xs-p

h3c2

ε2ph

exp [εph/kBTs]− 1
(4.7)

Ṅp-f(εph) =
2Xp-f

h3c2

ε2ph

exp [(εph − qV )/kBTrt]− 1
(4.8)

The total photocurrent also includes those exchanged with the spectrum converter.

By running integrals on the photon energy from zero to infinity, the power conversion

efficiency (PCE) of the device is then estimated by Eq. (4.9) in a steady state.

η =
qV · (Ṅs-p + Ṅc-p − Ṅp-c − Ṅp-f)

Ptotal
(4.9)

4.3 A case study for a down-conversion system

It is of interest to explore the down-conversion configuration further (see Figure 3.1 and

Ref. [8]), where the absorber and PV cell share the same bandgap Ec
g . An ultra-high

conversion efficiency has been predicted for this configuration [8], due to a higher ability

to enforce photon multiplication as indicated in the last chapter.

Carrier multiplication relies on impact ionization in semiconductor materials. However,

inevitably thermalization losses will reduce the amount of available energy for the down-

conversion in a practical situation. The reciprocal Auger recombination will also consume

newly created carriers at the band edge that might become photons flowing to the PV

cell, which happens if the carrier extraction rate is not efficient. Hence, the actual working

condition of the converter depends on the competition between carrier thermalization, AI

and luminescence transfer (optical extraction).

4.3.1 Device model configuration

In this example, the legendary front-side down-converter with an ideal planar geometry

(see Figure. 3.1) used in Ref. [8] and Chapter 3 will be investigated again. Similar to
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the Chapter 3, the details of photonic engineering are ignored here to focus on the car-

rier dynamics revealed by the RTA model. The detailed photonic environment will be

discussed in the next chapter. Consequently, a rectangular window function with partic-

ular amplitude and position will be used to describe the optical enhancement imposed

by the OESC. Also, both the hot carrier converter and PV cell have an ideal absorptiv-

ity/emissivity with a step-like profile, the same one used before. In this configuration, the

front converter will absorb all the incident sunlight (Ṅs-p = 0) and then emit carrier hot-

luminescence to pump the back-side PV cell with a matched bandgap [8]. The thickness

of the spectrum converter d is assumed to be 50 nm, a typical number used in previous

work on hot carrier solar cells [32, 34, 57]. The optical concentration ratio to the incident

sunlight Rc is set to 1000 times to ensure sufficient amount of hot carrier excitations when

thermalization losses exist [29]. All the optical configurations of the system relating to

Eq. (4.2) to Eq. (4.7) are summarized in Table 4.1.

Table 4.1: Generalized optical étendues X and other optical parameters in the front-side down-conversion
system with a planar geometry

Name Sun to converter Sun to cell Cell to converter

Symbol Xs-c Xs-p X0

Values Rcfs 0 π

Name Converter to free-space Cell to free-space Converter to cell

Symbol Xc-f Xp-f X0

Values π 0 π

Name Concentration ratio Converter thickness
[32, 34, 57]

Symbol Rc d
Values 1000 50 nm

The optical enhancement factor F0(εph) in Eq. (4.4) and Eq. (4.5) owns an ideal fre-

quency filter, as shown in Eq. (4.10). The bandwidth of the extraction window is 0.02 eV

(corresponding to a quality factor around 30 in the following modelings). To make a good

comparison with the result in Ref. [8] and also be compatible with the previous chapter,

the optical enhancement factor is further specified as a product based on the material’s

permittivity n2
r , where nr = 3.5 is the refractive index of the PV cell. This value of nr is

close to that of both the silicon and GaAs among the interested frequencies below.

F0(εph) =

 Fn2
r , E

c
g < εph < Ec

g + 0.02eV

0 , otherwise
(4.10)
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The electronic parameters are given in Table 4.2. The bandgap of the hot carrier

absorber is tuned from 0.4 eV to 1 eV in the modeling. The effective masses of electron

(m∗e) and hole (m∗h) are constant at 0.05m0 and 0.5m0 respectively (m0 is the electron rest

mass). These bandgaps and effective masses are similar to many of the III-V hot carrier

absorber materials that potentially could be used for hot carrier absorbers [127].

Table 4.2: Electronic parameters used in the front-side down-conversion system

Name Bandgap of converter Bandgap of PV cell
Symbol Ec

g Ep
g

Values [0.4, 1] eV Same as Ec
g

Name Effective mass of electron Effective mass of hole
Symbol m∗e m∗h
Values 0.05m0 0.5m0

Name Thermalization lifetime AI lifetime
Symbol τth τai

Values 100 ps Shown as a ratio of τth/τai

Name e-e/h-h scattering coefficient [34] e-h scattering coefficient [34]
Values A = 5× 10−19 kg s/m3 B = 5× 1012 s/m3

The hot carrier thermalization lifetime τth for both the electron and hole is assumed

to be 100 ps first unless otherwise specified, which is a typical number chosen for elec-

tronic hot carrier solar cells in the literature [29, 30, 32, 56]. The AI relaxation time

τai is given as a ratio to τth to reflect the competition between carrier multiplication and

thermalization. The highest rate of AI process that will be considered is 200 fs which is a

typical timescale for the multiple exciton generation (MEG) process in nano-materials [27,

128–130]. The density dependent elastic mutual scatterings of charge carriers (e-e, h-h,

e-h) are considered to be moderate in the material [34], whose relaxation is determined by

scattering coefficients via τee = A/m∗en, τhh = A/m∗hn, and τeh = B/n, n is the density of

electrons(holes). All these electronic parameters are also summarized in Table 4.2

The modeling is then initialized with an equilibrium carrier distribution in the hot

carrier converter at 300 K. The steady carrier distributions are then solved according to

Eq. (4.1).

4.3.2 Conversion efficiency and photon gain

The conversion efficiency as a function of the converter’s (PV cell’s) bandgap is given in

Figure 4.2. The conversion efficiency calculated in this work is much smaller than the

50



CHAPTER 4. INVESTIGATION OF HOT-LUMINESCENCE CONVERSION USING
RELAXATION-TIME APPROXIMATION MODEL

previous estimations in Ref. [8] due to multiple energy losses. Figure 4.2 clearly shows

that the conversion efficiency relies on both the efficient optical extraction and rapid AI

processes. The highest efficiency, about 29%, occurs when the bandgap Ec
g is close to

0.7 eV and both the rate of optical extraction and AI process are at their maximum used

in the modeling (F = 1000 and τth/τai = 500 respectively). The inset in Figure 4.2 shows

that the limiting conversion efficiency of the device occurs when the thermalization loss

is tending to be ideally small, and the AI relaxation time τai is fixed at 200 fs. Significant

improvements in device performances appear when the carrier thermalization time τth is

longer than nanoseconds, where an upper limit efficiency around 70% can be achieved

recovering the prediction in Ref. [8] very well.
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Figure 4.2: Overall conversion efficiency of the OHCSC under different bandgaps. F is an optical emission
enhancement factor introduced by the OESC. The carrier thermalization time τth is constant at 100 ps
while the relaxation time of AI processes τai is given as a ratio to τth. The inset shows the efficiency when
the thermalization time is sufficiently long and the AI relaxation lifetime is fixed at 200 fs. Over 60%
conversion efficiency can be achieved when the thermalization time is similar to 10 ns.

As mentioned in Chapter 3, the general precondition of efficiency enhancement in

spectrum conversion systems is an increase in the photocurrent, meaning gJ > 1. In

this down-conversion configuration with ideal absorptions, this condition simply becomes

a net gain in photon fluxes before and after the hot carrier spectrum converter (gJ ≈

Ṅc-p/Ṅs-c > 1). Figure (4.3) shows the photocurrent gain ratio gJ of this modeling under

different conditions, where the PV cell is always kept in the short-circuit condition (bias
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voltage V is 0 V).

The variation of gJ with the bandgap Ecg shows two major features in Figure (4.3).

On the one hand, with a fixed bandgap energy Ecg both the fast AI processes and effi-

cient optical extraction can enlarge the transferred photon flux from the converter to the

PV cell. In addition to competing with the radiation from the top front-side, known as

suppressing the “reciprocal losses” (see Chapter 3), larger τth/τai and F also win over the

thermalization and Auger recombination losses to some degree and improve the quantum

yield of carrier hot-luminescence. On the other hand, for a constant rate of carrier multi-

plication and optical extraction, the bandgap of the converter will modify the maximum

optical energy absorbed from the sun, leading to a higher carrier gain ratio when the

bandgap is narrower. Similar to the MEG solar cell, a narrow-bandgap material will have

a higher particle gain ratio but suffers from a smaller open-circuit voltage [131]. Therefore

an optimized efficiency appears when varying the bandgap, as shown in Figure 4.2.
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Figure 4.3: Dependence of photon gain ratio on the converter’s bandgap. With an increasing absorber
bandgap Ec

g, the net photon gain reduces and eventually becomes smaller than 1 for all configurations.

A more detailed dependence of the photon gain ratio on both the rate of carrier mul-

tiplication and optical extraction is shown in Figure 4.4. The absorber’s bandgap is set at

0.7 eV in this case.

The rate of impact ionization should be comparable with that of thermalization in
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Figure 4.4: The photon gain ratio under different emission enhancements and AI rates. The lifetime of
the AI τai process is presented as a ratio of thermalization time τth of hot carriers. The bandgap is set
at 0.7 eV and tauth is 100 ps. To get a net photon gain, the required emission enhancement F should be
larger than about 500 and the AI process should be faster than carrier cooling by about 50 times at least.

order to take full advantage of the hot carriers energy. According to Figure 4.4, the ratio

τth/τai needs to be at least about 50 to ensure gJ > 1 in this example.

In addition, an active optical enhancement is necessary to extract the carrier hot-

luminescence energy in the desired way. It is noted that carriers created by impact ioniza-

tion may be recombined via Auger recombination before a radiative recombination event.

Therefore, only with an efficient carrier extraction can the impact ionization dominate

over the Auger process in the final steady state and make the photon gain ratio larger

than 1. Otherwise, Auger recombination will cause severe particle losses cooperating with

the thermalization of high energy carriers. In this work, the required optical emission

enhancement F must be larger than about 500 times. This is a major requirement for

the design of OESC in this down-conversion device. Even when the impact ionization

is not competitive with thermalization, for example τth/τai < 50, a rapid optical extrac-

tion can also offset the energy loss amount of Auger recombination and thermalization.

In the extreme, if optical extraction continuously depletes carriers at the band edge and

carrier-carrier scattering is not quick enough to replenish them, more efficient carrier mul-

tiplication will be triggered to balance the thermal distribution of charge carriers. This
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tendency can be seen in Figure 4.4 when F approaches 2000.

4.3.3 Effect of non-ideal carrier refilling

In most of the cases, a linear dependence between the optical enhancement F and photon

gain ratio gJ does not exist due to corresponding changes in the thermal state of hot

carriers (T and µ) in each specific steady state. For example, less than a factor of 3 in

photocurrent gain is observed when F0 is varying between 1 and 5000 times in Figure 3.4

of Chapter 3. Another example is in Figure 4.3 above. When F is increased from 500

to 1000, the actual photon gain does not double but increases by a factor of 1.25 instead

with τth/τai = 500 (triangle symbols in solid-black and empty-red). Only when the carrier

occupation function is rigorously the same, is there a linear relationship between gJ and

F0.

Further non-linear factors arise when the carrier refilling rate in the extraction window

(Ec
g < εph < Ec

g + 0.02eV) is not ideal, such as the finite relaxation lifetimes τee, τhh, τeh,

τai used in this RTA model.

According to Eq. (4.3) and Eq. (4.5), we calculate the radiative recombination rate

by considering the actual distribution of charge carriers which are established by the real-

time competition between multiple dynamic processes. The increase of gJ with the factor

τth/τai in Figure 4.3 can also be understood as a result of faster refilling of band edge

states via down-conversion. These states would otherwise be depleted continuously by

the optical extraction (Ṅc-p). In turn, available photon densities in a steady state will

be reduced under a large optical extraction rate if the carrier refilling is not fast enough.

Since the actual photon emission will also affect the open-circuit voltage Voc of the PV cell,

a more complex non-linear dependence between the conversion efficiency and F appears

in Figure 4.2

It also suggests the influence of the optical concentration ratio Rc further. Apart

from the power dependent hot carrier dynamics mentioned in Ref. [29] and [8], and that

discussed in Chapter 3, a larger incident photon flux can increase the carrier density in

the converter and therefore leads to faster rates of e-e, h-h, and e-h carrier scattering in

the RTA model [34]. As a result, carrier refillings within the extraction window will be

more efficient.
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4.3.4 Operation of PV cell

By examining I-V curves of the PV cell in Figure 4.5, further insight into the impact of

carrier dynamics on the device performance become visible.

When the AI process is more rapid (i.e., a larger ratio of τth/τai), the short-circuit

current of the cell is significantly increased due to efficient carrier multiplication. However,

a decrease in the PV cell’s open-circuit voltage Voc is also evident at the same time.

It is known that the transferred carrier hot-luminescence from the converter Ṅc-p is the

only input photocurrent to the PV cell. On the other hand, the intrinsic recombination

loss of the PV cell is not changed when varying τth/τai of the converter. Therefore, drops

in the Voc must suggest a decrease in the transferred luminescence which is caused by an

enlarged particle loss in the converter.

Figure 4.5: I-V curves of the down-conversion optical hot carrier solar cell under 1000-suns. The bandgap
is 0.7 eV. Two cases with an emission enhancement factor F of (a)500 times and (b) 1000 times are
considered. Both figures show that a rapid AI process in the converter will increase the short-circuit
current of the device but decrease the open-circuit voltage due to enlarged Auger recombination losses.

In this down-conversion device, the open-circuit state occurs when the feedback EL is

equal to the input carrier hot-luminescence (i.e., Ṅp-c = Ṅc-p). In other words, the net

photon exaction via the OESC becomes zero, which therefore increases the effective dwell

time of carriers within the extraction window and also the amount of Auger recombination

and thermalization. At the same time, escape radiation from coveter’s front surface will

increase as well. From the perspective of electrochemical reaction, increasing the residence

time of band edge carriers always shifts the steady state of carrier population towards

Auger recombination. Such a phenomenon is more evident when the AI processes are
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efficient (a smaller τai), as shown in Figure 4.5. It is worth noting that Auger recombination

will not dissipate carrier energy when no thermalization occurs, like the situation discussed

in Chapter 3. As a consequence, hot-luminescence yield will increase with the bias voltage

so does the open-circuit voltage there. However, such a phenomenon of “voltage-dependent

open-circuit voltage” (see Section 3.3.3) will be weakened in practice since the energy of

feedback EL Ṅp-c will partly be dissipated in the converter via carrier thermalizations, or

non-radiative relaxations in general.

The above observations also explain another problem that appears in this particular

study, that the overall device efficiencies given in Figure 4.1 (when thermalization losses

exist) do not go beyond the corresponding single-junction limits under 1000-suns although

net gains in photocurrent have been achieved in some cases as shown in Figure 4.3. As

has been emphasized several times in Chapter 3, gJ > 1 is a necessary but not sufficient

condition to increase the PCE of the device; and the feedback EL from the PV cell is an

important factor to be considered further. The enlarged particle losses in the converter

near the open-circuit condition reduce the working voltage of the device considerably in

this example, which therefore offsets the improvement of the PCE. On the other hand,

it requires a larger optical enhancement by the OESC, a more efficient carrier refilling,

and also a lower thermalization loss to increase the input photocurrent, and therefore the

output power, of the cell.

4.4 Discussion

4.4.1 Understanding the luminescence emission in the RTA

In order to gain a better understanding, it is necessary to make further comments about

the luminescence process in the RTA model.

The luminescence fluxes from the converter are described by Eq. (4.5) and Eq. (4.3).

Although detailed parabolic electronic band structures are considered in the RTA model

which is characterized by the effective masses of carriers m∗e ,m∗h, there has no information

about the joint density of states (JDOS) or frequency dependent absorption coefficients

included in the RTA model.

Actually, a macroscopic far-field luminescence formula is still used in the RTA mod-

eling, which requires the photon occupation function fph and the local density of optical

states (LDOS) only as shown in Eq. (3.9). The electronic density of states ρe, ρh appearing

in Eq. (4.5) and Eq. (4.3) are used to calculate the fph, written as
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fph = {[ρe(εe)/n(εe)− 1] [ρh(εh)/p(εh)− 1]}−1 (4.11)

, which are irrelevant to the details of transition dynamics. Also, apart from the optical

enhancement factor F0 introduced by the photonic engineering, Eq. (4.5) and Eq. (4.3)

are based on the LDOS of free-space, read from 2X0
h3c2

. The electronic band structures

will affect the final luminescence yield only via the carrier scatterings and also the carrier

occupation functions in the steady state.

Besides, the assumed ideal absorptance with a step-like profile does not contradict with

the finite absorption coefficients associated with the detailed electronic band structures, at

least in principle, since the optical paths for the absorption could be extended to infinity

under perfect light trapping, and vice versa for the light extractions of emission. The above

information is then included in the overall absorptivity/emissivity of the component.

4.4.2 Design requirements of the OHCSC

It is interesting to compare the design requirements of OHCSC with and without the

appearance of carrier thermalization losses. The major requirements have two aspects: 1)

Fast spectrum conversion rate compared to the non-radiative losses; 2) sufficiently large

optical enhancement to extract carrier hot-luminescence in time.

