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Abstract

Photonic power converters (PPCs) are one of the main components of optical power transmission
systems, converting optical power injected by a monochromatic optical source (laser or LED) to
electrical power via the photovoltaic effect. This thesis focuses on designing and optimizing ultra-
thin single junction InAlGaAs PPC with integrated back reflectors (BR) for operation at the
telecommunications wavelength of 1310 nm and numerically studies the light trapping capability
of three BR types: planar, cubic nanotextured, and pyramidal nanotextured. Optical simulations
were performed by coupling finite difference time-domain (FDTD) calculations with a particle
swarm optimization, while electrical simulations were carried out by the finite element drift-
diffusion method. With 90% absorptance, optoelectrical simulations revealed that ultra-thin PPCs
with 5.6- to 8.4-fold thinner absorber layers can have open circuit voltages (Voc) that are 9-12%
larger and power conversion efficiencies that are 9-10% (relative) larger than conventional thick
PPCs. Of the studied BR designs, pyramidal BRs exhibit the highest performance for ultra-thin
designs, reaching an efficiency of 43.2% with 90% absorptance, demonstrating the superior light
trapping capability relative to planar and cubic nanotextured BRs.

The sensitivity of optical absorptance to variations in device thickness and incident light
wavelength is also investigated numerically in thin PPCs with planar and pyramidal nanotextured
BRs. Optical simulation results revealed that BR-induced resonances shift from constructive to
destructive interference with thickness variations of ~100 nm and ~70 nm in planar and pyramidal
nanotextured BRs, respectively. Also in PPCs with pyramidal BR, a 50 nm variation of the
nanotextures’ geometry (base width and height of pyramids) drops the absorptance by more than

25% (absolute).
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Chapter

INTRODUCTION

Photovoltaic device applications are not limited to electrical power generation from sunlight. Over
the past few decades, it has been shown that converting laser power to electricity yields higher
conversion efficiency than solar cells. This is enabled by tuning the absorber layer bandgap to the
incident light wavelength. It also can be used as a suitable alternative to copper wire powering
where it is not safe or applicable. This chapter comprises an introduction to the photonic power
converter (PPC) and its applications. In particular, this chapter discusses thin PPCs and the

selection of operational wavelength for this thesis.

1.1 Introduction

Well-known for its revolutionary role in high-speed data transmission, optical fiber has
demonstrated significant potential for optical power transmission applications in recent years. The
efficiency of optical power transmission systems is less than half of the efficiency of conventional
copper wire power transmission. However, electromagnetic interference immunity, galvanic
isolation, and reduced fire hazard make optical fiber a safe and reliable power transmission
alternative for driving sensors and low power electronics in hazardous and extreme environments
such as near high voltage lines or in wind turbines, mines, and magnetic resonance imaging

machines [1]-[5].



Besides power over fiber, free space optical power transmission (power beaming) also gained
lots of attention for a wide range of applications [6]. Some applications include remote powering
of equipment for which replacing the battery is challenging, inconvenient, or dangerous such as
subcutaneous devices [7], [8], or electronics mounted across borders or within war zones [9].
Power beaming can also be used where wires are impractical such as for sensors mounted on
rapidly oscillating mechanical parts [10]. There is also potential use in aerospace industry through
harnessing sun power and beaming it to the earth in the form of laser to power moving objects

such as aircrafts [11], [12].

A typical optical power transmission system consists of a narrowband light source such as a
laser or LED, an optical fiber or free space optics, and a photonic power converter (PPC) -also
called laser power converter- to convert photonic power into electrical power via the photovoltaic
effect (Fig. 1.1). Depending on the applications of optical power transmission systems, operational
wavelengths of PPCs vary. Fig. 1.2. depicts the attenuation loss of the single mode silica-based
optical fiber as a function of the wavelength with highlighted three main telecommunication
windows. For fiber-based optical power transmission applications, PPC design requires to be
compatible with these three main wavelengths (850 nm, 1310 nm and 1550 nm) where light has
minimum attenuation loss passing through the fiber [13]. For power beaming from space,
wavelengths of interest lie around 1500 nm and 2100 nm, as at these wavelengths attenuation

through Earth’s atmosphere is minimized [14]. For powering of subcutaneous equipment, the
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Figure 1.1: Schematic of the optical power transmission system (PPC: Photonic power converter).
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Figure 1.2: Single mode silica optical fiber attenuation versus wavelength. The key telecommunication
wavelengths are highlighted.

irradiation safety to human beings matters. It has been shown that wavelengths above 1400 nm

under irradiation intensity of 1kW/m? are both eye and skin safe [15].

The output voltage of PPCs is directly related to the bandgap of their absorbing material. For
most applications, this is not sufficiently high. To boost the output voltage of PPCs to meet
application requirements, they can be designed as devices with a single pn junction and combined
with conventional DC-DC converters [16], or as stand-alone multi-junction devices which directly
output voltages that scale linearly with the number of series-connected pn junctions [17], [18]. In
both cases, the ability of the PPC to absorb the majority of incident irradiance is critical to
achieving a high optical-to-electrical power conversion efficiency. As transmittance decreases
exponentially with active layer thickness [19] , fulfilling high absorption requirements (> 90% of
incoming light) typically requires absorber layers with thicknesses on the order of at least several
micrometers. Absorptance versus thickness for single and multijunction PPCs for a material with
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Figure 1.3: Light absorption versus thickness through a material with an absorption coefficient of 7424
cm?® (blue line). 98% absorption corresponds to 5300 nm material thickness (red dashed line). The dashed
lines correspond to 3 junction PPC thickness allocation to satisfy same current absorption at each junction.

an absorption coefficient of 7424 cm™ at 1310 nm are illustrated in Fig. 1.3. This value was chosen
based on experimental measurements by Dr. Meghan Beattie [20]. An alternative solution is to
reduce the PPC thickness and apply light trapping techniques to compensate for the reduced
absorption within the thin absorber. In addition to faster epitaxial growth and reduced material
usage, thin devices benefit from higher open circuit voltages (Voc) compared to thick devices due
to increased carrier concentration and reduced bulk recombination [21] . They are less sensitive to
bulk defects and are not limited by diffusion length [22]. An added benefit of thin devices is their
enhanced power-to-weight ratio, flexibility, and superior radiation tolerance, which are critical for
aerospace applications [23], [24]. The efficiency of thin PPCs is expected to exceed that of their

optically thick counterparts when high absorption can be maintained through efficient light

trapping.