The first requirement could be met by choosing proper hot carrier absorber materials

with long carrier cooling lifetime and fast impact ionization rate [10]. For the general

spectrum conversion material, such as an ion-doped matrix, this requirement corresponds

to reduction the non-radiative losses of high-energy dipoles and intermediate transition

states. On the other hand, the second requirement above needs a well-designed OESC.

According to the results in Figure 4.4, the required optical enhancement factor F is at

least 500 in the example discussed in Section 4.3. However, such an enhancement factor

is defined as a multiple of the material’s permittivity n2
r = 12.25 (see Eq. (4.10)). Hence,

the corresponding enhancement factor F0 respecting to the far-field radiation spectrum is

about 6000. This value is much larger than that predicted in Chapter 3 to obtain gJ > 1

because of the large thermalization losses and non-ideal carrier refillings appearing in the

RTA example.

The above result also illustrates that although an over-large optical enhancement may

be detrimental to the device performance in principle, due to the risk of voltage drop

concluded in Chapter 3, pursuing a larger optical enhancement is still the priority in
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practice especially for the OHCSC. Instead, some particular spectrum conversion systems

can already provide relatively satisfactory luminescence quantum yields based on state-of-

the-art techniques [132–135], then the influence of voltage dropping mentioned above has

to be carefully examined when performing photonic engineering.
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Figure 4.6: The gain ratio of conversion efficiency gη modeled by the RTA model with different carrier
thermalization lifetimes. The bandgap of spectrum converter is 0.7 eV, while the bandgap of the PV cell is
0.7 eV or 1 eV for down- and up-conversion respectively. (a) Back-side up-conversion with full absorption in
each component; (b) Back-side up-conversion with half absorption in each component; (c) Front-side down-
conversion with full absorption in each component; (d) Front-side down-conversion with half absorption in
each component. The black dot-dash line in each sub-figure shows the results from the detailed-balance
model when no thermalization losses occur and carrier refilling rates are ideal.

Figure 4.6 shows more details about the required hot carrier cooling lifetime and optical

enhancement in the OHCSC to improve the PCE. The planar-tandem architecture con-

sidered in Table 4.1 is continued here. Modeling results from the detailed-balance model

are also given as a reference in each case, where carrier populations have an infinitely long

thermalization lifetime and ideal refilling rates.
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Particularly, both the front-side down-converter (Figure 4.6(a),(b)) and back-side up-

converter (Figure 4.6(c),(d)) configurations are modelled, in which the absorptivity of

both the converter and PV cell are considered to be 1 (Figure 4.6(a),(c)) and 0.5 (Fig-

ure 4.6(b),(d)), respectively. The general optical enhancement ratio F0 defined in Eq. (4.5)

and Eq. (4.4) is directly examined here, with the energy selection profile given in Eq. (4.12).

It corresponds to a resonant quality factor of 30 and no frequency filter outside the extrac-

tion window, as that examined in Chapter 3. With the 0.7 eV bandgap of the converter

Ec
g already discussed in the previous part of this chapter, the bandgap of the PV cell

Ec
g is chosen to be 1 eV according to the optimization study of energy selective contacts

(ESC) previously [136]. A symmetric electronic band structure is considered to improve

the overlapping between the electron’s and hole’s distribution, where both the m∗e and

m∗h are 0.1m0. To emphasize the impact of carrier thermalization, faster rates of carrier

renormalization (ee, hh, eh scatterings) are used here to provide an ideal carrier refillings

within the extraction window [34]. Table 4.3 summarizes the parameters used in this

modeling.

Table 4.3: Electronic parameters used in the modelings of Figure 4.6

Name Bandgap of converter Bandgap of PV cell
Symbol Ec

g Ep
g

Values 0.7 eV
0.7 eV (down-conversion)

1 eV (up-conversion)

Name Effective mass of electron Effective mass of hole
Symbol m∗e m∗h
Values 0.1m0 0.1m0

Name Thermalization lifetime AI lifetime
Symbol τth τai

Values 0.1 ns ∼ 10 ns 200 fs

Name e-e/h-h scattering coefficient [34] e-h scattering coefficient [34]
Values A = 5× 10−21 kg s/m3 B = 5× 1010 s/m3

F0(εph) =


F0 , E

c
g < εph < Ec

g(1 + 1/30)

1 , εph > Ec
g(1 + 1/30)

0 , otherwise

(4.12)

Clearly, device performance shows evident drops in a more practical consideration

shown in Figure 4.6. Roughly speaking, for a down-conversion system, it requires an

optical enhancement ratio larger than hundreds of times and a carrier thermalization
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lifetime longer than about 500 ps. On the other hand, the up-conversion systems typically

require an even longer carrier thermalization lifetime (over nanoseconds) and stronger

optical enhancements (over thousand times) to boost the PCE eventually.

4.4.3 Summary of dynamic features of device operation

As pointed out in Chapter 3, the optical hot carrier solar cell with OESC is a general

representation of a spectrum conversion system with photonic engineering. Several unique

features have been identified for this type of device, especially the variation of the working

voltage. All these features mainly relate to the carrier dynamics in steady states and

electrochemical equilibrium of the converter. The feedback EL from the PV cell also plays

a significant role. A summary of some typical features of the OHCSC is given below.

1. After integrating with the hot carrier absorber (spectrum converter) via the OESC,

the PV cell still works conventionally at its intrinsic bandgap. Increasing the photocurrent

of the cell is a necessary but not sufficient condition to boost the overall PCE, which

further asks a sufficiently large optical enhancement in the OESC and long enough carrier

thermalization lifetime in the absorber. (Concluded from Chapter 3)

2. If the dipole occupation probability is invariant, the transferred carrier hot-luminescence

to the PV cell and the open-circuit voltage of the device will increase with the optical en-

hancements. (Concluded from Chapter 3)

3. In practice, the steady state occupation probability of radiative dipoles will de-

crease with the optical enhancement ratio, especially when the carrier refilling is not fast

enough. An over-large optical enhancement can be detrimental to the device performance

by reducing its open-circuit voltage. (Concluded from Chapter 3 and Chapter 4)

4. When carrier thermalization becomes the dominant spectrum loss mechanism, such

as τth < 500 ps, pursuing a sufficiently large optical enhancement becomes the priority to

increase the luminescence yield whose negative impact in decreasing the voltage is typically

negligible now. (Concluded from Chapter 4)

5. Notably, when the spectrum conversion is not ideal with a finite carrier transition

rate (such as a large τai), a fast luminescence extraction can further shift the electro-

chemical equilibrium and facilitate the spectrum conversion. (Concluded from Chapter

4)

6. The feedback EL from the PV cell contributes to the phenomenon of “voltage-

dependent open-circuit voltage” evidently when the thermalization loss is negligible. This
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effect indicates that the actual open-circuit voltage of the device will be larger than its

pseudo value kBTrt/q · ln (Jsc/J0) estimated at the short-circuit condition. (Concluded

from Chapter 3)

7. However, if thermalization loss occurs and the spectrum conversion rate is finite,

a strong feedback EL will also prolong the effective residence period of charge carriers

inside the converter and therefore enlarge the chance of thermalization losses. In other

words, the excitations of the feedback EL cannot be fully used by the converter because

of thermalization losses, which causes severe particle losses for the spectrum conversion at

the open-circuit condition. (Concluded from Chapter 4)

4.5 Conclusion

In this chapter, more practical working principles of the OHCSC are investigated using the

RTA model. By using a set of exponential relaxations as approximations, competitions

between different carrier dynamics is assessed, and energy losses caused by thermalization

and Auger recombination are explicitly taken into account. The device concept still shows

potential when subjected to a more practical estimation of its performance, where the long

carrier thermalization lifetime and sufficiently large optical enhancement of carrier hot-

luminescence extraction are the primary design requirements of this kind of photovoltaic

device. Efficient optical extraction is not only able to manage the photon fluxes but also

influences the quantum yield of the hot-luminescence and reduces the thermalization loss.

More complex device behavior is observed when varying both the optical configurations

and electronic properties of the material, where the non-equilibrium steady state of the

spectrum converter is critical to an understanding of the device operation.

The down-conversion system is further investigated in detail. The operation of this

down-conversion hot carrier device relies on carrier multiplication through impact ioniza-

tion, which strongly resembles the MEG solar cell substantially. The competition between

carrier thermalization and multiplication has already been addressed in the high-efficiency

MEG materials before [107, 108]. Efficient optical extraction can further reduce the loss

of newly created carriers at the band edge due to Auger recombination and thermaliza-

tion, as the same design principle for the MEG solar cell. Therefore, the device operating

characteristics concluded in this chapter is also valid for an “optical MEG solar cell” as

well.
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Chapter 5

Optical Energy Selective Contact

via Near-field Coupling

The previous chapters have discussed the necessity and importance of photonic engineering

for an optical hot carrier solar cell (OHCSC) based on a simple planar-tandem device

architecture. Particularly, when the hot carrier absorber has continuous electronic energy

states, the optical energy selective contact (OESC) also applies frequency selection in

addition to luminescence enhancement. The overall target of the OESC is to obtain quasi-

monochromatic carrier hot-luminescence with a matched frequency and sufficient intensity

to the secondary solar cell in the device.

This chapter will consider a detailed photonic environment and practical realizations

of the OESC via a near-field coupling. A rigorous electromagnetic model is introduced and

developed to examine the rate of luminescence transfer analytically. It provides physical

insight into the photonic dynamics and several useful design/operating principles of this

optically-integrated device. Based on the developed framework, a plasmonic core-shell

nanowire structure is investigated systematically, showing the general design work-flow of

the OHCSC and also the potential of this particular example.

5.1 Introduction

Transferring energy by optical coupling in a near-field region is well known in nano-optics

and has been widely studied in thermal radiation applications [78]. Such an energy transfer

process can be called optical contacting, which is analogous to electrical charge carrier

transport via a metallic contact.
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This idea is included in the so-called OESC for the OHCSC [8], which aims to achieve

an energy-selective hot carrier luminescence coupling by modifying the local density of

optical states (LDOS) in the device. Since the OHCSC can be understood as a general

spectrum management system, as discussed in Chapter 3, the OESC technique would also

be beneficial for the conventional spectrum up/down conversions in photovoltaics.

This optical contacting scheme can also be considered as a general carrier extraction

method in optoelectronic. Just as for the energy selection required by the hot carrier solar

cell (HCSC), regular conductive contacts may become inapplicable when unusual carrier

transport schemes are required. In this case, optical coupling is a promising alternative

to avoid complex engineerings in electronic band structures. More generally, it is always

challenging to export charge carriers from a nano-structured material efficiently due to its

complex surface morphology and quality [137]. Nano-structured semiconductor materials

exhibit attractive electronic and optical functionalities including slowed carrier thermaliz-

ation [46, 47, 138], multiple exciton generations [45, 107, 139] and high photon absorption

[23, 140, 141]. However, a reduced electrical conductivity and associated parasitic losses

in metallic contacting always limit a full utilization of these functional features in general.

Hence, the optical contacting scheme is an inspiring attempt to explore which, however,

is lack of comprehensive theoretical tools for further development.

In this chapter, we focus on the near-field luminescence transfer via cavity resonance.

By applying a rigorous electromagnetic model, further insight is given into the optical

contacting problem. The rest of the chapter is organized as follows. A theoretical model

based on the electromagnetic Green’s function is introduced first in Section 5.2. Particular

attention is paid to obtaining an accurate and self-consistent Green’s function using the

quasi-normal mode (QNM) method since the optical mode must be lossy and damping in

this energy transfer problem. The photon current transferred by the optical contacting can

then be examined analytically. In section 5.3, a plasmonic core-shell nanowire structure

is given as an example to embody the developed theoretical tools and their applications

in photovoltaic analysis. It suggests the effectiveness of optical contacting depends on

both the photonic configuration of the system and the hot carrier occupation states in the

emitter. The chapter then concludes with further discussions.
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Figure 5.1: (a) Schematic illustration of the optical contacting via an OESC structure and (b) theoretical
framework used in the analysis. f̃µ(r) is profile the localized resonant mode, Gf

µ(r0, r;ω) is the correspond-

ing Green’s function Ṅc-p, Ṅp-c denote the luminescence convection between the spectrum converter (“c”)
and photovoltaic (PV) cell (“p”), while Ṅc-f, Ṅp-f mean the far-field radiation back to free-space (“f”).
The LDOS is increased around the central resonant frequency in this system which facilitates the optical
energy exchange. Parts of the energy may also escape to the far-field resulting in power loss.

5.2 Theoretical model of luminescence transfer

This section summarizes the basic theoretical tools and formulas used in the optical ana-

lysis of the OESC. These formulae are not only necessary to understand the near-field

luminescence transfer but can also be used as a general method to analyze the optical

behavior of photovoltaic devices For more background on control of spontaneous emission,

please refer to section 2.3.1 of Chapter 2.

Figure 5.1 gives a general schematic illustration of the luminescence transfer process

via an OESC structure between a spectrum converter and PV cell. These two active

components are physically close but electrically isolated from each other. Localized optical

resonant modes f̃µ are introduced by the OESC, such as the cavity mode with modal index

µ, which penetrates into both the converter and PV cell simultaneously to deliver optical

energy. The resonance enforces the frequency selection naturally. It is not necessary to

place the OESC equidistant from the converter and PV cell. The only criterion is that

the same resonant mode should couple both components.

The theoretical framework consists of two fundamental elements, which are the dyadic
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electric Green’s function1 G(r, r0;ω) over coupling volumes and the average radiative

dipole density p(r0;ω) in the luminescence emitter. The dipole density defines the source

intensity of photon emissions, while the Green’s function indicates the establishment and

propagation of electromagnetic fields in a certain photonic environment. Then the excited

electric field E can be written as Eq. (5.1) using the volume-integral method [65]. The

symbolic and formula conventions of electromagnetics used in this thesis are given in

Appendix A.

|E(r;ω)|2 =
1

ε2
0

∫∫
V

dr3
1dr3

2Gim(r, r1;ω)pmnG
∗
in(r, r2;ω) (5.1)

In the above equation, ε0 is the permittivity in vacuum, V is the integral volume

over the field emitter, Gab is the tensor component of the 3 × 3 dyadic Green’s function

G with subscript indexes a and b, while the superscript “*” means its corresponding

complex conjugation. Einstein’s sum rule should run over all the indices i, m and n in

orientation and polarization. Similarly, the symbol pab = 〈pap∗b〉 denotes the correlative

dipole intensity between any two arbitrary polarizations a and b, in which pa is the vector

component of the 1× 3 dipole moment p in the direction a. When the media is isotropic

without any off-axis correlations, pab is then reduced to the regular dipole intensity |p|2

defined by the inner product.

To evaluate the optical field intensity and associated optical power, the corresponding

Green’s function Gf
µ and average dipole intensity |p|2 have to be determined first. Further

explanation of these two essential elements is given below.

5.2.1 Green’s function evaluation using quasi-normal mode method

Evaluating an accurate and self-consistent Green’s function is always challenging in the

research of nano-optics, especially in a damping resonant system caused by either local

absorptions or far-field radiation [90]. Since the convection and absorption of luminescence

are essential to the optical contacting problem discussed here, the inevitable damping of

the optical modes has to be considered. To solve this problem, the quasi-normal mode

(QNM) method is used here to calculate the numerical Green’s function of the cavity mode

in a semi-analytical way [90, 92, 93, 97, 98].

The QNM is the natural solution of Maxwell’s equation in a leaky resonant system.

The normalized QNM by a unique formalism can be used to construct an accurate and

1All the Green’s function G used in this thesis are defined between the electric dipole moment and
electric field only, see Appendix A
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self-consistent Green’s function close to the lossy resonator, both inside and outside

In this method, the mode profile function f̃µ(r;ωµ) at resonant frequency ωµ is com-

puted numerically via finite-difference time-domain (FDTD) simulations first. A spe-

cially designed time-domain windowing function applies to obtain the QNM accurately.

After mode normalization, the Green’s function of this resonant mode is then construc-

ted by a modified mode expansion technique [65]. It could be written as Gf
µ(r1, r2;ω) ≡

W (ω, ωµ)
[
f̃µ(r1;ωµ)⊗ f̃µ(r2;ωµ)

]
in general, where function W (ω, ωµ) introduces a fre-

quency dependent spectrum profile near the central resonant frequency ωµ. For more

detail about the FDTD modeling, please refer to section 2.3.2 of Chapter 2.

It has been proved that the QNM method is a reliable approach when analyzing the

LDOS of lossy cavity modes, where the traditional Purcell formula typically fails [90–93,

97, 98]. For more details about the physical background, simulation method and Green’s

function construction of the QNM, please see Appendix A.

5.2.2 Dipole density evaluation via fluctuation-dissipation theorem

The ensemble-averaged dipole intensity pmn used in Eq. (5.1) can be predicted by the

fluctuation dissipation theorem (FDT) in a thermo-equilibrium condition. In an isotropic

medium with only local response, pmn is given as below [78]

pmn = 〈pmp∗n〉 =
4

πω
Θ(T, µ)ε0ε

′′(r1;ω)δmnδ(r1 − r2) (5.2)

Eq. (5.2) demonstrates a detailed-balance between the optical absorption and emis-

sion in thermal-equilibrium. In the above equation, the imaginary part of the dielectric

function ε=ε′+iε′′ describes the optical dissipation in the material, which in turn relates

to the dipole excitation density. This formula is an essential element often used in the

thermal radiation problem [78, 80] and can also apply to semiconductor photoluminescence

[142], since the radiative interband transition of charge carriers dominates the dielectric

function of a semiconductor near its band edge. Function Θ(T, µ) above is the average

energy of radiative dipoles It is characterized by the ensemble-averaged temperature T

and electrochemical potential µ in Bose-Einstein statistics as shown in Eq. (5.3), where

kB is the Boltzmann’s constant. It is noted that T is NOT the physical temperature of

the material (always at 300 K) but the thermodynamic parameter of the radiative dipoles

inside. In the hot carrier absorber, T and µ are for the electron-hole pairs formed in the

hot carrier population.
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Θ(T, µ) =
h̄ω

exp [(h̄ω − µ) /kBT ]− 1
(5.3)

It is worth noting that the FDT is essentially compatible with the conventional frame-

work of photovoltaic analysis. By substituting the dipole intensity predicted by Eq. (5.2)

into the familiar dipole radiation formula in Eq. (5.4), we can reproduce the van Roosbroeck-

Shockley’s luminescence formula (see Chapter 3) with a prefactor of 1/3, where nr is the

real refractive index of the medium (complex index written as ñ=nr+iκ) while the ima-

ginary dielectric function has been replaced by the material’s absorption coefficient with

a proper coefficient ε′′ = 2nrκ = αcnr/ω. The prefactor 1/3 denotes the orientational

average in an isotropic photonic environment which will disappear once the Eisenstein’s

sum rule has run over all the directional indices.

P =
|p|2

12π

ω

ε0

ω3nr

c3
dω =

1

3

n2
r

π2c2h̄3α (h̄ω)
(h̄ω)3

exp [(h̄ω − µ)/kBT ]− 1
dh̄ω (5.4)

5.2.3 Luminescence transfer spectrum

With the local electric and magnetic fields E and H, the transferred luminescence energy

due to the local absorptions and far-field radiations are then written as below

Q̇e-r(ω) =
ωε0

2

∫
Vr

dr3ε′′r (r;ω) · |E(r;ω)|2 [Near-field local absorption] (5.5)

Q̇e-f(ω) =
1

2

∫
S0

dr2n̂ · Re {E(r;ω)×H∗(r;ω)} [Far-field radiation] (5.6)

In the above equations, the subscript “e-r” denotes the optical power emitted by an

emitter (“e”) and reabsorbed by another receiver (“r”) while “e-f” means the radiation to

the far-field (or free-space) (“f”). The imaginary part of the receiver’s dielectric function

ε′′r is used in Eq. (5.5) to evaluate the local absorption rates, and the spatial integral run

over the receiver’s volume Vr. Instead, S0 and n̂ in Eq. (5.6) denotes the outer surface of

the whole device and out-going surface vector respectively. An extra absorptance needs

to be considered in Eq. (5.6) if the far-field receiver cannot absorb all the luminescence.

By substituting Eq. (5.1) ∼ Eq. (5.3) into Eq. (5.5) and Eq. (5.6), we can finally

represent the transferred power in Eq. (5.7) and Eq. (5.8). In order to analyze the impact of

photonic engineering and the emitter excitation separately, the transferred power is further
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represented by a product of photon transfer spectrum χ(ω) and dipole occupation function

Θe(Te, µe). The analytical formulae of χ(ω) via a certain optical mode (characterized by

Green’s function Gab) are given in Eq. (5.9) and Eq. (5.10)

Q̇e-r(ω) = χe-r(ω)Θe(Te, µe) (5.7)

Q̇e-f(ω) = χe-f(ω)Θe(Te, µe) (5.8)

χe-r(ω) =
2

π

∫
Vr

dr3ε′′r(r;ω)

∫
Ve

dr3
0Gim(r, r0;ω)ε′′e (r0;ω)G∗im(r, r0;ω) (5.9)

χe-f(ω) =
2c2

πω2

∫
S0

dr2n̂(r) · εijk

× Re

{
i

∫
Ve

dr3
0Gjm(r, r0;ω)ε′′e (r0;ω) [∇×G(r, r0;ω)]∗km

} (5.10)

The above four equations are the central conclusion of this section. In these equations,

all the variables with a subscript “e” mean that of the photon emitter while the subscript

“r” means photon receiver; a Levi-Civita tensor εijk is used in χe-f(ω) as a shorthand of

cross-product in the Poynting vector. Also, the Einstein sum rule should run over all the

orientation and polarization indices i, j, k, and m.

The photon transfer spectra χ(ω) act as transfer functions for the luminescence, whose

unit is the photon number per unit time per unit energy. It defines the effectiveness

of luminescence coupling between an arbitrary emitter (“r”) and receiver (“e”) pair at

frequency ω and is determined by the photonic configuration of the system only. By using

the material (ε′′e , ε′′r ) and geometric parameters (Vr,Ve,S0) of the real device, χ(ω) includes

the intrinsic emissivity of the emitter providing the dipole occupation probability is unity

inside. Similarly, it also includes the intrinsic absorptance of the receiver by ignoring

any absorption quenching/bleaching effect due to carrier occupations. Maximizing χe-r(ω)

between the spectrum converter and PV cell at the cell’s bandgap frequency is the primary

design principle of a near-field OESC while increasing the intensity of χe-f(ω) is necessary

in the far-field coupling case.

On the other hand, the occupation function Θe introduces the actual availability of

radiative dipoles. Overall, the total transferred power Q̇ and corresponding photon current
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Ṅ can be further written as Eq. (5.11).

Q̇ =

∫ ∞
0

dωQ̇(ω) ; Ṅ =

∫ ∞
0

dω
1

h̄ω
Q̇(ω) (5.11)

5.3 Optical contacting by a plasmonic core-shell nanowire

This section considers the near-field luminescence coupling inside a plasmonic core-shell

nanowire structure based on the theoretical tools developed above. Use of a plasmonic

nanowire to enhance the photon emission, especially the carrier hot-luminescence, has been

verified for both direct and indirect bandgap semiconductors [64, 73]. Several thousand

times of local field enhancement has been reported in this kind of structure due to the

surface plasmon resonance where the yield of photoluminescence increases significantly.

It is, therefore, interesting to consider a near-field coupling system by integrating both

the PV component and spectrum converter into the same plasmonic core-shell nanowire.

The tunable plasmonic resonance is then expected to enhance the luminescence transfer at

selected frequencies just as that required by the OESC. It is noted that this plasmonic core-

shell nanowire structure is an example for application of the theoretical analysis developed

above. Other potential structures to implement the OESC will be discussed in section 5.5

and Chapter 7.
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Figure 5.2: A plasmonic core-shell nanowire structure is acting as an OESC device. Left side: the
resonance spectrum of WGMs resulted from SPPs is overlaid with a schematic illustration of the optical
energy band configuration of the device. The arrows label all the energy flows in the structure. The m = 1
WGM acts as a coupling channel to facilitate the carrier hot-luminescence transfer from the up-converter
(0.7 eV bandgap) to the band edge of the PV component around 1.16 eV. Right side: Schematic illustration
of the plasmonic core-shell nanowire. The up-converter is modeled by InN in optics while InxGa1−xN with
a bandgap of 1.16 eV models the PV component.
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5.3.1 Whispering-gallery mode of plasmonic nanowire

The plasmonic core-shell nanowire supports a series of whispering-gallery-modes labeled

by the azimuthal index m, whose resonant frequency can be tuned by the diameter of the

wire. These non-propagating whispering-gallery-mode (WGM) appears around the lower

cut-off frequencies of the plasmonic guiding mode [64, 143]. The multiple interferences

of surface plasmon polaritons (SPPs) traveling along the azimuthal direction of the wire

lead to a finite mode extension length along the wire’s long axis [143]. Hence, a quasi-2D

approximation applies in the following discussion.

In this example, we consider a spectrum up-converter providing a hot carrier population

with an ensemble-averaged temperature Tc > 300 K. We intend to couple the emitted

carrier hot-luminescence to a nearby PV component for further photovoltaic conversion,

as shown in Figure 5.2. A brief optical energy band configuration is also given on the left

side of Figure 5.2, where the orange and purple block denotes the absorbing energy range

of the up-converter and PV component, respectively. The dark curves inside represent

the carrier distributions with different temperatures. Both the luminescence emission and

absorption are excepted to be amplified around the resonant frequency of plasmonic WGM.

A low-bandgap up-conversion material makes the core-wire with a diameter of 60 nm,

whose dielectric function is modeled by that of InN. Then, a 20 nm outer-layer acts as

the PV component with a larger bandgap, whose dielectric function is modeled by that

of InxGa1−xN. InN and InxGa1−xN are selected here to represent typical direct bandgap

materials used as spectrum converter and PV component with suitable bandgap energies

which are about 0.7 eV and 1.16 eV (x = 0.65 [144]) respectively. The whole wire is then

coated by a silver shell (5 nm thick) to introduce SPPs, which can penetrate into both the

up-converter and PV component. Two partitioning layers of SiO2 (5 nm thick each) are

also included in the wire to insulate all active components from each other. Therefore,

the optical coupling is the only way of energy exchange in this system. Also, no hot

electron emission from the silver shell is taken into account, only the luminescence from

the up-converter and PV component is considered. All the dielectric functions of modeled

materials here are cited from literature (InN [145], InxGa1−xN [144], SiO2 [146] and Ag

[147]) assuming they are isotropic and homogeneous.

The above geometric sizes just align the dipole-like WGM (m = 1) to the band edge

of the PV component (1.18 eV), which enables a quasi-monochromatic excitation of the

photovoltaic conversion and avoids the thermalization losses in the PV component. The
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Figure 5.3: Normalized mode profile of the m = 1 WGM used as the optical coupling channel. (a)
Magnetic field intensity along z-direction; (b)-(d) electric field intensity in the cross sectional plane; (e)
Poynting vector in the cross sectional plane; (f) Poynting vector field shown on the nanowire model

mode profiles around the wire are given in Figure 5.3 (a)-(d), which shows a mode extension

length in the z-direction of about 250 nm. The corresponding quality factor Q of this

dipole-like mode is about 9.14, which means that the effective bandwidth, i.e., the full-

width-at-half-maximum (FWHM), of the carrier hot-luminescence is about 0.129 eV. It is

noted that such a bandwidth is acceptable for an electrical energy selective contacts (ESC)

to extract hot carriers [57]. Since the large absorption of semiconductor components leads

to a fast damping of the resonance, the contributions from highly ordered (m > 1) WGMs
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are ignored. Actually, the second ordered mode (m = 2) is about 0.5 eV away from the

dipole-like mode with a much smaller intensity (Q ≈ 1). Also, the emissivity of hot-

luminescence is further reduced by a much lower occupation probability Θ of hot carriers

at those higher energies.

Parts of the optical energy will also escape to the far-field or be absorbed by the Ag

shell. These energy flows are labeled as red arrows in Figure 5.2(a), which corresponds

to unavoidable energy losses in this single plasmonic nanowire structure. All those en-

ergy flows and corresponding photon currents can be explicitly calculated by Eq. (5.7) ∼

Eq. (5.11) with the Green’s function of the m = 1 WGM GWGM evaluated by the QNM

method (Appendix A).

To verify the accuracy of QNM analysis, we compare the in-plane LDOS enhance-

ment Fn from the Green’s function GWGM (r, r;ω) to the result of the full dipole FDTD

simulation [93, 95]. By using the Green’s function, Fn can be analytically written as

Fn = Im{n̂·GWGM(r,r;ω)·n̂}
Im{n̂·GB(r,r;ω)·n̂} , where GB is the background Green’s function in free space

which has Im[GB(r, r;ω)] = ω2/8c2 in the 2D space and Im[GB(r, r;ω)] = ω3nr/6πc
3

in the 3D space. On the other hand, the full dipole simulation naturally includes all

the optical modes existing at the dipole’s location and gives the numerically exact result

of Fn with no approximations (averaged over the mesh grid volume [96]). Two sets of

simulations are made with the dipole’s locations both inside (Figure 5.4(a)) and outside

(Figure 5.4(b)) the nanowire. In both cases, the electric dipole is placed 20 nm away from

the outer surface of the Ag shell with a polarization as shown in the insets of Figure 5.4.

20nm 20nm

Figure 5.4: The enhancement of in-plane LDOS calculated by the Green’s function via QNM analysis and
full dipole simulation result. The insert shows the location and polarization of the source for the LDOS
calculation.
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In both cases, the analytical method gives reasonably accurate results in both the

intensity and spectrum profile of Fn. It attests to the accuracy and self-consistency of

GWGM evaluated by the QNM method. Particularly, when the dipole is outside the cavity,

the contributions from free-space Green’s function GB and the quasi-static response of the

Ag surface Gqs have to be taken into account [92]. Then, the total Green’s function outside

the wire should be GWGM + GB + Gqs. The Ag’s quasi-static response is examined using

another full dipole FDTD simulation by putting a dipole source with the same polarization

(p-polarized) and distance to a semi-infinite Ag’s surface.

5.3.2 Photon transfer spectra

Based on the Green’s function GWGM evaluated in the previous section, the photon trans-

fer spectra associated with different emitter-receiver pairs (“e-r”) in the wire are calculated

in Figure 5.5. We still follow the same symbolic system used in Chapter 3 to represent the

luminescence conventions, where the subscript “c”, “p”,“s”,“f” denote the converter, PV

cell, the sun and far-field free-space, respectively. Particularly, we also need to consider

the parasitic absorption of silver in this example, which is represented by the subscript

“Ag”.

Figure 5.5(a) and (c) show the forward transfer process as that labeled in Figure 5.2

where the up-converter acts as the luminescence emitter (Ṅc-c, Ṅc-p, Ṅc-Ag, Ṅc-f). Instead,

the PV component is considered as the emitter in Figure 5.5 (b) and (d) to show the reverse

transfer process (Ṅp-c, Ṅp-p, Ṅp-Ag, Ṅp-f). All of the calculated spectra are strongly peaked

around the resonant energy owing to the selective enhancement of WGM resonance. It is

noted that the spectra Ṅc-p and Ṅp-c are the same with each other as expected since they

are the extract reciprocal transfer channels to couple the carrier hot-luminescence.

The far-field coupling spectrum with a planar geometry is considered as a reference

to quantify the enhancement in photon transfer. First, the photon current spectrum in

free space [115] is written as χ(ω)free = ω2σ/4π2c2, where the factor σ is the geometric

cross-section of the nanowire, i.e., the wire’s diameter here, given as the black dot dash in

Figure 5.5(c) and (d). Then, an additional thin-film absorptivity (emissivity) a with the

same thickness used in this model for each component is added in. The actual absorbed

(emitted) photon spectrum and the corresponding mutual transfer spectrum are then

given as N(ω)freeap (green dot-dash line in Figure 5.5(c)), N(ω)freeac (blue dot-dash line

in Figure 5.5(d)), and N(ω)freeapac, respectively.
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Figure 5.5: Photon transfer spectra in the cross sectional plane of the core-shell plasmonic nanowire. (a)
and (c) show the result when the up-converter act as the luminescence emitter, where Ṅc-c, Ṅc-p, Ṅc-Ag,
Ṅc-f are the spectra absorbed by the converter itself (self-reabsorption), PV component, Ag and escaping
to the far-field (back to free-space) respectively; (b) and (d) show the result when the PV component act
as the luminescence emitter, where Ṅp-c, Ṅp-p, Ṅp-Ag, Ṅp-f are the spectra absorbed by the converter,
PV component itself (self-reabsorption), Ag and escaping to the far-field (back to free-space) respectively.
The free space photon current spectrum Ṅ(ω)free and those absorbed by the active materials are given as
references.

Figure 5.5(c) shows that the absorption of PV component via the WGM is increased by

a factor of about 240 times around the resonant peak in the core-shell nanowire structure.

The absorptance and also the emissivity of the up-converter are enlarged by about 20

times compared to their far-field counterparts, given by Figure 5.5(d). Therefore, the

total increment ratio in the mutual transfer spectrum χ(ω)c−p is about 4800 times than

that of the far-field planar setup.

Four aspects are discussed here to show further insight into the transfer spectra.

First, self-reabsorption effects are observed in Figure 5.5, corresponding to photon

recycling in each component via the WGM. This reabsorption effect results from the

excited electric fields distributing inside the emitter’s volume, which rises in a natural

way when both the emitter and receiver are the same component in Eq. (5.9) (N(ω)c−c,
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N(ω)p−p). The stronger self-reabsorption of the lower-bandgap up-converter comes from

its larger absorption coefficient near the resonant frequency. Such a photon recycling effect

is undesirable in the side of spectrum converter, since it may allow more parasitic losses

in a practical situation by increasing the effective residence time of hot carriers in the

converter (concluded in Chapter 4). However, a large χ(ω)p−p is helpful to keep a higher

working voltage of the PV component.

Second, increasing the relative penetration of electric fields into the PV component

by an optimized photonic design could reduce the amount of photon recycling inside the

spectrum converter. Considering the evanescent nature of the SPPs, a smaller refractive

index of the PV component than that of the spectrum converter is suggested [85] in this

kind of plasmonic optical contact. However, a lower emission enhancement of the carrier

hot-luminescence will occur at the same time in principle because of the reduced local

field enhancement in the converter. A careful trade-off must be applied when changing

the material’s indices in the device.