1.2 Literature review

| listed some of the PPC devices with remarkable efficiencies at different wavelengths in Table 1.1.

The record efficiencies for multi junction and single junction PPCs belong to GaAs based PPCs

with efficiencies of 74.7% and 68.9%, respectively [25], [26]. It should be noted that PPCs

operating at longer wavelengths fundamentally have lower efficiency than PPCs operating at

shorter wavelengths due to the lower photon energy.

Table 1.1: PPC devices operating at different wavelengths

Wa\(/ﬁ:re];lgth Material .Nur:f.ber \?glig;; 2%32% Effzg/i:)ncy Ref.  year
junctions V)

808 nm GaAs 5 7.18 6.75 74.7% [25] 2022
809 AlGaAs/GaAs  Single 1.19 - 60 [27] 2016
830 nm GaAs 5 >5 8 70% [17] 2016
850 nm GaAs 20 >23 36.5 60% [28] 2016
858 nm GaAs Single 1.2 11.4 68.9% [26] 2021
1064 InGaAs/GaAs  Single 0.8 - 44.1 [29] 2022
1070 InAlIGaAs/InP Single 0.8 0.16 40.7% [30] 2016
1310 InGaAsP/InP  Single - 10 51.1 [31] 2020
1470 InGaAs/InP 10 5.46 - 48.9 [32] 2022
1550 InGaAsP/InP  Single - 0.1 44.6 [33] 2013
2100 InGaAs/InP Single 0.29 3.78 22 [10] 1997

Numerous light harvesting strategies have been exploited for high-efficiency thin and ultra-

thin solar cells including metal nano particles [34], [35], photonic crystals and gratings [36], [37],
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nano pyramids [38], [39] nanocones [40], nanowires [41], and planar or patterned metal back
reflectors (BRs) [42]-[44] or combinations of them [45]. Fig. 1.4 shows schematic diagram of
several photonic nanostructure configurations that can be used to improve solar cell performance
[46]. Among these methods, front surface texturing alone or in combination with rear mirroring is
very common. Fig. 1.5 shows light ray propagation, reflection and hence light path enhancement
using BR, and combination of BR with random and periodic front surface nanotexturing [47].
Besides trapping light, front surface texturing can decrease reflection losses across the broad solar

spectrum.

While light trapping techniques for solar cells have been investigated extensively over the last
few decades, there are only a few recent studies targeting thin PPCs. In 2020, Takeda [48]
proposed that the combination of an angular selective filter (ASF) with diffuse BR enabled
trapping of all illuminated light from the top and most reflected light from the back side with the

exception of normally incident light (Fig 1.). In his work the ASF was comprised of a stack of 42

Figure 1.4: Schematic illustrations of nanophotonic structures used to improve solar cell performance: (a)
2D gratings, (b) photonic crystal, and (c) nanowires. Adapted from [46].
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Figure 1.5: Trajectory of light rays through a medium for (a) a single-layer, (b) multi-layer with a planar
reflecting layer, (c) periodic texturing on top with a planar reflecting layer, and (d) random texturing on
top with a planar reflecting layer. Adapted from [47].

dielectric layers that were optimized to maximize efficiency for GaAs PPC at 872 nm with
illumination angles of 0°-5°. His numerical results revealed that for an absorber layer thickness of
35.3 nm, the efficiency can reach up to 81.1% under intensity of 1 W/cm?. In his research high
reflectivity of the rear reflector is determined to be the main priority for high efficiency PPCs.
Fabrication of multilayer dielectric is feasible with acceptable accuracy of each layer thickness
and is compatible with epitaxial lift off technique for thin film PV cells [49]. However, the

efficiency sensitivity to ASF layer thickness variation is not evaluated in this work.

In 2021, Helmers et al. [26] experimentally demonstrated unprecedented efficiency of 68.9%

for a thin (1750 nm absorber layer thickness) GaAs PPC at 858 nm under intensity of 11.4 W/cm?.



ASF

Figure 1.6: Light propagation of normally incident light in a PV cell with configuration of ASF and diffuse
reflector. ASF: Angular selective filter, DR: Diffuse reflector. Adapted from [48].

This high efficiency arises from formation of an optical cavity utilizing BR. The optical cavity
boosts absorptance near the bandgap by exhibiting a fringe pattern that resulted from BR induced
Fabry-Perot resonances. Another impact of the optical cavity is that generated photons from
radiative recombination are trapped inside the absorber region and can be reabsorbed to contribute
to photocurrent generation. This phenomenon is called photon recycling and results in open circuit
voltage (Voc) and subsequently efficiency enhancement through both reducing radiative
recombination loss and increasing photon concentration. The only drawback of this work was that
the optimal performance wavelength was determined after fabrication, whereas the design could

have been optimized for a specific wavelength prior to fabrication.

In 2022, Irvin et al. [50] showed theoretically that increasing the optical path-length by 2- to
10- times caused a peak efficiency improvement from 61.7% to 69.4% for a 40 nm thin GaAs PPC.
Their study showed that front surface texturing using nanocones and planar silver BR integration
yielded an increase in the optical path length of 18.6% corresponding to 62% absorptance, which
was only 7% without light trapping. Based on their study, high absorptances implied the presence
of Fabry-Perot resonances formed by constructive interference of light at the front interface.
Tolerance study of constructive interference and hence absorptance to nanocones geometry

showed that slight (3%) deviation in nanocones array pitch results in significant (50%) drop in
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absorptance. This implies that this light trapping approach may not be suitable for devices
fabricated using common nanolithography techniques. They hypothesized combination of
nanocones with other designs such as diffuse BR could result in further light path enhancement

and designs less sensitive nanocones pitch variations.

1.3 Thesis objective
The overall efficiency of power over fiber system is the product of the efficiencies of its
components: narrow band light source, optical fiber, and PPC. Being a member of the SUNLAB-

photovoltaic research group- my PhD research focuses on design of thin yet high efficiency PPCs.

In power over fiber systems with propagation of optical power over 1 km, the fiber attenuation
coefficient becomes the most critical design consideration. The majority of commercially available
high-efficiency PPCs are based on GaAs absorbers, operating in the range of 800-850 nm
wavelengths [28], [51], [52]. The optical fiber attenuation loss at these wavelengths is ~3 dB/km
(50% per kilometer), which limits the use of these devices for short-distance power over fiber
transmission. Longer wavelengths can significantly extend this reach but require lower bandgap
absorbers for which bandgap-voltage offsets represent a larger relative loss, resulting in lower
expected maximum optical-to-electrical conversion efficiencies. Nevertheless, this study focuses
on the O-band telecommunications window near 1310 nm which provides much lower optical fiber
attenuation loss of ~0.5 dB/km (11% per kilometer), resulting in higher total system transmission
efficiency in longer-reach photonic power systems [31], [53], [54]. It enables feeding nodes with

longer distribution links for internet of things applications [55].

As discussed in section 1.2, BR integration is a common approach for light trapping in both

thin broadband and narrowband photovoltaics. Studies on broadband photovoltaics such as solar



cells are mainly focused on increasing the number of BR induced resonances for a broad spectrum
of sun light and are usually combined with front surface texturing to reduce reflection loss. In the
case of thin PPCs, BR is combined with front filtering or nanocones. The main drawback of the

work without front texturing is that the design is not optimized for a specific wavelength, instead

(a) (b)

Fabry-Perot

Guided mode

resonances Diffraction

v resonances

Figure 1.7: Schematic of: (a) Fabry-Perot resonances induced by flat back reflector (b) guided mode
resonances induced by textured back reflector.

the optimum operational wavelength was determined after fabrication. In addition, all previously
published thin PPC designs were in the 850 nm wavelength region. My goal in this thesis is to
design a PPC with near-zero reflection losses and thus high absorptance at 1310 nm. My design
uses a back mirror to increase the optical path length and form an optical cavity. The resulting
resonances are optimized for 1310 nm, assuming no anti-reflection coating is present.
Additionally, the BR can increase the Vo through photon recycling [56], [57]. Besides planar BRs,
it has been shown that nanotextured BRs further improve light trapping through inducing guided
mode resonances. The BR induced Fabry-Perot and guided mode resonances in the flat and

textured BR photovoltaic cells [58] are illustrated schematically in Fig. 1.7.

In this thesis, | numerically investigated the light trapping capability of flat and nanotextured

BRs with cubic and pyramidal structures as for 1310 nm, as shown in Fig. 1.8.
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Figure 1.8: Three types of modeled back reflectors (BR): (a) flat BR, (b) Cubic BR, and (c) pyramidal
BR.

1.4 Thesis outline

This thesis focuses on the study of light management in ultra-thin PPCs under 1310 nm laser
illumination using a BR. The first chapter is an introduction to thin PPCs and light trapping
methods. It also includes a literature review and the thesis objective. The theory necessary to
provide a better understanding of PPCs, their design, and how to simulate them is explained in
chapter 2. This includes the physics of semiconductors and photovoltaic devices, as well as
relevant terminologies. Chapter 3 presents the design and characterization of modeled thin PPCs
including the material selection for 1310 nm laser illumination, layer thicknesses, refractive
indices, and doping. Chapter 4 begins with introducing the simulation software and optimization
methods, followed by material modeling and simulation considerations in both optical and
electrical domains. Chapter 5 presents the modeling and simulation results. It also discusses the
loss mechanisms and potential solutions for optimum operation. Chapter 6 discusses optical design
considerations by reporting a tolerance study of thin PPCs to the incident wavelength and
geometrical variations. Finally, chapter 7 wraps up this thesis with a summary of work completed,

proposed applications of the results, and a discussion of future work.
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Chapter

PHYSICS OF PPCS

PPCs are photovoltaic devices that are comprised of layers of semiconductor materials. Knowing
the properties of semiconductor materials, the mechanism of the photovoltaic effect, and the

terminologies associated with them can helps understanding their design and function.

2.1 Semiconductors

Semiconductors are a group of materials with conductivity characteristics between conductors and
insulators. The most significant feature of semiconductor materials is that their conductivity can
be altered by heat, alloying, illumination, electric field, and doping. As such, they can be
engineered to obtain a desired conductivity under different conditions, making them highly

suitable for electronic and photonic devices applications [59].

Semiconductors include groups of pure elemental and compound materials. Elemental
semiconductors are composed of single species of atoms such as Si and Ge. Compound
semiconductors are either binary or ternary and quaternary -alloy materials- where the properties
of the semiconductor vary considerably by the percentage of each element. The material selection
for compound semiconductors is based on compositions from the periodic table that yield the
chemical bonding with an average of four valence electrons per atom [60]. Some examples of the
materials from the semiconductor family are listed in Table.2.1.

2.1.1 Energy band structure
According to Bohr’s model, a single atom has quantized energy levels, which means electrons

12



Table 2.1: Semiconductor materials

Elemental g};;x/ blilr:;r/y blilr;;/rly Ternary alloy  Quaternary alloy
Si SiC GaAs Cds AlGaAs AlGaAsSh
Ge SiGe InP ZnTe InGaAs AlInGaAs
As AlAs ZnO InGaN InGaAsP

can only occupy specific discrete energy levels. An electron in an atom can be described by four

quantum numbers that substituting these numbers in the Schrddinger equation, describe the energy

level of electrons. Based on the Pauli exclusion principle [61], two electrons cannot have the same

combination of four quantum numbers. This means that more than two electrons (which have

different spins) cannot have identical energy levels (Fig. 2.1.(a)). When two atoms covalently

(@)

Forbidden energy
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bandgap

—

i
=t

Figure 2.1: Atomic orbitals in (a) single atom (b) two atoms (c) N-atoms.
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bond, they share electrons that occupy different but close energy states (Fig. 2.1 (b)). In solid
crystals, N atoms are brought together and form extremely compact but still discrete energy levels
that can be considered a continuum band energy (Fig. 2.1 (c)). Parts of the energy levels filled with
electrons under stationary conditions are called the valence band, and those not occupied by
electrons are referred to as the conduction band. The region between the highest level of the
valence band and the lowest level of the conduction band is defined as the forbidden energy gap
or bandgap and the corresponding energy difference is called the bandgap energy (EQ).
Conductors, semiconductors, and insulators are distinguished by their bandgap. In conductors, the
valence and conduction bands overlap, which means there is no bandgap. Contrary to conductors,
insulators have a significant large bandgap (about 3 to 7 eV) [62]. In semiconductors, the bandgap
is small enough (<3.5 eV) that electrons can lift from the valence band to the conduction band by

gaining energy via heat, light, or applied voltage.