Third, the actual directionality of the luminescence convention between the up-converter

and PV components is determined by their dipole occupation functions Θ(T, µ) around

the coupling channel, i.e., Ṅc-p [Θc(ω)−Θp(ω)], which therefore varies with the working

voltage of the PV component.

Finally, several inherent loss mechanisms also need to be addressed. The radiation

losses to the far-field are considerable in this single wire picture because of a finite local

absorption and field confinement. Such a loss can probably be reduced in a large array

of wires, where the escaped radiations could be reabsorbed by other wires again. The

absorption caused by the Ag, or the surface plasmon provider in general, is likely to be

inevitable in this plasmonic system.

5.3.3 Carrier temperature dependent luminescence transfer

The influences from the thermodynamic state Θc(Tc, µc) of the converter are now discussed.

As in the analogy used in previous chapters, a hot carrier population with a temperature

Tc higher than 300 K is used to simulate the up-conversion process. It is noted that the

physical temperature of the device is always at 300 K.

Figure 5.6(a) shows the temperature dependent carrier hot-luminescence currents (in

units of charge current) emitted by the up-converter. In this calculation, the carrier

temperature in the converter varies from 300 K to about 3000 K while the electrochemical
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Figure 5.6: (a) The transferred photon current density per unit length of the nanowire by InN for different
carrier temperatures; (b) The normalized power transferred from InN at different carrier temperatures.

potential µc stays at zero [8]. The difference between the total emitted photocurrent and

that transferred to the PV component comes from the contributions of the converter’s

self-reabsorption, Ag’s parasitic absorption and also the far-field radiation.

Figure 5.6(b) shows the normalized optical power transferred via the selected WGM,

where considerable changes in the energy efficiency are also observed when varying the

carrier temperature. The utilization ratio of the hot carrier energy will be larger with a

higher carrier temperature. When Tc > 1800 K, transfer to the PV component can even be-

come the dominate energy extraction channel apart from the converter’s self-reabsorption.

This phenomenon can be well explained by the change of carrier hot-luminescence cur-

rent spectrum Ṅ(ω) in the bottom side of Figure 5.7. The current spectra are calculated

from Eq. (5.7), Eq. (5.8) and Eq. (5.11), which combines both the luminescence transfer

spectrum and also the occupation function of carriers. The absorbed local power intens-

ities Q̇(r) are also given on the top side of Figure 5.7, which is evaluated by integrating

ωε0ε
′′
r (r;ω)|E(r;ω)|2 in Eq. (5.5) over frequencies when the up-converter is acting as the

emitter.

Three cases are considered with different carrier temperatures in the up-converter.

When Tc is not much above room temperature, such as Tc = 450 K in Figure 5.7(a)

and (d), the yield of carrier up-conversion at the coupling frequency 1.18 eV is around

zero. Nearly all of the luminescence is emitted below the absorption edge of the PV

component. The purple areas in Figure 5.7 (d),(e) and (f) represent the absorbing regions

of the PV component. Apart from a partial self-reabsorption by the converter, most of
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Figure 5.7: (a), (b), (c) Normalized local power absorption Q̇(r) in the nanowire excited by converter’s
luminescence under different Tc; (d), (e), (f) Corresponding photocurrent spectrum qṄ(ω) absorbed by
different components. The purple region highlight where the PV component is absorbing.

the luminescent power is dissipated in the silver shell and radiated to the far-field. No

photocurrent can be absorbed by the PV component in this case, as shown in Figure 5.7(a),

even through a photonic enhancement has been introduced.

A more efficient up-conversion occurs when Tc rises to 900 K. Correspondingly, much

stronger carrier hot-luminescence is observed now with an apparent peak around the coup-

ling energy in their spectra, as shown in Figure 5.7(e). Figure 5.7(b) also shows that the

hot-luminescence starts to excite the PV component properly. However, relatively large

optical losses still exist below the bandgap of the PV component.

When the carrier temperature increases to 1800 K, hot-luminescence transfer via the

WGM is further improved in both of the intensity and monochromaticity. It becomes

competitive with other optical losses channels near and even below the bandgap of PV

component, as shown in Figure 5.7(c) and (f). Importantly, although the spectrum con-

verter in this example has continuous electronic energy states, which is reflected by the

continuous ε′′InN(ω) of InN, a narrowband carrier hot-luminescence can still be achieved

using the OESC providing sufficient yield of carrier up-conversion.

5.3.4 Photovoltaic efficiency with hot-luminescence up-conversion

With a clear understanding of the carrier hot-luminescence transfer via the WGM in

the core-shell nanowire structure, we now evaluate the photovoltaic performance of this
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system.

We keep to the standard framework of detailed-balance as that used in Chapter 3 to

simplify the discussion. By assuming a zero chemical potential and no thermalization

losses inside the up-converter [7, 8], the steady carrier temperature Tc is then solved by

the energy conversation equation Eq. (5.12). This equation is evaluated at a single cross-

sectional plane of the nanowire by considering the non-polarized external incident light is

perpendicular to the long-axis of the wire, as shown in Figure 5.2.

Q̇s-c(Rc) + Q̇p-c(qV ) = Q̇c-p(Tc) + Q̇c-f(Tc) + Q̇c-Ag(Tc) (5.12)

Q̇s-c(Rc) =
fsRc

4π2c2

∫ E2

E1

Θs(Ts, 0)σc (ω)ω2dω (5.13)

The incident power from the sun Q̇s-c is a function of concentration factor Rc with

Ts = 5760K , fs = 2.1464 × 10−5 [115], σc (ω) is the absorption cross-section of the up-

converter. The electroluminescence (EL) Q̇p-c from the PV component is determined by

its bias voltage V , whose temperature is always at 300 K. The term Q̇c-Ag represents

energy losses due to parasitic absorption by the silver shell. Since no thermalization loss

is considered here, the obtained Tc from Eq. (5.12) corresponds to the maximum available

carrier temperature and also the up-conversion yield in this model. Based on the quantities

defined above, the device efficiency η is then determined with respect to the total incident

power Q̇total(Rc) = fsRc

4π2c2

∫∞
0 Θsun(Tsun, 0)σwire (ω)ω2dω as below

η =
qV

Q̇total(Rc)
[Ṅs-p(Rc) + Ṅc-p(Tc)− Ṅp-c(qV )− Ṅp-Ag(qV )− Ṅp-f(qV )] (5.14)

Figure 5.8 shows device performance in two scenarios about the external excitation.

We first consider a single wire operation in Figure 5.8(a) and (b) by using the actual

absorption cross-section of each component in the core-shell nanowire, which is evaluated

by FDTD simulations. About 25% to above 50% increment in the power conversion

efficiency (PCE) is obtained as shown in Figure 5.8(a), comparing to the case when the

PV component works alone in the wire structure. Figure 5.8(b) explains the origin of

PCE enhancements which comes from an efficient hot-luminescence coupling and therefore

increased photocurrents of the PV component.

We then consider an ideal situation by assuming the overall system act as a back-side
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Figure 5.8: Device performance of the core-shell nanowire model examined by the detailed-balance model.
Device efficiency and converter’s steady carrier temperature at the maximum power point in (a) single wire
operation; (c) large wire array (single-junction limit). Increment ratios of the short-circuit current density
Jsc in the PV component and also the corresponding open-circuit voltage Voc in (a) single wire operation;
(c) large wire array (single-junction limit).

up-conversion device with an ideal absorption, such as that discussed in Chapter 3. All

the semiconductor components can fully absorb the external incident light with an en-

ergy above their bandgaps, i.e., [0.7 eV, 1.16 eV] for the lower-bandgap up-converter and

[1.16 eV,∞] for larger-bandgap PV component. By ignoring the field scattering occur-

ring in the single wire picture, the geometric diameter for each component is used as the

absorption cross-section. This situation can be considered as an analogy of a large wire

array. Figure 5.8(c) confirms that the overall device efficiency can go beyond the conven-

tional single-junction limit based on the current photon transfer spectra. An approximate

increase of 7% ∼ 10% in the photocurrent can be achieved in this case. As a reference, by

keeping the thicknesses of the converter and PV component as the same, the transferred

carrier hot-luminescence via the far-field coupling in a face-to-face planar geometry can

only contribute about 0.1% of Jsc.

Both scenarios suggest the effectiveness of photonic management in the luminescence

transfer and also the potential of this particular plasmonic nanowire example.
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It is also noted that in both cases the open-circuit voltage Voc always drops a little

when the near-field coupling is introduced, which is not surprising as we have discussed

in Chapter 3. In such an optically-integrated device, the actual open-circuit voltage will

depend on the steady carrier temperature Tc in the converter (see Eq. (3.6) in Chapter 3)

which cannot go above the temperature of the sun (Tc ≤ Ts) However, in this particular

example, we also need to emphasize the detrimental effects from the parasitic absorptions

of the silver shell which increases the dark saturation current of the PV cell as well when

examining Eq. (3.6) (adding an extra term in the denominator).

Figure 5.8 also gives the steady carrier temperature solved at the maximum power

point of each situation. All these temperatures have reasonable values compared to the

typical working condition of the electrical hot carrier solar cell [29, 34]. Besides, silver’s

parasitic absorption and also the far-field radiation losses are suppressed under these high

carrier temperatures, as shown in Figure 5.7. It is also another important reason to achieve

PCE enhancements.

5.4 Discussion

Further discussions about the physical fundamentals of the near-field energy luminescence

transfer are given here.

We have developed the analytical formula of the photon transfer spectrum for the

near-field coupling in Eq. (5.10), which contains a spatial integral of Green’s function over

the emitter’s volume. Actually, this integral of the Green’s function is no stranger to the

field of nano-optics [88]. After some mathematical manipulations (see Appendix B), we

can finally rewrite the near-field photon transfer spectra as below

χe-r =
2

π

∫
Vr

dr3ε′′r (r;ω)

∫
Ve

dr3
0Gim(r, r0;ω)ε′′e (r0;ω)G∗im(r, r0;ω)

=
ω

3

∫
Vr

dr3ε′′r (r;ω) ρi(r;ω)− Ŝ(r;ω)

(5.15)

, where ρi is the projected LDOS in direction i while Ŝ(r;ω) is about the surface integral of

the Green’s function. Then, the transferred optical power can be written correspondingly

as
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Q̇e-r(ω) = χe-r(ω)Θe(Te, µe)

=
1

3
· f e

ph · h̄ω · ω ·
∫
Vr

dr3ε′′r (r;ω) ρi(r;ω)− Ŝ(r;ω)Θe(Te, µe)
(5.16)

, where f e
ph is the shorthand of the Bose-Eisenstein’s probability in the function Θe be-

longing to the luminescence emitter.

It is noted that the first term in Eq. (5.16) is exactly the result of Eq. (3.11) in Chapter

3 if the PV cell is acting as the photon receiver2. In that term, the transferred optical

power is represented by a product of the LDOS ρi (with modifications from photonic

engineering) and optical conductivity ωε′′ in the PV cell. However, since the second term

is non-zero typically, it suggests that the luminescence transfer process cannot take a full

use of the receiver’s LDOS. In fact, the term Ŝ(r;ω) vanishes when the net Poynting vector

over the receiver’s volume is zero [148], which happens only in an ideal resonant cavity

without local absorptions and far-field leakage. Therefore, the estimation of Eq. (3.11)

is the upper limit of optical contacting for an established photonic configuration while

the photon transfer spectrum χe-r is the accurate expression. In other words, it confirms

again that recognizing the damping characteristics of optical modes is critical to obtain

an accurate and self-consistent photonic dynamics.

Another aspect of note concerns the dipole intensity predicted by the fluctuation-

dissipation theorem (FDT). Strictly speaking, the conclusion of FDT is only valid when

the dipole population is in a thermal-equilibrium state, such as that in the detailed-balance

model. Revision of a non-equilibrium version of the FDT is far beyond the scope of this

study. However, since we have noticed that the FDT is essentially compatible to the gen-

eralized Planck radiation formula in Eq. (5.4); at the same time we can also use the gener-

alized dipole occupation function {[ρe(εe)/n(εe)− 1] [ρh(εh)/p(εh)− 1]}−1 rather than the

Bose-Einstein distribution to approximate the non-equilibrium photoluminescence (see

Chapter 4), at least in the conventional study of semiconductor photoluminescence [34,

120]. Therefore, it seems acceptable to apply the generalized dipole occupation function in

Eq. (5.3) as well to describe the carrier hot-luminescence. As a result, the relaxation-time

approximation (RTA) model used in Chapter 4 becomes compatible to the luminescence

formulas developed in this chapter.

2Factor 1/3 will disappear after run the Eisenstein’s sun rule over index i.
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5.5 Conclusions

In this chapter, a theoretical model based on electromagnetic Green’s functions is presen-

ted to analyze the luminescence transfer via the OESC quantitatively. The localized cavity

mode introduced by the OESC works as an energy transfer channel near the resonant fre-

quency, which enhances both the photon’s emission and reabsorption of the spectrum

converter and PV cell, respectively. Two aspects determine the effectiveness of lumines-

cence coupling. The intrinsic photon transfer ability of the optical contact is characterized

by the photon transfer spectrum, which relates to the photonic configuration of the system

only. The actual emissivity of the luminescence will also be influenced by the occupation

status of radiative dipoles. For example, a higher carrier temperature can improve both

the intensity and monochromaticity of the transferred carrier hot-luminescence through a

narrow-band extraction window.

A plasmonic core-shell nanowire structure is presented as an example to embody the

developed theoretical tools. An up-conversion system is further considered based on this

model to demonstrate the device operating principles in photovoltaic applications. Both

the PV component and spectrum converter are integrated into the same core-shell nanowire

structure and coupled with the plasmonic WGM. The hot-luminescence transfer rate is

enlarged by about 4800 times in this particular example comparing to the far-field radiation

counterpart, which fulfills the requirements of optical enhancement asked by Chapter 3 and

Chapter 4. Modifying the field distribution of the optical mode can further improve the

performance of near-field coupling. For example, increasing the field penetration into the

PV component can reduce the ratio of useless photon-recycling in the spectrum converter.

On the other hand, the inevitable absorption by the metal leads to a considerable loss

in this surface plasmonic optical contact, which can be reduced by adopting dielectric

resonators. Potential structures include the photonic crystal cavity [63, 67], waveguide

[74–77], Mie resonator [70], and ultra-thin metamaterials such as graphene [149, 150].

Since photon absorption is essential in this OESC problem, the lossy nature of the

resonant mode has to be carefully considered. The QNM method developed recently in

nano-optics is therefore adopted here to calculate an accurate and self-consistent Green’s

function. It is also worth noting that by defining a proper dipole distribution function

Θ(Tc, µ) and optical constant ε(ω) of the converter, the presented analysis can fit any

functional materials being used for spectrum conversion including the commonly used

dielectric matrix doped by rare-earth elements.
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Chapter 6

Hot Carrier Dynamics in

Lead-halide Perovskites

Apart from the development of optical energy selective contact (OESC), suppressing the

non-radiative spectrum losses in the photon absorber material is another vital element to

enable the optical hot carrier solar cell (OHCSC), concluded from the previous chapters.

Exploring the high-quality hot carrier absorber material with outstanding optical prop-

erties is still challenging although encouraging progress has been achieved recently in the

III-V (multiple) quantum wells [44, 151]. As a promising photovoltaic material with high

yield luminescence and significant hot-phonon bottleneck effect discovered recently, the

lead-halide perovskite becomes interesting to be explored as the potential hot carrier ab-

sorber material of the OHCSC. It shows that the slow hot carrier relaxation on hundreds of

picoseconds in these materials relates to the localization of acoustic phonons, and organic

cation assisted low-energy phonon up-conversions.

Using ultrafast optical characterization and first-principle calculations, four kinds of

lead-halide perovskites with different cations and halide ions are compared in this chapter

to reveal their carrier-phonon dynamics (Section 6.2). A stronger phonon bottleneck effect

is observed in the organic-inorganic hybrid perovskites than in their inorganic counterpart

(Section 6.3), where the up-conversion of low-energy phonons is proposed to explain the

mechanism behind (Section 6.3 ∼ 6.4).
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6.1 Introduction: Lead-halide perovskites in photovoltaics

Significant progress has been achieved in metal-halide perovskite (APbX3) solar cells with

the certified efficiency record now exceeding 20%, just a few years after the first solid state

device was reported to have an efficiency of 9.7% in 2012 [152–154]. The photophysics and

carrier dynamics in lead-halide perovskites have been intensively studied in the last few

years because of their promising performance for the conventional photovoltaic devices

with the thermalized carrier. The rapid emergence of lead-halide perovskites is attributed

to their outstanding optoelectronic properties, including superb optical absorption, high

ambipolar charge mobility, appropriate bandgap and low non-radiative recombination [155,

156]. Recently, a significant hot-phonon bottleneck effect in carrier thermalization was also

observed in lead-halide perovskites [48, 157], which indicates potential applications of these

kinds of materials in the advanced concept of hot carrier optoelectronics.

The so-called hot-phonon bottleneck effect denotes a phenomenon where the relaxation

rate of a non-equilibrium carrier-phonon system is reduced when the carrier injection level

is high [158–160]. Although several mechanisms have been suggested for the hot carrier

dynamics on sub-picosecond timescales in lead-halide perovskites [50–52], a comprehensive

understanding of the phonon bottleneck effect occurring on the subsequent and longer

timescales (up to thousand picoseconds) is still lacking.