Eq. 2.1 describes the general form of one-dimensional time-independent Schrddinger

wavefunction:

Y(x) = U,et/** 4 U_e Jk* (2.1)
where U, and U_ are solution constants, k is the wavenumber. Using this equation one can
calculate the energy of the bands of a one-dimensional lattice that can be illustrated by energy-
momentum (E-K) plots. In real three-dimensional lattices, the k vectors are presented in Brillouin
zones. Fig. 2.2 (a) shows the first Brillouin zone of the face-centered cubic (FCC) lattice where
the crystal cube is truncated by crystal planes in different directions. Fig. 2.2 (b) shows the
corresponding E-k diagram for GaAs and AlAs. Semiconductor materials based on their band
diagrams can be classified into direct and indirect bandgap types. In direct bandgap materials, the

valence band's maximum aligns with the conduction band's minimum at k=0 or also called the I'-
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Figure 2.2: (a) First Brillouin zone for the material in FCC lattice. (b) GaAs and (c) AlAs electronic band
diagrams. (Figure (a) and (b-c) adapted from [63] and [64] , respectively).

point. This is presented for GaAs in Fig. 2.2 (b). If the maximum of the valence band does not
align with the minimum of the conduction band, the material has an indirect bandgap like AlAs
(Fig. 2.2 (c)). In direct bandgap materials, electrons can hop from the valence band to the
conduction band by gaining energy (for example by photon absorption). In contrast, in the indirect
bandgap material, electrons require momentum (phonon absorption) in addition to energy to

promote to the conduction band.

2.1.2 Lattice constant and crystal growth

Semiconductors can be classified as amorphous, polycrystalline, and crystalline, depending on
their structure. In an amorphous form, there is no long-range order in the atoms’ arrangement. In
polycrystalline structure, atoms are formed in a periodic sequence in some regions while this
periodic formation for crystalline structures are over the crystal lattice [65]. One of the parameters
which plays a key role during the fabrication process of devices is their lattice constant. Lattice
constants are dimensions of a unit cell in a crystal lattice (on the orders of angstrom) wherein cubic
crystal structures, such as those for Si and GaAs, being equal in all three dimensions are referred
to as ‘a’. PPCs are comprised of different layers of semiconductor materials with different bandgap

energies. Lattice constant matching of these materials is critical for epitaxial growth. Epitaxy is a
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Figure 2.3: Schematics of interfaces between the substrate (red dots) and deposited material (blue dots)
with different lattice misfits: (a) unstrained, (b) strained, (b) strained with dislocations.

deposition technique that grows a crystalline film on a substrate with matching crystallinity. This
requires both deposited and substrate materials to be structurally compatible or, in other words, be
lattice-matched to avoid strain build-up. The lattice constant difference, or misfit, f between two

interfaces can be expressed using Eqg. 2.2.

Asubstrate — Aayer

f= (2.2)

Asubstrate

Depending on f, the degree of strain is varied (Fig. 2.3). Typically lattice misfits greater than
2% result in dislocations (Fig. 2.3 (¢)). Even high-quality strained layers with less than 1% misfit
are stable up to a specific thickness. Beyond this critical thickness, strain relaxation occurs
introducing defects and dislocations between the two interfaces. Due to lattice mismatch, these

defects and dislocations degrade the device performance.

The optical properties used for the modeled PPCs in this work were measured experimentally
for samples grown by molecular beam epitaxy (MBE). In MBE, under high to ultra-high vacuum

conditions (10® to 10! torr), the source material is heated up to the level of evaporation.

16



Evaporated particles are beamed toward the crystalline substrate through a narrow opening to form
the epi-layers. MBE results in slower throughput than other epitaxial growth techniques, but it
enables a precise control of the layer thickness, doping concentration, and alloy composition,

making it a powerful epitaxial growth tool for research applications [66].

2.1.3 Quaternary alloy

The deposition of material where a fraction of the constituent atoms are substituted with those of
another species is known as alloying. An example is the alloy of AlAs and GaAs: replacing some
of the gallium atoms in the crystal lattice with aluminum atoms creates the alloy AlxGai-xAs, where
x is the mole fraction of aluminum. Alloying varies the bandgap, band structure, and hence
electrical and optical properties of the resulting material. This allows us to create ternary and
quaternary semiconductor compounds with desired properties for specific applications. The range
of compositions of the general quaternary AlxGaylnix.yAs can produce lattice constants as large as
that of InAs (x=y=0):6.0583A or as small as that of GaAs (x+y=1):5.6533 A (see Fig 2.4).
Compositions that correspond to lattice constants equal to the substrate layer, commonly InP, are

the most popular ones [67].

Quaternary alloys of type AxByC1-xyD with three group I11 elements and one group V element,
can be described as the weighted interpolation of ternary alloy constituents by Eq. 2.3. Note that
P stands for parameter and 1-x-y was substituted by z for the sake of simplicity.

xyP(A,_yB,D) + yzP(B;_,C,D) + xzP(A,_,,C,,D)
xy +yz+xz

P(AB,C,D) = (2.3)

where u, v and w are the mole fraction of each ternary alloy constituent and are defined as:

u = (1-x+y)/2 v = (1-y+2)/2 w = (1-x+2)/2
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Figure 2.4: Bandgap versus lattice constant for binaries making up InAlGaAs. InP is indicated by red star.