This study provides further insight into the phonon bottleneck effect in the lead-halide

perovskite family. The hot carrier and phononic properties among four typical kinds

of lead-halide perovskites used in photovoltaics, namely methylammonium lead iodide

(CH3NH3PbI3, MAPbI3), formamidinium lead iodide (HC(NH2)2PbI3, FAPbI3), methyl-

ammonium lead bromide (CH3NH3PbBr3, MAPbBr3) and caesium lead iodide bromide

(CsPbIBr2), are investigated. By varying the A-site cations (MA+, FA+, Cs+) and X-site

halide anions (I−, Br−), the impact of lattice composition on the carrier cooling proper-

ties is elucidated. A complete picture of hot carrier relaxation in lead-halide perovskites

is presented using the ultrafast transient absorption (TA) technique. Further studies of

the phonon band structure and emission rates reveal the dynamics behind the relaxation.

The phonon bottleneck effect in these materials is explained by the acoustic phonon up-

conversion, which leads to a LO phonon emission rate that is at least 10 times slower in

FAPbI3 compared to its inorganic counterpart under the same experimental conditions.

The presence of rotatable groups on the organic sub-lattice is proposed to be the essen-

tial reason for these efficient up-transition dynamics, which appears to have been ignored
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previously in lead-halide perovskite research.

6.2 Power dependent carrier cooling dynamics

All the samples used in this study, including MAPbI3, FAPbI3, MAPbBr3, and CsPbIBr2,

were prepared on glass substrates with a thickness of about 300 nm. The sample prepar-

ation is described in Appendix C, and the detailed regular characterizations have been

reported elsewhere [161–164]. The fundamental absorption bandgaps were determined

to be 1.69 eV, 1.55 eV, 2.31 eV and 2.05 eV for the MAPbI3, FAPbI3, MAPbBr3, and

CsPbIBr2 samples, respectively. Based on the fabrication methods, all samples are op-

timized for conventional photovoltaic applications which are also sufficiently stable during

the TA measurements to ensure that accurate and reproducible experimental data are

obtained.

All the femtosecond pump-probe TA measurements (see Appendix C) were conducted

under identical ambient conditions at room temperature (295 K). A pump pulse with

a wavelength of 400 nm and duration of 100 fs was used to excite carriers well above

the bandgap for all the samples, while an ultrashort broadband super-continuum laser

covering the whole visible range was used as the probe. The pump-induced change in

the absorption spectrum was acquired as a function of time delay. The carrier relaxation

dynamics were then resolved via the bleaching in the spectra above the band edge under

different excitation fluences. For more details about the experimental setup and theoretical

understanding of TA spectroscopy, please see section 2.3.3 of Chapter 2.

6.2.1 TA spectra of lead-halide perovskites

Figure 6.1 shows the TA spectrum obtained from the FAPbI3 sample under a pump

fluence of 90µ J cm−2 with an initial carrier concentration around N0 = 4.84× 1018 cm−3

(see Appendix C for carrier injection estimation ). Sustained absorption bleaching is

peaked around the apparent bandgap (about 1.55 eV) and broadening into the high-energy

region, whose gradual narrowing as shown in Figure 6.1(b) and 6.1(c) exhibits the carrier

relaxation process. It is noticed that the density of excited carriers in this study are

comparable to the typical range employed in the previous studies [48, 165–168], where the

influence of band fillings is not significant to the high-energy tail of the bleaching signal.

The so-called phonon bottleneck effect is qualitatively demonstrated by a power de-

pendent measurement. The bleaching intensity in the high-energy region is markedly re-

87



CHAPTER 6. HOT CARRIER DYNAMICS IN LEAD-HALIDE PEROVSKITES

a b

c

t = 0.1-900 ps

Figure 6.1: Transient absorption spectra of the FAPbI3 sample. (a) 3D TA spectrum pumped at 400 nm
with an initial carrier concentration N0 = 4.84 × 1018 cm−3. The initial broadening of the bleaching signal
extending above the apparent bandgap energy indicates the temporary presence of high-energy hot carriers.
(b) Normalized negative TA spectra (−∆OD) at different pump-probe time delays t from 0.1 ps to about
900 ps. (c) Decay of the bleaching signal given as negative milli −∆OD (−m∆OD) at different wavelengths
showing carrier relaxation kinetics.
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Figure 6.2: TA spectrum pumped at 400 nm in the FAPbI3 sample with different excitation intensities
and initial carrier concentrations: (a) N0 = 4.84 × 1018 cm−3; (c) N0 = 1.51 × 1018 cm−3; (c) N0 =
5.38 × 1017 cm−3.
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Figure 6.3: TA spectrum pumped at 400 nm with an initial carrier concentration around N0 =
5 × 1018 cm−3 in four kinds of perovskite samples: (a). FAPbI3; (b) MAPbI3; (c) MAPbBr3; (d) CsPbIBr2.

duced under a pump fluence of 10µ J cm−2 as shown in Figure 6.2, indicating a variation in

carrier relaxation dynamics in different concentrations. Under similar experimental condi-

tions, power dependent TA measurements were also performed on the other three samples.

The measured 3D TA spectra under the maximum pump fluence (about 100µ J cm−2) in

each sample are given in Figure 6.3.

6.2.2 Carrier temperature fitting

Bleaching of absorbance reflects the carrier occupation above the band edge after excit-

ation [102–104]. For carriers distributed across the high-energy region (ε � µc, ε is the

carrier energy), the rigorous Fermi-Dirac distribution defined by carrier temperature Tc

and chemical potential µc can be approximated by a modified Maxwell-Boltzmann dis-

tribution, as shown in the first term of Eq. (6.1). The second term in that equation

represents the photon-induced absorbance (PIA) in a parabolic band approximation [48].

This equation is then fitted to a high-energy tail of the bleaching peak to extract the

carrier temperature. The contribution of PIA must be taken into account in order to

further extend the fitting region to higher energies, where the TA spectra usually show a
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positive ∆OD due to a very low carrier occupation. The detailed influence of bandgap

renormalization is ignored here since we deal with the high-energy tail only. Also, in a

continuous band semiconductor with a reasonably well behaved parabolic band structure,

the effect of absorptance on the emission spectrum at short wavelengths well above the

bandgap is minimal for all but the highest illumination intensities. This fitting formula

can better capture the exponential curvature of a TA spectrum when varying the tail se-

lection scheme. A typical fitting example is shown in Figure 6.4, where the selected tails

(see details below) are from 1/3 of the maximum bleaching with a 0.3 eV length.

f(ε) ≈ A1 exp

(
− ε

kBTc

)
+A2ε

−1/2 (6.1)
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Figure 6.4: High-energy tails on the normalized bleaching spectra of FAPbI3 sample under 28µJ cm−2

when R is around 1/3 and L = 0.3 eV. The black lines are the normalized minus ∆OD (-∆OD) for
different time delays (from 0.1 ps to about 900 ps) while the fitted results are shown as red curves. The
insert shows the definition of tail head ratio R and tail length L on an example TA spectrum

We always use the following tail selection scheme in all the TA spectra from different

samples to ensure comparable results between them:

1. The high-energy tails are always selected from a location whose bleaching intensity

has a constant ratio R (e.g., 1/5 initially) to the maximum bleaching, as shown in the

inset of Figure 6.4;

2. All tails extend to the high energy region by a constant tail length L = 0.3 eV;

3. The modified Maxwell-Boltzmann fitting is applied on the selected tails at each

time delay to get carrier temperatures Tc(t);
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4. Using the same tail length L, the fitting is then repeated when increasing R from

1/5 to 1/2 linearly (in 10 steps) ;

5. All the fitted Tc(t) at the same time delay t under different R are then averaged as

the final result. The corresponding standard error of the mean (s.e.m) of Tc(t) is considered

as the error and will be labeled in the figure.

The fittings are then conducted among all the measured TA spectra using the tail

selection scheme developed above. The fitted carrier temperatures as a function of time

delay t are summarized in Figure 6.5. Precise sensitivity and stability analyses have also

been carried out in Appendix D to ensure reliable and comparable fitting results.

6.2.3 Discussion on carrier temperature decay in lead-halide perovskites

For the different lead-perovskite samples, there are two common primary features in their

cooling curves.

a b

cd

FAPbI3 MAPbI3

MAPbBr3 CsPbIBr2

Figure 6.5: Time dependent carrier temperature under different incident fluence in: (a) FAPbI3, (b)
MAPbI3, (c) MAPbBr3, (d) CsPbIBr3. The carrier temperatures are extracted by fitting the high-energy
tail of the bleaching in the TA spectra. The error bar shows the standard error of the mean (s.e.m) fitting
results.
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First, all the samples show an evident temperature dependent carrier cooling rate which

decreases when the carrier temperature is lower. Although the primary carrier temperature

drop roughly occurs within the first 10 ps in these samples, a subsequent slower cooling

rate extends the overall relaxation period up to several hundred picoseconds. On the same

cooling curve of FAPbI3 under 90µ J cm−2 fluence in Figure 6.5(a), an average cooling

lifetime of 25 ps and 124 ps are observed beginning at Tc = 1500 K and 700 K respectively.

These average lifetimes are obtained using a double-exponential fitting which is applied

from the selected initial high carrier temperature to the end of the cooling curve.

Second, two stages of the carrier cooling process are identified from Figure 6.5 whose

cooling rates exhibit different power dependences. The first cooling stage shows a very

similar sub-picosecond lifetime under different excitation intensities. This stage is dom-

inated by the intrinsic Fröhlich phonon emission corresponding to the typical timescales

studied previously in lead-halide perovskites [169]. A limited thermalization rate for hot

holes is observed in this stage compared to conventional organic semiconductors. A re-

duced electronic density of states (DOS) near the fundamental valence band maximum

(VBM) was used to explain the restricted relaxation of carriers which leads to the almost

power independent cooling rate observed here. Since the electronic band structure near

the band edge is primarily dominated by the lead-halide bond [169, 170], similar cool-

ing lifetimes and their power independence are also observed in the inorganic CsPbIBr2

sample. The second stage of cooling is then observed in the later period under a sufficiently

high fluence (larger than 10µ J cm−2). The cooling lifetime increases with a larger carrier

density in the second stage, corresponding to the effect of a phonon bottleneck. From the

similar double-exponential fitting used above from a fixed initial temperature Tc = 700 K,

the cooling lifetime of FAPbI3 grows from 45 ps to 124 ps when the fluence is tuned from

28µ J cm−2 to 90µ J cm−2 correspondingly.

Compared to FAPbI3, an average cooling lifetime of only 6 ps beginning from Tc =

700 K is observed in our MAPbI3 sample with a much lower initial carrier temperate when

it is under the maximum pumping. This observation is inconsistent with the previous

theoretical and experimental conclusions on MAPbI3, although a power dependent bot-

tleneck effect is also observed in the second cooling stage. The changes in the organic

cation (FA+ and MA+) with the same kind of lead-halide framework should not strongly

perturb both the electronic and phononic properties of the material [48, 51, 169]. This

significant difference is believed to be caused by the lattice defects. Previous observation

confirms that the MAPbI3 sample prepared by the gas-assisted method (See Appendix
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C) has a large density of sub-bandgap trapping states [171]. The fast carrier relaxation

observed here convinces us that a large number of above-bandgap defects also present in

this sample which could provide more relaxation pathways for the hot carriers or more

opportunity for hot carriers to be trapped [172]. It is noted that the solar cell made of

such a material can still achieve a fairly good energy conversion efficiency up to 17% [161],

suggesting that the relaxation of hot carriers seems to be more sensitive to the presence

of lattice defects, perhaps due to their broadband energy distribution.

Although the initial carrier temperatures in MAPbBr3 and CsPbIBr2 are lower than

that in FAPbI3 and MAPbI3 due to larger bandgaps, power dependent cooling lifetimes

are still observed in their second cooling stage. Under a similar carrier concentration, the

bottleneck effect of all samples can be compared by investigating the second cooling stage in

a similar range of carrier temperature. To intuitively show the difference in the bottleneck

effect among these samples, we first compare their average cooling lifetimes fitted with the

same beginning carrier temperature Tc = 400 K under an intermediate fluence (28µ J cm−2

for FAPbI3, 50µ J cm−2 for MAPbBr3 and CsPbIBr2). All the samples are then in the

second cooling stage with a similar carrier density of about N0 = 2× 1018 cm−3 for a

ready comparison. A cooling lifetime of about 305 ps is observed in the FAPbI3 sample

in this period, while only a lifetime of 71 ps and 37 ps are observed in the MAPbBr3 and

CsPbIBr2 sample respectively. When the excitation intensity increases to the maximum

one used in our measurements with a carrier density of about N0 = 5× 1018 cm−3, the

cooling lifetime of FAPbI3 is significantly increased to around 1 ns after Tc = 400 K while

only about 48 ps is achieved in CsPbIBr2.

An unusual saturation effect was observed in the MAPbBr3 sample (Figure 6.5),

where both the TA spectra and carrier temperature show nearly the same result when

the excitation is larger than 50µ J cm−2, corresponding to a carrier density about N0 =

2.69× 1018 cm−3. Since there is no evidence of either saturation in absorptions at the

pumping wavelength (400 nm) or a lasing effect in MAPbBr3 according to the TA spec-

trum, we consider this observation to be a result of Auger-recombination/Impact-ionization

(AI) processes [173]. It has been reported that the Auger coefficient in MAPbBr3 is about

four times larger than that in MAPbI3 [174]. Triggered by a sufficiently high excess carrier

concentration, it is possible that a strong multi-particle interaction occurs in this material,

limiting the change of carrier temperature under a higher excitation power density.
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6.3 Phonon relaxation and bottleneck effect

6.3.1 Review of carrier-phonon dynamics in semiconductors

To understand the mechanism behind the bottleneck effect observed in lead-halide per-

ovskites, we first review some general understanding of carrier-phonon dynamics in solid-

state polar semiconductors. The carrier thermalization is accompanied by the emission of

LO phonons which then decay to the low-energy acoustical modes and lead to local lat-

tice heating. With an efficient thermal transfer to the surroundings via acoustic phonon

propagation, the carrier’s excess kinetic energy is eventually dissipated irreversibly. There-

fore, three distinct relaxation stages exist:

1) carrier-phonon scattering (Fröhlich interaction);

2) optical phonon decay to acoustic phonons;

3) acoustic phonon propagation to the far-field region in the material (thermal con-

duction).

Correspondingly, in a non-quantized system with continuous electronic DOS, possible

blocking mechanisms can be introduced at each relaxation stage to prolong the overall

cooling period of hot carriers:

1) thermal isolation between the optical phonon and carrier population;

2) reducing the phononic DOS to inhibit hot-phonon decay;

3) acoustic phonon up-conversion to optical phonon.

Strong thermal isolation required by the first mechanism is very difficult to achieve

due to the spontaneous interaction between the carriers and LO phonons in a polar en-

vironment. In lead-halide perovskites, the Fröhlich interaction mainly occurs between

the charge carriers and the lead-halide bond [51, 169], which governs the carrier relaxa-

tion in the first cooling stage. Although the large polaron effect proposed recently [50]

demonstrates that a reduced carrier-phonon coupling may exist in the organic-inorganic

lead-halide perovskites, a Fröhlich scattering rate similar to the typical III-V semicon-

ductor materials, such as GaAs, has also been reported [48, 51]. In particular, since the

electron-phonon coupling constantly occurs during carrier thermalization, a simple change

of Fröhlich coupling also cannot explain why a power dependent carrier cooling rate is only

observed in the second cooling stage while the rate in the first stage remains nearly unaf-

fected. Therefore it can be ruled out as a primary cause of the phonon bottleneck effect

here.

The second method is one of the popular mechanisms utilized in the current carrier
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thermalization engineering. In typical semiconductor systems, the decay mechanisms of

LO phonon to low-energy acoustic modes include the symmetric Klemens-decay and anti-

symmetric Ridley-decay [10]. Opening the phonon bandgap (between the optical and

acoustic branches) using compounds with a large atomic mass-difference has been intens-

ively studied before [10, 175] to slow carrier cooling, since the Klemens-decay mechanism

is blocked in principle if the phonon bandgap is greater than twice the highest acoustic

phonon energy.

The third blocking mechanism happens in the last stage of carrier cooling where the

induced local lattice heat finally dissipates to the surroundings. An efficient acoustic

phonon up-conversion can recycle the thermal energy back and reheat carriers [176].

6.3.2 Phonon band structures of lead-halide perovskites

The phonon band structures of FAPbI3, MAPbI3, MAPbBr3, and CsPbBr3 (as an ana-

logue of CsPbIBr2) were calculated from first-principles using density functional theory

(DFT) (see Appendix C). All the structures were optimized based on a pseudocubic lattice

which has been extensively used to predict properties of these materials [177–179]. The

calculation results have also been compared with previous reports to ensure a good es-

timation of the phonon energy distribution. Figure 6.6 shows the calculated phonon band

structures (below 200 cm−1). All the acoustic bands are plotted as red curves. The ima-

ginary phonon modes with a negative frequency result from the metastable lattice of the

perovskite where the permanent displacement of the atoms is possible through distortions

of the crystal lattice [169, 180]. The projected density of states (PDOS) on each atom is

also given in Figure 3 to show the detailed contributions from each sub-lattice.

Evidently, no complete phonon bandgap is observed in these four kinds of perovskite.