2.1.4 Effective mass

The electron motion in a crystal with a periodic structure is different from electron motion in a
vacuum. Electron motion within a crystal still obeys Newton’s second law, but electron mass is
replaced with its effective mass (m*). Effective mass is a parameter that describes the transport of
carriers (electrons and holes) under applied forces such as external electric field:

2
L 0%

- (2.4)

m*=nh

The effective mass depends on the concavity of the valence and conduction bands. Therefore,

it has different values for electrons and holes in different semiconductors.
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2.1.5 Carrier concentration

In intrinsic semiconductors, the number of electrons and holes are equal and are called intrinsic
carrier numbers (n=p=n;). In extrinsic semiconductors, the balance of electron and hole population
within a semiconductor is disturbed by added p or n-type dopants. In extrinsic materials, changing
the carriers’ concentration alters the semiconductor properties. So, knowing carrier concentration
in a semiconductor is essential to determine the semiconductor characteristics such as conductivity
(or resistivity), current density, mobility and carrier generation, and recombination processes. One
can obtain carrier concentration using the Fermi Dirac distribution function. This function gives

the probability occupation of an electron state at a certain energy level at a temperature T:

fE) = T @Epimar 25

where kg is the Boltzmann’s constant and Ef is the Fermi level. The Fermi level represents the

energy level where the state occupation probability is 50%. At absolute zero (T=0 K), the Fermi

level positions in the middle of the bandgap (Fig. 2.5 (a)) in intrinsic semiconductors. In n and p

E intrinsic-type E p-type

Ec E¢

energy
X levels
A e s e e [;[ 3

extra
hole N e By

Ey Ey | energy Ey
levels

SHE) f(E) f(E)

Figure 2.5: Carrier distribution function and Fermi level position in (a) intrinsic-type, (b) n-type and (c) p-
type semiconductors. Adapted from [68].
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type cases, it shifts towards E¢ and Ey, respectively (Fig. 2.5 (b-c)). Fig. 2.5. illustrates the Fermi

Dirac function and corresponding Fermi levels for intrinsic and extrinsic doped materials.

2.1.6 Generation, recombination, photon recycling

Generation

Electrons in the valence band can hop to the conduction band if they gain energy equal to or greater
than the bandgap energy of the semiconductor. This energy can be absorbed in the form of light
or heat. Moving an electron to the conduction band leaves a vacant position (hole) in the valence
band. This process is called carrier or electron-hole pair generation; it enables excess carrier

generation in the semiconductor and perturbs the equilibrium carrier concentration by:

n=ny+An and p=py,+Ap (25 & 2.6)
where no and po are electrons and holes concentration in the equilibrium and An and Ap are excess
electrons and holes. Fig. 2.6 shows two types of direct (band-to-band) and indirect (trap assisted)

carrier generations.

a b
@ o G . .
Light AN )
or Thermal energy —— ----------f--oo----- E;
Thermal energy—— )
E, E,
0] (0]

Figure 2.6: Different generation mechanisms: (a) band-to-band generation, (b) trap-assisted generation.

Recombination

The generated electron-hole (e-h) pairs can recombine and be destroyed through the recombination
process. Depending on the semiconductor properties such as doping, defects, and being direct or
indirect, several types of recombination can occur. In the following, we will discuss three main

recombination mechanisms included in the simulations that were performed. The average time it
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takes for generated excess carriers to recombine is defined as carrier lifetime or recombination
lifetime (t). The performance of photovoltaic cells strongly depends on this parameter.

Radiative recombination

Radiative recombination, is a process where electrons in the conduction band lose energy, move
directly to the valence band, and recombine with holes. This recombination is illustrated in Fig. 2.7
(a). As shown in this figure, it is a direct and radiative process that leads to photon emission by
releasing the excess energy of recombination.

Shockley-Read-Hall (SRH) recombination

Shockley-Read-Hall (SRH), also referred to as trap-assisted recombination, takes place through
the trap energy levels (ET), also known as recombination centers located across the bandgap region,
which has been introduced due to lattice defects or atom impurities. A carrier is captured in a trap
site, can be recombined with the opposite carrier already available in the trap site, or alternatively
released through thermal activation and recombine in the valence or conduction band. The process
is depicted in Fig. 2.7 (b). As shown in the figure, SRH recombination is an indirect and non-
radiative mechanism. In this process, thermal energy is produced in the form of lattice vibration
or phonon release.

Auger recombination

In Auger recombination, the band to band or trap assisted recombinations are accompanied with
collisions with electrons. During this process, the recombination released energy transferred to the
third carrier by collision and excites it to the higher energy state. Subsequently, the excited carrier
relaxes back and releases energy in the form of lattice vibration (phonons). This process is known

as thermalization. Fig. 2.7 (c) illustrates this mechanism; Auger recombination process involves
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three particles and carrier concentration plays an important role in it. The higher the concentration

rate, the higher collisions.

(€)) (b) (c)
Photon ) ) e Thermal
(Light) AL U W T = Energy
) ) (phonon)
E
x—0 o 5 ® o ® v

Figure 2.7: Different recombination mechanisms: (a) band-to-band or radiative recombination (b)
Shockley-Read-Hall or Trap-assisted recombination (c) Auger recombination.

Surface recombination

Atoms in the surfaces and interfaces in general are prone to broken bonds. These dangling bonds

introduce surface states in the bandgap that act as recombination traps. The surface recombination

is specified by surface recombination velocity (S) in cm/sec and is strongly related to the surface

trap density (Ns) in 1/cm? by

S = v oNg (2.7)
where v, is the thermal velocity in cm/sec and ¢ is the capture cross-section in cm?.
Photon recycling
Some of the generated photons during radiative recombination exit the device and radiate into free
space. The remaining photons are reabsorbed by the semiconductor itself and generate e-h pairs.
This process is called photon recycling and leads to a beneficial impact on device performance
such as Voc enhancement [69]. This process is more pronounced in materials where radiative

recombination is dominant and could be amplified by using BRs to cause internal reflection and
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avoid photons exiting the active layer. This results in the reduction of radiative recombination and

increases the photon density.

2.1.7 p-n junctions

p-n junctions are the heart of optoelectrical devices, including photovoltaic cells. When p- and n-
doped semiconductors are joined together, carrier concentration difference in their interface results
in diffusion current. Electrons (holes) in the n-side (p-side) diffuse toward the p-side (n-side)
leaving positive (negative) ions behind. The oppositely charged ions near the junction create an
internal electric field that acts as a barrier and opposes further carrier diffusion. This field forces
electrons and holes to move (drift current) in the opposite direction to the diffusion current. The
electric potential associated with this internal electric field is known as built-in potential (Vi) and
is related to the doping concentrations by:

ksT  (NaN,
Vi = — ln< A2D> (2.8)

nj

where kg is the Boltzmann’s constant, T is absolute temperature (298 K), q is the elementary
charge, Na and Np are the carrier concentration in p- and n-doped semiconductors, respectively

[70].