Therefore, there is no significant blocking effect from the second mechanism mentioned

above. Compared to the inorganic type CsPbBr3, lattice vibration properties in the hybrid

types are strongly affected by the presence of organic cations according to Figure 6.6.

Different to the Cs+ ion, whose vibrational modes are primarily distributed over the

acoustic branches in CsPbBr3, the phonon modes relating to the organic cations show an

optical-like character with a good overlap to the lead-halide optical modes in the range

roughly from 30 cm−1 to 100 cm−1. This result is consistent with the previous Raman

observations [181] on MAPbI3 that the libration and torsion of the MA+ are coupled with

the lead/halide ions and leads to a series of low-energy optical modes in the range of 60-
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FAPbI3 MAPbI3

MAPbBr3 CsPbIBr2

Figure 6.6: Phonon band structure and projected phonon DOS in (a) FAPbI3; (b) MAPbI3; (c) MAPbBr3;
(d) CsPbBr3. The projected phonon DOS are given in arbitrary units (A.U.) and show the contributions
of the organic cation and inorganic sub-lattice respectively. The acoustic bands are plotted in the red.

100 cm−1. This unusual phonon structure implies that although the organic cations do not

govern the Fröhlich interaction directly, the overlapping vibration modes can still allow

them to participate in the carrier-phonon relaxation through phonon-phonon scattering.

With the influence of non-propagating vibrations on the organic cation, most of the

optical phonon modes below 200 cm−1 in the hybrid types show a relatively flat band

dispersion across the first Brillouin zone comparing to the inorganic case. A cascade

decay of LO phonons may be supported by this mini-band-like structure to slow phonon

relaxation. However, it cannot fully explain the much slower carrier cooling lifetime of

FAPbI3 in its second stage (below Tc = 400 K) observed above comparing to MAPbBr3,

although similar mini-band-like optical branches are shown in both of them. A series

of high-energy (larger than 200 cm−1) quasi-static modes are also observed in the hybrid

perovskites, which result from the resonant vibrations of H atoms primarily as shown in

Figure 6.7. However, these high-energy modes are considered to be irrelevant to the carrier
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Figure 6.7: Phonon band structure and projected phonon DOS (larger view in phonon energy) in (a)
FAPbI3; (b) MAPbI3; (c) MAPbBr3; (d) CsPbBr3. The projected phonon DOS are given in arbitrary
units (A.U.) and show the contributions of the organic cation and inorganic sub-lattice respectively. The
acoustic bands are plotted in red

relaxation because the band edge carrier states are mainly derived from the lead/halide

atoms [48, 51, 169, 182].

6.3.3 Possibility of phonon up-conversion

As no apparent implementation of the first and second phonon blocking mechanisms exists

in these materials, we infer that a relatively effective up-conversion of acoustic phonons

may occur to prolong the relaxation period [176]. Actually, the acoustic-to-optical phonon

up-conversion has been reported recently in the perovskite-like organic-inorganic hybrid

multiferroic material [183]. In that material, the existence of organic sub-lattices intro-

duces a series of low-energy “hybrid phonon” modes, which are defined as the strong

co-vibrations between the organic and inorganic sub-lattices rather than the modes dom-

inated by either kind of sub-lattice alone, according to Ref. [183]. These low-energy
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optical-like “hybrid phonons” cannot be excited efficiently by an external perturbation but

only by phonon-phonon scatterings instead. Their large thermal coupling rate to acous-

tic phonons, via phonon-phonon scattering, can facilitate the acoustics-to-optical phonon

up-conversion and prolong the overall relaxation period of hot phonon populations.

We adopt the phonon classification concept here used in Ref. [183] and classify the

phonons in organic-inorganic perovskites according to the PDOS plotted in Figure 6.6(a)-

(c) and also Figure 6.7(a)-(c). As pointed out before, the co-vibrations between the

organic cation and lead/halide ions roughly in 30-100 cm−1 can be called “hybrid phonons”.

Since initial Fröhlich scattering occurs on the lead-halide framework primarily, these low-

energy “hybrid phonons” are mainly excited by phonon-phonon scattering events and these

are very similar to the phonon relaxation process occurring in the multiferroic material

discussed in Ref. [183]. Also, these “hybrid phonons”, which shows very little dispersion

at around 30 cm−1 have a good energy overlap with the top of the acoustic branches. This

kind of phonon band structure is expected to increase the probability of acoustic phonons

scattering to optical states and recycle the vibrational energy, corresponding to good

thermal coupling. Based on this information, it is reasonable to propose that a similar

acoustic-to-optical phonon up-conversion process discussed in Ref. [183] may also exist

in lead-halide perovskites, especially in the organic-inorganic types. In partial support of

this, the purely inorganic CsPbIBr2 sample with a simpler phonon band structure and

reduced phononic DOS do have the fastest carrier relaxation rate in the second cooling

stage, probably because they do not have the combined organic/inorganic hybrid phonon

and hence do not undergo phonon up-conversion.

6.3.4 Hot phonon relaxation in lead-halide perovskites

To further quantify the relaxation rate of the phonon system, we estimate the average LO

phonon emission lifetime τave for the three samples with good quality (FAPbI3, MAPbBr3,

and CsPbIBr2) using Eq. (6.2), where TL is the lattice temperature [104]. Since the elastic

scattering between LO phonons and carriers does not dissipate energy irreversibly, the

eventual cooling of the carrier-phonon system is caused by the inelastic decay of optical

phonons (exciting acoustic phonons). By considering both the emission and reabsorption

processes of LO modes, the τave can be taken as an effective cooling lifetime of carriers

interacting with a non-equilibrium phonon population [103, 104, 184].
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−3kB

2

dTc

dt
≈ h̄ωLO

τave

[
exp

(
− h̄ωLO

kBTc

)
− exp

(
− h̄ωLO

kBTL

)]
(6.2)

We choose the characteristic/effective LO phonon energies for FAPbI3 [51], MAPbBr3

[185, 186], CsPbBr3 [187, 188] as 13 meV, 18 meV and 16 meV respectively by taking into

account both the experimental and theoretical estimations performed before and also the

band structure presented in Figure 6.6. These characteristic h̄ωLO are near the top of the

optical bands contributed by the lead-halide framework. Complete results for the carrier

temperature dependent LO emission lifetime in each sample are given in Figure 6.9. All

the samples start with a very rapid emission rate τave(t)|t→0 <= 0.1 ps in the early stage

of carrier thermalization without an evident power dependence as shown in Figure 6.10,

since a large non-equilibrium optical phonon population has not yet been achieved at that

stage.

Figure 6.8: Phonon dynamics in lead-halide perovskites (a) Carrier temperature dependent phonon emis-
sion lifetime in different lead halide perovskites with a similar initial carrier concentration of around
2 × 1018 cm−3. An emission lifetime that is about 10 times longer than the other materials is observed in
FAPbI3 with carrier temperature at or below 400 K. The error bars show the standard error of the mean
(s.e.m) emission lifetime; (b) Carrier temperature dependent LO phonon emission lifetime τave in FAPbI3
and CsPbIBr2 with a similar initial carrier concentration N0 of around 5 × 1018 cm−3. The emission life-
time in FAPbI3 is around 20 times longer than that in CsPbIBr2 when the carrier temperature is around
400 K. The error bar shows the standard error (s.e.m) of τave

In Figure 6.8(a), we compare the results from the three perovskite samples with

good lattice quality. Again, an intermediate excitation intensity (28µ J cm−2 for FAPbI3,

50µ J cm−2 for MAPbBr3 and CsPbIBr2) is chosen for this comparison to avoid the influ-

ence of bleaching saturation in the MAPbBr3 sample under a higher pump fluence. We

now focus on the second cooling stage in each sample with a carrier temperature around
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and below 400 K, where the cooling properties are dominated by the phonon bottleneck

effect. We find that the phonon emission rate for FAPbI3 is about 10 times slower than

that in CsPbIBr2 in this particular cooling period and around 3 times slower than that in

MAPbBr3, as shown in Figure 6.8(a). A comparison of the LO emission lifetime between

FAPbI3 and CsPbIBr2 under the maximum fluences is also provided in Figure 6.8(b). A

larger increment of τave is still observed in FAPbI3 which shows up to 20 times longer

emission lifetime than CsPbIBr2 around Tc = 400 K. Further numerical estimation con-

firms that this discrepancy does not result from the different LO phonon energies used in

the calculation but is dominated by the temperature gradient −dTc/dt among the various

samples instead. Indeed, the smaller LO phonon energy used for FAPbI3 decreases the

corresponding emission lifetime a little bit according to Eq. (6.2). Combined with the

previous cooling lifetime comparison, it suggests that a much stronger bottleneck effect

exists in FAPbI3 while the pure inorganic counterpart shows the weakest blocking.

Varying phonon up-conversion efficiencies could also explain the differing phonon bot-

tleneck effect observed in these materials, where the proposed up-conversion of acoustic

phonons shows a strong correlation to the unique thermal property of lead-halide per-

ovskites. It is expected that the up-conversion of acoustic phonons is accompanied by

their rapid and short-range attenuation, which relates microscopically to the thermal con-

ductivity of the material. A strong anharmonic phonon-phonon scattering corresponds to

a low thermal conductivity in general which can localize acoustic phonons by blocking their

propagation and increase the probability of an up-conversion event. In turn, an efficient

acoustic-to-optical phonon up-conversion can contribute to the slow thermal propagation

in the lattice and reduce the thermal conductivity, at least in principle [183].

In fact, an ultra-low thermal conductivity (less than 1 W K−1 m−1) has been reported

in both of the hybrid type lead-halide perovskites [189, 190] and their CsPbX3 inorganic

counterparts [191]. An enhanced anharmonic phonon-phonon scattering resulting from

the highly overlapped phonon branches is recognized as the major cause, especially in the

hybrid types [190, 192]. The resonant scattering resulting directly from the rotational-like

vibrations of the organic cation also contributes [189, 190]. Both aspects are consistent

with the picture of acoustic phonon up-conversion via the low-energy “hybrid phonon”

modes presented above. In particular, the resonant scattering from the organic cation cor-

responds to an organic cation assisted up-conversion route for low-energy acoustic phonons,

which directly indicates the co-vibrational optical-like modes can be re-excited by acoustic

phonons efficiently in hybrid lead-halide perovskites and therefore recycle the phonon en-
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Figure 6.9: LO phonon emission lifetime τave versus carrier temperature Tc under different carrier injection
levels in: (a) FAPbI3, (b) MAPbI3, (c) MAPbBr3, (d) CsPbIBr2. The error bar shows the standard error
(s.e.m) of average τave.

ergy. It is worthy to mention that the phonon anharmonicity in the lead-halide perovskites

can come from the octahedral tilting of the inorganic lattice alone, while the rotational

activity of the organic cation introduces an additional anharmonic perturbation [192–194].

The strong phonon anharmonicity leads to a phonon lifetime in the perovskites to be three

orders of magnitude smaller than that in GaAs and CdTe with a mean free path within

10 nm [192]. This efficient phonon confinement (isolation from far-field propagation) is be-

neficial to the phonon bottleneck effect and increases the probability of acoustic-to-optical

phonon up-conversion, as that has been noticed in the quantum well/dot supper lattice

[195–198].

Now back to the divergence of LO emission lifetime in Figure 6.8. Phonon propagation

is blocked in CsPbIBr2 due to the anharmonic scatterings, which contributes to the power-

dependent phonon bottleneck effect and increases the phonon up-transition probability.
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Figure 6.10: LO phonon emission lifetime τave varying with time delay t of measurement under different
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the standard error (s.e.m) of τave.

However, the lack of the rotatable organic cation and corresponding altered phonon modes

leads to an insufficient phonon up-conversion efficiency compared to the other hybrid

types. This suggests the indispensable role of the organic cation, or a large amount of

low-energy co-vibrational optical modes, in the phonon up-conversion discussed here. The

difference between FAPbI3 and MAPbBr3 may be the result of two aspects. On the

one hand, a stronger acoustic phonon localization is expected in the FAPbI3 compared

to MAPbBr3. The thermal conductivity of MAPbBr3 has been predicted to be higher

than its iodide counterparts due to higher elastic moduli [190]. Practically, the trigonal

phase of FAPbI3 with a lower lattice-symmetry at room temperature is also expected to

limit its thermal conductivity [199] further. On the other hand, it looks like a better

phonon band overlap near the top of acoustic branches is observed in FAPbI3 than in
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MAPbBr3 according to Figure 6.6. This could facilitate the re-excitation of optical modes

in the former more efficiently. Overall, the conclusion is that an efficient up-conversion

of low-energy phonons discussed here relies on both the blocking of the acoustic phonons

propagation and organic cation assisted phonon up-transition. Both aspects lead to a

significant hot-phonon bottleneck in the hybrid lead-halide perovskites, where the hot-

phonon relaxation rate in FAPbI3 is observed as at least 10 times slower than that in the

inorganic counterpart via LO phonon emission.

6.4 Discussion

6.4.1 Proposed phonon dynamics in lead-halide perovskites

In summary, we propose the following carrier-phonon dynamics in hybrid type lead-halide

perovskites to explain the observed strong phonon bottleneck effect under a large carrier

population. The proposed process is shown in Figure 6.11.

1) Firstly, the Fröhlich interaction occurs predominantly between the hot carriers and

inorganic sub-lattice, exciting the high-energy lead-halide LO phonons;

2) The excited LO phonons then decay to acoustic modes. During this stage, the

co-vibration between organic and inorganic sub-lattices can also be excited via phonon-

phonon scattering;

3) The propagation of acoustic phonons is blocked due to strong anharmonic phonon-

phonon scatterings;

4) The up-conversion probability of phonons is then increased, especially when or-

ganic cations appear in the lattice. The organic cation introduces lots of low-energy

co-vibrational optical modes which overlap well with acoustic branches and facilitate the

phonon up-transition.

5) The recycled thermal (vibrational) energy reheats charge carriers and prolongs the

overall cooling period of the carrier-phonon system.

It is worth emphasizing that processes 3)-5) are inefficient in conventional bulk semi-

conductors whose acoustic phonons can easily propagate away increasing the hot carrier

cooling. The overall thermal recycling will be more efficient when the phonon density is

larger since the probability of phonon-phonon scattering and up-conversion will further

increase, especially if phonon propagation is restricted. This leads to an apparent pumping

power dependent hot-phonon bottleneck effect.
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Figure 6.11: Proposed phonon dynamics in the FAPbI3. The solid black line shows the total phonon
DOS, in which the contributions from the inorganic and organic sub-lattices are shown by the blue region
on the bottom with the pink region stacked on top, respectively. The labeled phonon dynamic process
are: 1) Fröhlich interaction of carriers primarily on the lead-halide framework; 2) Relaxation of lead-halide
LO phonon, organic sub-lattice can be excited by phonon-phonon scattering; 3) Propagation of acoustic
phonon is blocked due to anharmonic phonon-phonon scatterings; 4) Up-conversion of acoustic phonons;
5) Carrier reheating.

6.4.2 Further discussions about phonon dynamics

Further considerations about the proposed carrier-phonon dynamics are addressed below.

The mechanism behind the bottleneck effect we have discussed relies on the unique

lattice structure and phonon properties of lead-halide perovskites, especially in the organic-

inorganic hybrid types. Low-energy optical modes that have a good overlap with acoustic

modes need to be introduced to realize a more efficient up-conversion process. This is sup-

posed to be a new and general strategy to achieve long-lived hot carriers in material than

opening a large phonon bandgap. It is now established that the large bandgap is not suffi-

cient to suppress the decay of hot phonons, especially those via the anti-symmetric Ridley

route in practice [200]. Blocking the propagation of acoustic phonons is another aspect

to enhance the overall efficiency of up-conversion, since selection and conservation rules

usually limit the up-conversion probability. Materials with a low thermal conductivity are

valuable to explore, such as the thermoelectric material with strong phonon confinements,

and the type with organic-inorganic hybrid compositions.

We also notice that our proposed mechanism has some relations to the large-polaron

effect suggested by Zhu et al. recently [50]. This theory suggests that the freely rotating
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organic cation can form a long-range polaron along with charge carriers. The large polaron

can screen the hot carriers from scattering with LO phonons. This mechanism only relates

to the effective strength of Fröhlich interaction in this material (the first kind of blocking

mechanism mentioned above) and dominates in the first cooling stage primarily. Instead,

the mechanism we proposed here is attempting to explain the bottleneck effect in the

following second cooling stage on a timescale of several hundred picoseconds. These two

mechanisms are not in contradiction with each other. In fact, the polaron effect suggests

a stronger dynamic coupling between the charge carriers and organic cation directly in

lead-halide perovskites, which is usually ignored in the conventional description. Our

study also indicates the rotatable organic cation plays a major role in the acoustic phonon

up-conversion in this kind of material. The direct coupling between carriers and organic

cation may further facilitate the thermal recycling of the material, since the vibrational

energy transferred onto the organic sub-lattice from low-energy modes could reheat charge

carriers more efficiently. Additional works to further investigate the connection between

these two mechanisms are still needed.

6.5 Conclusion

In conclusion, we have studied the bottleneck effect of carrier-phonon cooling in various

lead-halide perovskite thin films with different compositions. By comparing both the

carrier cooling lifetime and LO emission rate, we conclude that the hybrid perovskites

have a stronger phonon bottleneck effect than the pure inorganic types. The phonon

relaxation lifetime in FAPbI3 is estimated to be more than 10 times longer than that

in CsPbIBr2 under a similar carrier concentration and temperature. The up-conversion

of acoustic phonons was proposed as the primary factor in the phonon dynamics. In

hybrid type perovskites, the low-energy optical phonon modes introduced by the rotatable

organic cation show a good band overlap and thermal coupling with the acoustic phonons,

allowing an efficient phonon up-conversion. Blocking phonon propagation caused by strong

anharmonic scatterings also increases the up-conversion probability of low-energy modes.

Both aspects mentioned above result in an efficient vibrational energy recycling in hybrid

lead-halide perovskites and prolong the overall cooling period of the carrier-phonon system.

It is valid to note again that the poor hot carrier response observed in our MAPbI3 sample

despite it having a fairly good performance in conventional solar cells. Particular attention

to the lattice purity is required in the hot carrier applications although it is also vital in
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the conventional photovoltaics as we all know.
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Chapter 7

Conclusions

7.1 Summaries of the thesis

This thesis presented a series of studies to explore the working and design principles of the

optical hot carrier solar cell (OHCSC), known as a general optically-integrated spectrum

conversion system.

An OHCSC integrates a hot carrier absorber and a conventional solar cell together

using a photonic structure called the optical energy selective contact (OESC), which en-

hances the carrier hot-luminescence transfer rate at the bandgap frequency of the solar cell

to reduce the thermalization losses during the conversion. Such an optically-integrated

system has the physical features of both a hot carrier solar cell and a spectrum up/down

converter. Therefore, all the results about device physics, photonic engineering, and other

developed theoretical tools are also applicable to the latter.

There are two essential aspects to realize the device concept properly. First, it re-

lies on a well-designed photonic engineering to obtain quasi-monochromatic carrier hot-

luminescence with a matched frequency and sufficient intensity to the secondary solar cell.

Second, it requires a slow hot carrier cooling rate or fast Auger-recombination/Impact-

ionization (AI) process to improve the spectrum conversion yield of the hot carrier ab-

sorber.

In this thesis, the potential and feasibility of this novel photovoltaic concept are ex-

amined in a more practical consideration with detailed numerical examples and experi-

mental characterizations. It has developed a complete picture of the device operating and

also the theoretical tools for further analyses.

Chapter 3 explored the global working principles of the OHCSC within the frame-
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work of detailed-balance and thermal-equilibrium. It is where the similarity between the

OHCSC and the conventional spectrum conversion systems is recognized. A systematic

comparison between these two concepts is discussed at the beginning of Chapter 3, which

concludes the carrier hot-luminescence as a general representation of spectrum up/down

conversion processes. The gain of photon currents is then recognized as the necessary

condition to improve the power conversion efficiency (PCE) of the device eventually. It

demonstrates the necessity of photonic engineering for such a device. The significance of

the feedback electroluminescence (EL) from the photovoltaic (PV) cell is also emphasized,

which can strongly perturb the conversion dynamics of the spectrum converter when a

deep photonic engineering presents. It leads to a complex dependence of the device per-

formance on both the optical enhancement ratio and the working voltage of the PV cell.

Among them, the phenomenon of “voltage-dependent open-circuit voltage” is valuable to

mention again here (Figure 3.6). This effect indicates that the actual open-circuit voltage

of the cell will be larger than its pseudo value kBTrt/q · ln (Jsc/J0) estimated at the short-

circuit condition since the emitted EL will be resorted to the cell efficiently by a lossless

spectrum converter through a superb OESC.

Chapter 4 improved the modeling method of spectrum conversion dynamics to consider

the non-equilibrium steady state of the hot carrier population inside the converter. By

using the relaxation-time approximation (RTA) method, the final steady state of the hot

carrier population is established based on the competition between multiple carrier scatter-

ing mechanisms. It, therefore, can estimate the non-radiative spectrum losses, such as the

thermalization, naturally and obey the directionality of thermodynamics for the spectrum

conversion. It suggests the OHCSC still shows potential in more practical considerations

but with more stringent requirements in both of the carrier cooling lifetime and optical

enhancement ratio. Several unique operating features rise further when the non-radiative

spectrum losses occur in the device. First, it shows that an effective optical extraction

can increase the quantum yield of the carrier hot-luminescence by reducing the probab-

ility of carrier thermalizations and shifting the dynamic equilibrium of electrochemistry.

Second, the actual yield of the hot-luminescence also depends on the carrier refilling rates

within the extract window, requiring a fast carrier renormalization. Third, the feedback

EL will increase the probability of carrier thermalization that causes serious energy losses

in the open-circuit condition. The effect of ”voltage-dependent open-circuit voltage” will

be weakened correspondingly in this case due to the existence of thermalization losses. For

a down-conversion system, it requires an optical enhancement ratio larger than hundreds
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of times and a carrier thermalization lifetime longer than about 500 ps. On the other hand,

the up-conversion systems typically require an even longer carrier thermalization lifetime

(over nanoseconds) and stronger optical enhancements (over thousand times).

A complete portrait of OHCSC has been depicted in the above chapters so far. To

fulfill the requirements of device design, Chapter 5 and Chapter 6 further explore the

photonic engineering and hot carrier dynamics respectively.

Chapter 5 studied the near-field resonant luminescence coupling in details, which is

recognized to be more efficient to deliver the carrier hot-luminescence in Chapter 3. A

rigorous electromagnetic model is presented in this chapter to analyze the luminescence

transfer quantitatively. The electromagnetic Green’s functions constructed by the quasi-

normal mode (QNM) is one of the essential theoretical basis here. It emphasizes the

damping nature of the optical modes in the energy transfer problem. It also has developed

the photon transfer spectrum function χ(ω) to qualify the performance of the coupling

process, which is recognized to be more accurate than the estimation based on the local

density of optical states (LDOS) directly. A plasmonic core-shell nanowire structure is

presented as an example which shows about 4800 times of optical enhancements in an

up-conversion system via the plasmonic whispering-gallery-mode (WGM) comparing to

the far-field radiation counterpart. The actual emissivity of the hot-luminescence will

also be influenced by the occupation status of radiative dipoles which therefore exhibits

carrier-temperature dependent photonic dynamics.

Exploring eligible hot carrier materials with a long thermalization lifetime and high

luminescence yield is always challenging. In Chapter 6, the hot-phonon bottleneck effect

in lead-halide perovskites is investigated, which is proposed to be a novel candidate in

the hot carrier engineering recently with superb luminescence properties. By comparing

both the carrier cooling lifetime and phonon emission rate, we conclude that the hybrid

perovskites have a stronger phonon bottleneck effect than the pure inorganic types. The

significant power-dependent phonon bottleneck effect extends the overall cooling period

of hot carriers up to nanoseconds in the FAPbI3 whose phonon relaxation lifetime is

also found to be more than 10 times longer at least than that in the CsPbIBr2 under a

similar carrier concentration and temperature. The up-conversion of acoustic phonons via

the co-vibrations of organic-inorganic sub-lattices was proposed as the main reason for

the hot-phonon bottleneck effect. The presence of organic cations introduces overlapping

phonon branches that facilitate the up-conversion of low-energy modes. The blocking of

phonon propagation due to anharmonic scatterings also increases the overall up-conversion
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efficiency. This result also suggests a new and general method for achieving long-lived hot

carriers in materials, which, therefore, is expected to inspire new exploration of hot carrier

functional materials in future.

Overall, this thesis concludes the concept of OHCSC and OESC are promising to

improve the PCE of photovoltaic devices. By applying both the material and photonic

engineering, the optically-integrated spectrum conversion system would be an inspiring

and exciting field to explore further.

7.2 Future work

Based on the obtained theoretical and experimental results, more studies of the OHCSC

could perform in the future. One aim is to develop the established theoretical framework

further and investigate more candidate structures for the OESC. Also, further studies of

the carrier hot-luminescence are also needed. Another important aspect is realizing the

OHCSC device experimentally with characterizations. In detail, following study directions

are proposed.

Investigation of OESC based on the photonic crystal cavity and waveguides

Although the plasmonic core-shell nanowire structure shows attractive potential and

intuitive illustration of the OESC, the difficulties of fabricating high-quality core-shell

nanowire structure are also noticed. Instead, the photonic crystal cavity and waveguide

structures are easier fabricated based on the well-developed E-beam lithography technique.

Importantly, it is compatible with the planar geometry in conventional photovoltaics.

Some early modeling results have been reported in Ref. [201] by the author of the thesis,

where a hexagonal-type (H1-type) photonic crystal cavity is examined as the OESC to

increase the absorptance of a silicon thin-film by about 80 times with a proper energy

selection. The overall transfer enhancement (both the emission and absorption) can reach

to several hundred times, known as the optimal value for the high-yield spectrum converter

(see Chapter 3).

Investigation of carrier hot-luminescence in lead-halide perovskites

Ultrafast hot carrier dynamics in the lead-halide perovskites could be explored further

using transient time-resolved photoluminescence microscopy (TRPL). It is encouraging to

detect the carrier hot-luminescence signal in lead-halide perovskites considering its hot-

phonon bottleneck effect and high-yield luminescence.

Investigation of non-equilibrium energy transfer using optical damping modes
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It is also interesting to combine the RTA model into the development of photonic

analysis framework to examine the device performance, where further improvement of

the non-equilibrium dissipation-fluctuation theorem and damping optics need to be intro-

duced.
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71. Kuttge, M., Garćıa De Abajo, F. J. & Polman, A. Ultrasmall mode volume plas-
monic nanodisk resonators. Nano Letters 10, 1537–1541 (2010).

116



BIBLIOGRAPHY

72. Min, B. et al. High-Q surface-plasmon-polariton whispering-gallery microcavity.
Nature 457, 455–458 (2009).

73. Cho, C.-H., Aspetti, C. O., Park, J. & Agarwal, R. Silicon coupled with plasmon
nanocavity generates bright visible hot-luminescence. Nature photonics 7, 285–289
(2013).

74. Robinson, J. T., Manolatou, C., Chen, L. & Lipson, M. Ultrasmall mode volumes
in dielectric optical microcavities. Physical Review Letters 95, 1–4 (2005).

75. Lampert, Z. E., Papanikolas, J. M. & Lewis Reynolds, C. Enhancement of optical
gain and amplified spontaneous emission due to waveguide geometry in the conjug-
ated polymer poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene]. Applied
Physics Letters 102, 073303 (2013).

76. Creatore, C., Andreani, L. C., Miritello, M., Lo Savio, R. & Priolo, F. Modification
of erbium radiative lifetime in planar silicon slot waveguides. Applied Physics Letters
94, 35–38 (2009).

77. Kolchin, P. et al. High purcell factor due to coupling of a single emitter to a dielectric
slot waveguide. Nano Letters 15, 464–468 (2015).

78. Basu, S., Zhang, Z. M. & Fu, C. J. Review of near-field thermal radiation and
its application to energy conversion. International Journal of Energy Research 33,
1203–1232 (2009).

79. Joulain, K. Near-field heat transfer: A radiative interpretation of thermal conduc-
tion. Journal of Quantitative Spectroscopy and Radiative Transfer 109, 294–304
(2008).
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137. Léonard, F. & Talin, A. A. Electrical contacts to one- and two-dimensional nano-
materials. Nature Nanotechnology 6, 773–783 (2011).

138. Pandey, A. & Guyot-Sionnest, P. Hot electron extraction from colloidal quantum
dots. Journal of Physical Chemistry Letters 1, 45–47 (2010).

139. Semonin, O. E. et al. Peak External Photocurrent Quantum Efficiency Exceeding
100via MEG in a Quantum Dot Solar Cell. Science 334, 1530–1533 (2011).

140. Kamat, P. V. Quantum Dot Solar Cells. Semiconductor Nanocrystals as Light Har-
vesters†. J. Phys. Chem. C 112, 18737–18753 (2008).

141. Kamat, P. V. Quantum Dot Solar Cells. The Next Big Thing in Photovoltaics. The
Journal of Physical Chemistry Letters 4, 908–918 (2013).

142. Niv, A., Gharghi, M., Gladden, C., Miller, O. D. & Zhang, X. Near-field electro-
magnetic theory for thin solar cells. Physical Review Letters 109 (2012).

143. Sumetsky, M. Mode localization and the Q-factor of a cylindrical microresonator.
Optics letters 35, 2385–2387 (2010).

120



BIBLIOGRAPHY

144. Schley, P et al. Dielectric function and Van Hove singularities for In-rich InxGa1−xN
alloys: Comparison of N-and metal-face materials. Physical Review B 75, 205204
(2007).

145. Goldhahn, R. et al. Anisotropy of the dielectric function for wurtzite InN. Super-
lattices and Microstructures 36, 591–597 (2004).

146. Palik, E. Handbook of Optical Constants of Solids 1st, 547–569 (Academic press,
1997).

147. Johnson, P. B. & Christy, R. W. Optical Constants of the Noble Metals. Physical
Review B 6, 4370–4379 (1972).

148. Eckhardt, W. First and second fluctuation-dissipation-theorem in electromagnetic
fluctuation theory 1982.

149. Gao, Y. et al. Analytical model for plasmon modes in graphene-coated nanowire.
EN. Optics Express 22, 24322 (2014).

150. Liu, R. et al. Graphene plasmon enhanced photoluminescence in ZnO microwires.
Nanoscale 5, 5294 (2013).

151. Farrell, D. J., Sodabanlu, H., Wang, Y., Sugiyama, M. & Okada, Y. Can a hot-
carrier solar cell also be an efficient up-converter? IEEE Journal of Photovoltaics
5, 571–576 (2015).

152. Jeon, N. J. et al. Solvent engineering for high-performance inorganic-organic hybrid
perovskite solar cells. Nature materials 13, 897–903 (2014).

153. Nie, W. et al. High-efficiency solution-processed perovskite solar cells with millimeter-
scale grains. Science 347, 522–525 (2015).

154. Saliba, M. et al. Cesium-containing triple cation perovskite solar cells: Improved
stability, reproducibility and high efficiency. Energy Environ. Sci. 9, 1989–1997
(2016).

155. Green, M. A., Ho-Baillie, A. & Snaith, H. J. The emergence of perovskite solar cells.
en. Nature Photonics 8, 506–514 (2014).

156. Wen, X. et al. Morphology and carrier extraction study of organic-inorganic metal
halide perovskite by one- and two-photon fluorescence microscopy. The Journal of
Physical Chemistry Letters 5, 3849–3853 (2014).

157. Price, M. B. et al. Hot-carrier cooling and photoinduced refractive index changes
in organic-inorganic lead halide perovskites. en. Nature communications 6, 8420
(2015).

158. Langot, P, Del Fatti, N, Christofilos, D, Tommasi, R & Vallee, F. Femtosecond
investigation of the hot-phonon effect in GaAs at room temperature. Physical Review
B 54, 14487–14493 (1996).

159. Murdin, B., Heiss, W, Langerak, C & Lee, S. Direct observation of the LO phonon
bottleneck in wide GaAs/AlxGa1−xAs quantum wells. Physical Review B 55, 5171–
5176 (1997).
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Appendix A

Quasi-normal mode method

A.1 Symbolic and formula conventions of electromagnetics

We only consider a non-magnetic environment in this thesis. Then the source-free Maxwell

equation of electric fields and corresponding Green’s dyadic function are defined below [93].

∇×∇×E (r;ω)− k2
0ε (r;ω) E (r;ω) = 0 (A.1)

∇×∇×G (r, r0;ω)− k2
0ε (r;ω) G (r, r0;ω) = k2

0Iδ (r− r0) (A.2)

, where k0 = ω/c is the free-space wave number, ε(r;ω) the dielectric function of the

medium, I is the unit dyad and δ (r− r0) is the Dirac delta function. Using the volume-

integral method [65], the excitations of electric E and magnetic H field are given below,

where E0 and H0 are the background fields.

E (r;ω) = E0 (r;ω) +

∫
dr3

0

G (r, r0;ω) p (r0;ω)

ε0
(A.3)

H (r;ω) = H0 (r;ω)−
∫
dr3

0i
c2

ω
[∇×G (r, r0;ω)] p (r0;ω) (A.4)

A.2 Quasi-normal mode

When a resonant system is ideal without any energy losses, Eq. (A.1) is Hermitian with a

series of discrete normal mode solutions whose resonant frequencies are real and positive

[65].
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However, outgoing wave boundary conditions, also known as the Sommerfeld radiation

condition [202], must exist in practice which allows optical fields to escape to the far-field.

Besides, local dissipations may also happen inside the resonant. Both aspects make the

resonant modes always have a finite lifetime characterized by a finite quality factor Q.

The so-called quasi-normal mode (QNM)s f̃µ(r) are the solutions of Eq. (A.1) when the

above two situations occur, where the subscript µ is the modal index. Different to normal

modes, the QNM have two distinct features. First, the QNM has a complex resonant

frequency ω̃µ = ωµ − iγµ, whose quality factor is then written as Q = ωµ/2γµ; second, its

amplitude will diverge exponentially as r→∞ [90]. To deal with the above two features,

a special normalization formula Eq.(A.5) has to be applied [93, 203].