The volume within the junction that is depleted from free carriers is defined as the depletion

region and its width (w) at V=0 is given by:

2eVy; ( NyN,
W= Sbl( AD) (2.9)
q \Ny+Np

where ¢ is the dielectric permittivity of the semiconductor. The electrons and holes flow continue

until they reach the equilibrium condition. In other words, equilibrium reaches when the minority
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carriers flow due to the electric field and majority carriers flow due to diffusion cancels out each

other.

Fig. 2.8. illustrates the energy band diagrams of p- and n-type semiconductors separately and

in equilibrium after being brought together. Er is constant and the E. and Ey bend.
From this figure, the Vy; can be expressed as:

Vpi = Q(q)p - q)n) (29)

where @, and @, are the work function of electrons and holes, respectively. Work function is the
minimum energy required for an electron to be removed from the surface of a solid to infinitely

far away.

The Vyi and hence w can be manipulated by applying external voltage. By applying positive
voltage Ve (forward bias) across the p-n junction, the potential voltage across the depletion region
reduces to (Vbi-VE). If negative voltage Vr (reverse bias) is applied, the voltage drop across the

depletion region increases to (Vui+VR) [71].

2.2 Photovoltaics

Photovoltaic devices convert the optical power (light) to electric power (current and voltage) using
the photovoltaic effect. Based on quantum theory, light is made up of packets of energy, so-called
photons. When photovoltaic devices are illuminated by light whose photon energy (Epn) is equal
to or greater than their semiconductor material bandgap (Epp=hv>E,), electrons can elevate from
Ev to Ec and leave behind holes, leading to e-h generation. In the next step, the light-generated
carriers require to separate quickly (before recombination) and collect at contacts to contribute to

the current generation. In the following, we will describe the photo-generated carrier separation
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and collection mechanism in photovoltaic devices as well as terminologies associated with them

in detail.
(@) (b) © .
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Figure 2.8: Energy-band diagram of (a) p-type (b) n-type (c) p-n junction in equilibrium.

The average length a carrier travels before recombination is called the diffusion length, L

pns

and is related to the carrier lifetime 7, ,, by:
Lyn =+/DTpn (2.11)
where D is the diffusion coefficient or diffusivity and equals to:

_ ,u.kBT
q

D

(2.12)
where x is the carrier mobility.

The p-n junction plays an important role in the separation of light-generated carriers before
they recombine and annihilate. Those carriers generated within depletion region are swept away
by existing Vi force in that region. (Fig. 2.9 (a)). If carrier generation takes place outside the
depletion region, there is a high probability that only the minority carriers generated within the
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minority carrier diffusion length of the depletion region (Fig. 2.9. (b)) will diffuse to the depletion

region and be separated by the built-in electric field.
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Figure 2.9: Light generated electron-hole pairs (a) within the depletion region (w) and (b-c) within the
minority carrier diffusion lengths (L, and L;) at either side of the junction separated by the internal electric
field (E).

From Fig. 2.9, the photocurrent is due to minority carriers and is in reverse bais (because
electrons flow toward the cathode (n-side) and the holes flow to the anode (p-side)). Since it exists
without any externally applied voltage, it is referred to as short circuit current density (Jsc), and its
value is highly dependent on the intensity of the illuminated light. For convenience, same as other

resources, we consider the positive sign for photocurrent from now on in this thesis.

In the dark, PV device behavior is basically like a diode, and the associated current density,

known as Jdark, IS given by an ideal diode equation:

qV

Jaark = Jo [exp (kB_T) - 1] (2.13)

where Jo is the dark saturation current. The total current in PV device is the sum of Jgark and Jgc:
qV
1= Jse = o |exp (7)1 (214
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By applying forward bias, the dark current same as an ideal diode would start to increase, and
at one point canceling out Jsc would lead to net-zero total currents. The voltage that corresponds

to zero total currents, is referred to as open-circuit voltage (Voc), and is equal to:

kBT sc
Vope =—In (—-I- 1) 2.15
oc q ]0 ( )

J-V curve and key operating parameters of a typical PV cell are illustrated in Fig. 2.9. In the design
of PV cells, giving the highest power to the loads entails PV cell operation at the maximum power
point (Pm). The voltage and current corresponding to this point are denoted as Vm and Jm,

respectively. The fill factor (FF) is given by:

]SC]/OC

(2.16)

IS a measure of the squareness of the J-V curve. (Shown as the square area in Fig. 2.10). FF
describes how close or far the PV cell performance is compared to an ideal PV cell with the same
Jsc and Voc. The ratio of maximum output power to the input (incident light) power is defined as

power conversion efficiency and calculated as:

Pn  JmVm JscVoc
PCE(n) = = =
i P; P;

I
I
Ty
=

(2.17)

The importance of FF is more evident from this equation. Two PV cells with same Jsc and Vac, but

different FF, will have different efficiencies.
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Figure 2.10: Current density-voltage (J-V) curve for a typical PV cell under illumination.
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Chapter

DESIGN

The design of PPCs involves material and structure specifications for efficient photon absorption

and carrier collection in order to reach the maximum efficiency. This chapter provides an

explanation of material selection and describes the PPC structure with an integrated BR.

3.1 Material selection

In designing PPCs, the selection of the material for satisfying the target bandgap requirement is
one of the main considerations. The material bandgap should lie below the target illumination
photon energy. Minimizing the difference between the band edge and the incoming photon energy
(0.946 eV, 1310 nm) reduces the thermalization loss, however, it also reduces the absorption
coefficient. On the other hand, device layers should all be lattice-matched to the substrate (InP) to
reduce the strain-induced defects that degrade cell performance by acting as recombination centers.
We balanced the tradeoff between the thermalization losses and absorption coefficient while
satisfying the lattice matching requirement by using the quaternary alloy Inos32Alo.097Gag.371AS
with a bandgap of 0.88 eV for the absorber material [72] (Fig. 3.1). Assuming Beer-Lambert
absorption using a measured absorption coefficient of 7424 cm™ [72] this material requires about
5.3-um thickness to absorb 98% of the incident light at 1310 nm (Fig .3.2). See PhD thesis of

Meghan Beattie [20] for further discussion of the material selection.
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Figure 3.1: Bandgap versus lattice constant for binaries making up InAlGaAs. InAlGaAs with

compositions that is InP lattice matched and satisfies bandgap requirements is indicated by green cross.