〈〈f̃µ|f̃µ〉〉 = lim
V→∞

∫
V

[
1

2ω

∂
(
ε(r, ω)ω2

)
∂ω

]
ω=ω̃µ

f̃µ(r) · f̃µ(r)dr

+ i
nBc

2ω̃µ

∫
∂V

f̃µ(r) · f̃µ(r) = 1

(A.5)

Eq.(A.5) have both the volume (V ) and surface (∂V ) integrals, where nB is the back-

ground refractive index at the selected integral boundary. By adding the surface term,

Eq.(A.5) has a stable numerical behavior when arbitrarily increase the integral bound-

ary and normalize the field profile f̃µ properly[93, 98]. Then normalized mode profile

constructs the transverse Green’s function of a single QNM inside and near the reson-

ator as below1 [93]. The prefactor ω2

2ω̃µ(ω̃µ−ω) corresponds to the spectrum profile function

W (ω, ωµ) mentioned in the main text.

Gµ(r1, r2;ω) ≡ ω2

2ω̃µ (ω̃µ − ω)
f̃µ(r1)⊗ f̃µ(r2) (A.6)

The self-consistency and accuracy of the resulted Green’s function have been intensively

verified in different nano-optical problems [90, 92, 93, 97, 98]. Since the QNM is defined

on the complex frequency plan, a special designed Gaussian windowing function has to be

applied on the time-domain monitor in the finite-difference time-domain (FDTD) simu-

lations to obtain its numerical results [92]. This Gaussian windowing function is defined

based on the complex resonant frequency ω̃µ = ωµ − iγµ of a certain QNM, whose time

offset is toff = 4π/ωµ while variances is τ2
win = toff/γµ. Once we obtain the mode profiles of

QNM, normalization needs to be done according to Eq. (A.5). Then the Green’s function

is constructed using Eq. (A.6).

1⊗ means outer product
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Appendix B

LDOS and photon transfer

spectrum

The following derivations are based on the Appendix in Ref. [88].

We start with the transverse Green’s function G constructed by the quasi-normal

mode (QNM) method. The transverse part of Maxwell’s equation written by the dyadic

component of Green’s function is given as

∇2
r′′Gji(r

′′, r;ω)− k2
0ε
(
r′′
)
Gji(r

′′, r;ω) = k2
0δ
T
jiδ(r− r′′) (B.1)

, where k0 is the free space wave vector, ε is the dielectric function at the field point r′′,

δTji = δji − kikj/k2 is the so-called transverse delta function defined in Ref. [88], ∇2
r′′ is

the Laplace operator acting on r′′. Noting that the commutation relation Gij(r, r
′′;ω) =

Gji(r
′′, r;ω) ∝ f̃i(r)f̃j(r

′′) is still held for the Green’s function of QNM, we can rewrite

Eq. (B.1) as

∇2
r′′Gij(r, r

′′;ω)− k2
0ε
(
r′′
)
Gij(r, r

′′;ω) = k2
0δ
T
ijδ(r− r′′) (B.2)

Multiply G∗i′j(r
′, r′′) on both sides of Eq. (B.2) and integrate over r′′, we then have

∫
V

dr′′
3∇2

r′′Gij(r, r
′′;ω) ·G∗i′j(r′, r′′;ω)− k2

0

∫
V

dr′′
3
ε
(
r′′
)
Gij(r, r

′′;ω) ·G∗i′j(r′, r′′;ω)

= k2
0

∫
V

dr′′
3
δTij(r− r′′) ·Gi′j∗(r′, r′′;ω)

(B.3)

Now, using the integral by part to split the first part of the left-hand-side of Eq. (B.3) as
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below

∫
∂V

dr′′
2
n̂ · ∇r′′Gij(r, r

′′;ω) ·G∗i′j(r′, r′′;ω)−
∫
V

dr′′
3∇r′′Gij(r, r

′′;ω) · ∇r′′G
∗
i′j(r

′, r′′;ω)

− k2
0

∫
V

dr′′
3
ε
(
r′′
)
Gij(r, r

′′;ω) ·G∗i′j(r′, r′′;ω) = k2
0

∫
V

dr′′
3
δij

T (r− r′′) ·G∗i′j(r′, r′′;ω)

(B.4)

Take the complex conjugation of Eq (B.4), exchange r to r′, i to i′, and then subtract

back with Eq (B.4), we finally reach our destination in Eq. (B.5).

M j
ii′(r, r

′)− 2ik2
0

∫
V

dr′′
3
ε′′
(
r′′
)
G∗i′j(r

′, r′′;ω)Gij(r, r
′′;ω)

= k2
0

[
G∗i′i(r

′, r;ω)−Gii′(r, r′;ω)
] (B.5)

, where ε′′ is the imaginary part of the dielectric function, M j
ii′(r, r

′) comes from the surface

integral above written as

M j
ii′(r, r

′) =

∫
∂V

dr′′
2
n̂ · ∇r′′Gij(r, r

′′;ω) ·G∗i′j(r′, r′′;ω)

−
∫
∂V

dr′′
2
n̂ · ∇r′′G

∗
i′j(r

′, r′′;ω) ·Gij(r, r′′;ω)

(B.6)

We can then rewrite the integral of Green’s function in the photon transfer spectrum

χe-r according to Eq. (B.5) by considering r = r′, r′′ = r0, i = i′, j = m as below, where

the relationship between the projected local density of optical states (LDOS) ρi and local

Green’s function ρi = 6
πω Im {Gii(r, r;ω)} has been applied.

∫
Ve

dr3
0Gim(r, r0;ω)ε′′e (r0;ω)G∗im(r, r0;ω) = Im {Gii(r, r;ω)} − i

2k2
0

Mm
ii (r, r) (B.7)

χe-r =
2

π

∫
Vr

dr3ε′′r (r;ω)

∫
Ve

dr3
0Gim(r, r0;ω)ε′′e (r0;ω)G∗im(r, r0;ω)

=
2

π

∫
Vr

dr3ε′′r (r;ω)

[
Im {Gii(r, r;ω)} − i

2k2
0

Mm
ii (r, r;ω)

]
=

2

π

∫
Vr

dr3ε′′r (r;ω)

[
πωρi(r;ω)

6
− i

2k2
0

Mm
ii (r, r;ω)

]
=
ω

3

∫
Vr

dr3ε′′r (r;ω) ρi(r;ω)− i

πk2
0

∫
Vr

dr3ε′′r (r;ω)Mm
ii (r, r;ω)

=
ω

3

∫
Vr

dr3ε′′r (r;ω) ρi(r;ω)− Ŝ(r;ω)

(B.8)
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Appendix C

Methods of transient absorption

characterization of lead-halide

perovskites
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structures;
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C.1 Sample preparation

FAPbI3:
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APPENDIX C. METHODS OF TRANSIENT ABSORPTION CHARACTERIZATION
OF LEAD-HALIDE PEROVSKITES

To prepare 1.2 M HC(NH)2PbI3 solution, HC(NH2)2I is mixed with PbI2 in dimethyl-

formamide (DMF) at 1:1 mole ratio at room temperature. The solutions with added HI

at specific molar ratio (0.10 g of HI solution 1 ml of perovskite solution) were spread on

borosilicate glass and spun at 6500 rpm for 30 s using gas-assisted method [164]. The films

were dried on a hot plate at 160 ◦C for 20 min.

MAPbBr3:

All samples were deposited on borosilicate glass substrates. The substrates were

cleaned by 2% Hellmanex detergent, acetone, and isopropanol in an ultrasonic bath for

10 min in each cleaning agent followed by UVO treatment for 10 min. All CH3NH3PbBr3

films were fabricated by vapor-assisted method [204]. First, PbBr2 solution in DMF with

a concentration of 1 M was spin-coated on a glass substrate at 2000 rpm for 60 s. After

annealing at 70 ◦C for 30 min, the film was treated by CH3NH3Br vapor at 175 ◦C for

10 min in a closed glass Petri-dish with CH3NH3Br powder surrounded on a hot plate

in a glovebox, then rinsed in isopropanol at room temperature, followed by drying in a

nitrogen stream.

MAPbI3:

Unless specified otherwise, all materials were purchased from either Alfa Aesar or

Sigma-Aldrich and used as received. CH3NH3I was synthesized by mixing 24 ml CH3NH3

(33% in ethanol) and 10 ml HI (57% in water) in 100 ml ethanol. After stirring for 2 h,

the solvent was removed on a rotary evaporator. The white crystals were dried in a

vacuum oven at 60 ◦C for 24 h. The soda-lime glass substrates were cleaned and then cut

into around 1 cm2. A 25µl 45 wt% CH3NH3PbI3 DMF solution, prepared from PbI2 and

CH3NH3I in a molar ratio of 1:1, was spread on it, using a spin-coater. For the conventional

spin-coating method, the solution was spun at 6500 rpm for 30 s, while for the gas-assisted

method, a 40 psi dry Argon gas stream was blown over the film during spinning at 6500 rpm

for 2 s after the spin-coating commenced. The films were then annealed at 100 ◦C on a

hotplate for 10 min, and then cooled to room temperature on a steel substrate.

CsPbIBr2:

Boro-silicate glass was cleaned by sonication in solutions of 2% Hellmanex in deionized

water, acetone, and isopropanol for 15 min. After drying, the substrate was treated by

UV ozone cleaner for 10 min. A dual source thermal evaporation of the two precursors

cesium iodide (CsI) and lead bromide (PbBr2) was carried out in a thermal evaporation

system (Kurt J. Lesker Mini Spectros) integrated in a glove box. CsI and PbBr2 were

loaded in separate crucible heaters and the sample substrates were fixed on a rotatable
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substrate holder. After the pressure of the evaporator chamber was pumped down to

10-6 mbar, CsI and PbBr2 were then heated to the set temperature of 350 ◦C and 180 ◦C,

respectively. Once the temperatures were reached, the shutter for each source was opened

to commence deposition. The temperature of the substrate holder was kept at 75 ◦C during

the deposition. The deposition rates of CsI and PbBr2 were set at 0.21 Å s−1 and 0.2 Å s−1

respectively to achieve a molar ratio of 1:1 for the two materials. After the evaporation,

the samples were annealed on a hot plate at 250 ◦C for 10 min in the glove box.

C.2 Ultrafast transient absorption

Femtosecond pump-probe TA experiments were performed on MAPbI3, FAPbI3, MAPbBr3

and CsPbIBr2 samples with a TA spectrometer. The laser consisted of a Ti:sapphire

mode-locked oscillator that seeded a regenerative amplifier. The output of the amplifier

was centered at 800 nm with a repetition rate of 1 kHz and pulse duration of 100 fs, which

was then split into pump and probe beamlines. The 400 nm pump pulses were generated

using a BBO crystal and were attenuated. The probe beam passed through a delay stage

and was used to generate a white light continuum. The probe beam was then detected

by a polychromatic-CCD. All of the measurements were performed at room temperature

(295 K).

Lattice heating by the pump laser is shown to be a minor effect in our measurements.

Supposing that all the laser energy that is absorbed by the sample heats the lattice directly,

the temperature change can be calculated as below

∆TL =
Epump

CV · Vpump
=
Fpump · α400

CV
(C.1)

In the above equation, Cv is the volume heat capacity of perovskites, Epump is the

pumping energy, Fpump is the corresponding fluence, Vpump is excitation volume in the

sample and α400 is the absorption coefficient of the material at 400 nm. The typical value

of Cv can be found in Ref. [199] which is about 1.25× 106 J m−3 K at 300 K. With

the maximum excitation fluence 100µJ cm−2, the maximum temperature increase is only

about 15-20 K. In practice, considering most of the incident energy will be directly ab-

sorbed by the carriers and also given the material’s finite thermal conductivity, the actual

lattice heating resulting from the laser will be much smaller than the maximum value we

deduced above. Therefore, we conclude that direct lattice heating has a negligible impact
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on our analysis and cannot explain the significant difference in the carrier relaxation in

different perovskites samples.

C.3 Carrier injection level estimation

The initial photogenerated carrier concentration N0 is estimated using the following equa-

tion.

N0 =
A(λ)× F
Eph(λ)×W

(C.2)

, where F is the total incident fluence at excitation wavelength λ = 400 nm, photon energy

Eph(λ) ≈ 4.97× 10−13 µJ, sample thickness W ≈ 300 nm, A(λ) is the overall absorbance

of the thin film. When the absorption thickness is much smaller than W , the absorbance

can be analytically estimated by

A(λ) = 1−R− T =
(

1− e−α(λ)·W
)
· (1−R) (C.3)

,, where R and T are the reflectance and transmittance respectively, αλ is the absorption

coefficient of the material. For the four lead-halide perovskite samples discussed here, the

overall absorbance is about A(400nm) ≈ 0.8 at 400 nm according to previous reports [162–

164, 205], where most of the loss in absorption comes from surface reflections. Therefore,

N0 is estimated as 5.38× 1018 cm−3 when F = 100µJ cm−2.

C.4 Calculation of phonon band structure

The density functional theory (DFT) calculations were carried out using Quantum Es-

presso [206]. The Perdew-Ernzerhof-Burke (PBE) functional [207] was used to evaluate

the ground state properties, electron and phonon properties. The plane-wave energy cutoff

was set to 100 Ry, while a grid of 6× 6× 6 was used for k-point sampling. The tolerance

for the electronic system was set to 10-12 Ry, while that for the phonon calculations was

set to 10-14 Ry. Density functional perturbation theory (DFPT) was used to predict the

phonon energies at a 4×4×4 grid of Q points for FAPbI3, MAPbI3, and CsPbBr3. Lattice

constants for the calculations are given in Table C.1. The phonon band structures were

then interpolated from this grid using the interatomic force constants. The phonon band

structure for MAPbBr3 is extrapolated using the mass approximation approach [208] with

the force constants for MAPbI3.
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Table C.1: Lattice constants used for phonon band structure calculation in DFT. The phonon band
structure for MAPbBr3 is extrapolated using the mass approximation approach with the force constants
for MAPbI3

Material MAPbI3 FAPbI3 CsPbBr3

Eg (eV) 1.77 1.439 1.731

Lattice constant (Å) 6.29012
a=6.3620

5.9595b=6.1930
c=6.3513

133



APPENDIX C. METHODS OF TRANSIENT ABSORPTION CHARACTERIZATION
OF LEAD-HALIDE PEROVSKITES

134



Appendix D

Sensitivity and stability analysis of

carrier temperature fitting in

lead-halide perovskites

All carrier temperatures are fitted using the method developed in the main text for the

lead-halide perovskite samples.

To estimate the global reliability of the fitting results, the fitting procedure is repeated

with three different tail lengths L that are 0.15 eV, 0.2eV, and 0.3 eV respectively. All the

fitting results are summarized in Figure D.1 below. In most of the cases, our fitting scheme

shows reasonably stable and reproducible fitting results under different L, especially after

a time delay of about 10 ps where most of our discussions and comparisons are made. Most

of the large variations are in the first few picoseconds especially when L is small. Large

variations in the fitting results also appear when the carrier injection is low, which results

from the data quality of the transient absorption (TA) spectra.

The adopted fitting scheme only has two input parameters that are the tail head ratio

R and tail length L. Based on the fitting results with different R and L in Figure D.1,

the first order sensitivity index SR(t) of the fitting results on the parameter R is analyzed.

This indicates the influence from the starting point of high-energy tails. The first order

sensitivity index is defined as

SR(t) =
V (E(Tc(t)|R))

V (Tc(t))

=
V (E(Tc(t)|R))

E(V (Tc(t)|R)) + V (E(Tc(t)|R))

(D.1)
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Figure D.1: Averaged carrier temperature fitting results with different tail length L (0.15 eV, 0.2eV, and
0.3 eV). At the same time delay t, an average fitting result is shown in the graph when the tail head R
is changed between 1/2 and 1/5. The error bar shows the corresponding standard error (s.e.m) of the
average temperature. In the main text and below, we use the fitting results with L = 0.3 eV to conduct
other analyses

, where function V calculates the variation while function E takes the mean of the val-

ues. The term V (E(Tc(t)|R)) denotes the variation of the averaged carrier temperature

for a certain time delay t when keeping the R as a constant but varying L. Similarly,

E(V (Tc(t)|R)) means the average of the variation of the fitted temperatures.
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Figure D.2 shows the statistical distribution of SR(t) in each sample, while Figure D.3

shows the distribution of the normalized standard error when varying R. The normalized

standard error is defined as a standard error divided by its corresponding mean. All

the distributions are counted over the entire time delay period. Roughly speaking, the

variation of R contributes about 50% to the variation of the final fitted temperature as

shown in Figure D.2. However, according to Figure D.3, most of the fitting standard

errors are distributed around and below 5% when varying R. This illustrates that the

actual numerical impact from the selection of tail starting point is very small. Therefore,

we conclude that the numerical results based on our fitting scheme are reasonably stable

and insensitive to the choice of the high-energy tail. All the fitting results are reliable and

comparable. In the main text and below, we use the fitting results with L = 0.3 eV (the

third column in Supplementary Figure D.1) to conduct other analyses.

Figure D.2: Statistical distribution of SR(t) to the carrier temperature fitting over the entire time delay
t is shown in the box plots. The distributions are counted over the entire time delay period. The boxes
show the first and third quartiles of the distribution with the median band inside, while the whiskers label
1.5 times of the interquartile range (1.5 × IQR). The square dot in the boxes shows the mean of the
distribution. Each material has three box plots under different excitation fluences labeled at top of the
boxes (unit: µJ cm−2).
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Figure D.3: Statistical distribution of the normalized fitting standard error when varying the tail head
ratio R under different tail lengths L. The distributions are counted over the entire time delay period.
The boxes show the first and third quartiles of the distribution with the median band inside, while the
whiskers label 1.5 times of the interquartile range (1.5 × IQR).
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