— Absorptance
~— Input Spectrum

|
[E—

Thermalization loss

J\

\
<
N

O

~
Laser Emission Spectrum

!
S
(\&}

100 ¢
;\3 80
3!

o 60 [
8
o
o 40-
N
<
20 -
0
0.8

0.85 0.9 0.95
Energy (eV)

0
1.0

|
S
o0

Fig 3.2: Device absorptance (blue lines) and normalized incident laser light (redline) versus photon energy.
Based on Lambert’s law, the 98% absorbance (A) of the incident light at 1310 nm wavelength, requires
5.27um thickness of this material.
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3.2 PPC structure

To achieve optimum operation and reduce the impact of surface recombination, transparent layers
with high doping concentrations are deposited at the front and back side of the main absorber layer
of a PV cell. These layers limit the reach of minority carriers to the surfaces and are referred to as
front and back surface field (FSF and BSF) layers [73]. For longer wavelengths, absorption occurs
at higher depths, closer to the back of cell. The interface between the heavily doped BSF and
lightly doped base forms a field that acts as a low recombination velocity surface and improves
the PV cell efficiency [63]. For our designs, the bulk region of the PPC (base) is selected to be p-
type, as electrons, which acts as minority carriers, have longer lifetimes relative to holes in the

intended Ino.s32Al0.007Gao.371As quaternary.

The modeled PPCs consist of single pn junction absorber layers with bandgap of 0.88 eV,
surrounded by wide bandgap, transparent FSF and BSF layers. Gold, which is highly reflective at
the target wavelength, serves as both the back contact and the BR. The front contact grid is formed
with help of two layers that are not included in the optical simulations: an InAlAs etch stop and an

InGaAs cap layer [74]. Design parameters for modeled PPCs are listed in Table 3.1.

Table 3.1: Composition, bandgap, doping, complex refractive index @ 1310 nm, and thickness
of epitaxial layers of modeled PPCs.

Layer Material Barzslv()Bap (x [1)81?;?1_3) Nr k Th(iﬁl:rr];ess
Cap N-1Ng.526Gao.474AS 0.74 5 3.64 0.22 100
Etch stop n- Ino.3Alo7As 1.93 2 3.35 0 10
FSF N- INo527Al0.356Ga0.117AS 1.29 5 3.24 0 varied
Emitter  n- Inos32Al0.007Gaos71AS 0.88 1 3.48 0.077 100
Base p- INgs32Al0.007Gag 371AS 0.88 0.02 348 0.077 varied
BSF p- INgs27Alp.356Ga0.117AS 1.29 5 3.24 0 50
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Minimizing reflection losses and increasing the optical path length are two critical
requirements for high absorption. For monochromatic PPCs, it can be satisfied by aligning BR-
induced resonances at the wavelength of interest. While this thesis focuses on numerical
simulation, BR integration could be realized, for example, by inverted epitaxial growth on the InP
substrate. Following epitaxy, the BR could be deposited by blanket metallization or periodic nano-
texturing via nanoimprinting (see [75], for example) on the BSF layer (Fig 3.3 (a)). The sample

would then be bonded to a mechanical handle, and the InP substrate would be removed through

~
&

) (b

B BsF B FsF
B Base B Emitter

B Growth Host
substrate substrate

)

Inverted growth

Back contact

Figure 3.3: Fabrication process of light trapping with back reflector: (a) inverted epitaxial growth, (b)
bonding to host substrate and removal of growth substrate, (c) top grid fabrication.
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chemical etching or epitaxial liftoff. (Fig 3.3 (b)), and finally the metal would be deposited on top

of the device to act as ohmic contacts (Fig 3.3 (c)).

Fig. 3.4 illustrates the epitaxial structure and BR designs proposed to enable ultra- thin PPCs
using flat, cubic and pyramidal textures in this thesis. For PPCs with integrated BRs, the first
design consideration is to tune the BR induced resonance peak in the absorptance spectrum (or
resonance dip in the reflectance spectrum) to coincide with the target wavelength. Variations in
the refractive index and geometrical parameters result in a resonance shift due to interference
effects. In this study, modeled PPCs are optimized to enable the highest absorption with target
operation centered at 1310 nm wavelength by varying the base and FSF layers thickness and
geometry of nanotexture BRs including height h, width w, and spacing s for the cubic BR (Fig. 3.4
(b)), and height h and base width w for the pyramidal BR (Fig. 3.4 (c)). Emitter and BSF layer
thickness and material compositions are kept fixed. Optimization space parameters are depicted in
Fig. 3.4. The nanostructures were designed to be symmetric in the x and y dimensions to avoid
polarization dependence. | also simulated conventional optically thick PPCs on InP substrates to
use as a baseline to compare the light harvesting capability and power conversion efficiencies of
ultra-thin PPCs. Should these designs be fabricated, they would employ a standard upright layer
growth sequence and use a 100 nm buffer layer above the substrate with the same composition as

the BSF to establish high-quality epitaxial growth.

Note that for all our models, texturing of the active layers was avoided; although it has been
shown to boost optical absorption, it also degrades electrical performance due to enhanced surface

recombination [45], [75].
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Figure 3.4: (a) Schematic structure of ultra-thin PPCs with flat back reflector. Layer thicknesses indicate
the range over which each layer was optimized. Illustrations of (b) cubic back reflector with parameters for
the height h, width w and spacing s indicated, and (c) pyramidal back reflector with height h and base width

indicated.
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Chapter

'S OPTOELECTRICAL
SIMULATIONS

Photonic power converters (PPCs) are composed of semiconductor materials that use the
photovoltaic effect to convert optical energy from a laser into electrical current. Modeling a PPC
thus needs both optical and electrical simulations. The optical simulation calculates the optical
energy absorbed by the semiconductor material. It models the generation of electron-hole pairs by
assuming each photon incident on the device generates one electron-hole. The electrical simulation
then determines how many of these photo-generated electron-hole pairs get collected at the
electrical contacts and contribute to the output electrical power [76]. By combining these two

simulations we can determine the photovoltaic efficiency of the PPC. Optical modeling of PPCs

FDTD
Solutions \
\

DEVICE [

Electrical

Calculate
generation [k (3 simulation:

Optical

simulation:

Pops(T) rate G(r) I(V), QE

Figure 4.1: Lumerical opto-electrical simulation flow. Adapted from [77].
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was performed using FDTD solution commercial software by Lumerical. This software uses the
finite difference time domain (FDTD) method coupled with particle swarm optimization (PSO).
Electrical simulations were conducted using DEVICE (Charge transport solver) by Lumerical,
which employs finite element Poisson/drift-diffusion method [77]. This Chapter first provides an
introduction to the above mentioned methods and then describes the opto-electrical simulation

flow in further detail, as shown in Fig. 4.1.

4.1 Methods

4.1.1 FDTD method

Without a doubt, Maxwell’s equations are one of the greatest achievements of the 19" century
[78]. In the past, Maxwell’s equations could only be solved for a single frequency, while nowadays

they can be solved for a broad range of frequencies due to improved computational resources.

In 1966, Yee [79] introduced the direct time-domain method for solving Maxwell’s curl
equations, which is known as the FDTD method. This method has been further developed since
then and has been applied in various fields of science and technology. The FDTD method is based
on the approximation of derivatives of Maxwell’s curl equations assuming non-magnetic

materials.

0E -

— = VxH (4.1)
at  &y&,

oH 1 _

— = E 4.2

where E is the electric field, H is the magnetic field, &, is the relative permittivity, and &, and p,

are the vacuum permittivity and permeability, respectively. In this method, the simulated structure
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is divided into rectilinear grids and time steps are used for electromagnetic propagation

calculations.

In order to understand the mathematics behind the FDTD method, we need to write Maxwell’s
equations in cartesian coordinates. For the sake of simplicity, we investigate only for one out of

six field components:

toOH, O0E, OE,

— 4,
at dy 0z (43)
The integral form of this equation can be written as:
0
——ﬂ toH,dS = ff E.dl (4.4)
at J)s Al

From Eq. 4.4 we can deduce that the curl of electric field is directly related to the time
derivative of magnetic flux through a surface (AS) that is enclosed by a length Al. The Yee cell

can be fully described by writing all six sets of Maxwell’s equations, which approximate each

(i, j+1) —
T S (i+1, j+1, k+1)
H,
(i, j, k+1) => =7 [:-\‘/\ H_® \
A\ " A :
—> —>
E / HX . =,
:/\ H (i, ]) (i+1.))

y ZF >/(i+l.j+l.k) Ex
L
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Ex

G, j, k) (i+1,j, k)

Figure 4.2: Fields on a grid in the Yee cell. Adapted from [80].

37



surface of the cell as shown in Fig. 4.2. Note that in the Yee cell, the electric and magnetic fields

always are assigned to the edge and face center of cube, respectively [80], [81].

For finite-difference approximations of the derivatives, Yee applied central-difference
expressions in four dimensions (three spatial and one time) that can be implemented into a

program. Eq. 4.5, shows the central-difference expression for the time derivative:

OH(r,t) _ H (’”' t+ %) —H (r' t- %) (4.5)
ot At

Using the central-difference formula twice we get:

62H(r,t)~ 0 H(r,t+%)—H(r,t—%)
a2 ot At

_H(@r,t+At) —2H(r,t) + H(r, t — At) (4.6)
) (At)?

FDTD is a mature method with a straightforward algorithm that is easy to implement with
computer programs. Since FDTD is a time domain method, a wide range of frequencies
calculations can be covered in a single simulation. With this method the optical properties of any
2D or 3D structures with complex geometries can be analyzed. It can be applied for different types
of dielectrics, semiconductors, and metals with nonlinear and anisotropic properties. The main
drawback of this method is that it is computationally expensive. Though finer grid sizes and
smaller time steps add to the accuracy and reliability of simulations, they come at the cost of

increased simulation times and memory requirements.

4.1.2 Drift-diffusion finite-element method
Electrical simulations were carried out using DEVICE, a charge transport simulator by Lumerical.

This simulator uses finite element drift-diffusion method to investigate how many of the generated
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electron-hole pairs collected at contacts and contributed to electrical current. To have a better
understanding of the physics behind this method it is worth starting from the drift-diffusion
equations:
Jn = qnuyE + qD,Vn (4.7)
Jp = apupE — qDpVp (4.8)
where ], ) is the current density, g is the absolute value of the electron charge, n and p are the
concentrations of the electrons and holes, u, ,is the mobility, E is the electric field, Dy, ,, is the

diffusivity, and Vn, p is the carrier gradient.

The drift-diffusion equations have two terms. The first is the drift term, representing the
current that is induced by an applied electric field. The second diffuse term represents the current
that is introduced by the carrier density gradient. Solving this equation for electrical simulations
requires that the electric field be known. The electric field can be obtained from Poisson’s

equation:
—V.(eV9) =qp (4.9)

where ¢ is the dielectric permittivity, 9 is the electrostatic potential, and p is the total charge
density. Lumerical solves the drift-diffusion and Poisson equations self-consistently on an
unstructured finite element mesh (Fig. 4.3) to model carrier transport and currents inside the

semiconductor device that originated from the applied electric field and carrier gradients.

The continuity equations are used to model the recombination and generation processes in the

device:

—=-V.J,—R, (4.10)
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Figure 4.3: Unstructured, finite-element meshing used for charge transport solver in Lumerical. Adapted
from [77].

dp 1
== —av.jp — R, (4.11)

where R, ,, are the recombination rate.

4.1.3 Particle swarm algorithm

When optimizing only one parameter, one may find optimal results by sweeping or manual
variation of parameters. However, the optimization of multiple parameters is nontrivial.
Optimization algorithms are powerful tools that can be used for these multidimensional
optimizations. In this thesis, the PSO method has been used to optimize all parameters in the
simulations simultaneously. The PSO method is a built-in tool in the Lumerical software. Here we

describe this algorithm and its mathematics.

PSO was proposed for the first time in 1995 by Kennedy and Eberhart [82]. This method was
developed from observation of the group behavior of birds and fish, where their collective

movement is dependent on the individuals and communication between individual members of the
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Figure 4.4: Particles randomly distributed in the solution space (a) particles position (b) particles position
and velocity. Adapted from [83].

colony. Inthe PSO model, each parameter that requires optimization to achieve a global extreme
is called a particle. Particles are distributed randomly in the solution space where they need to
move to reach the optimum target (Fig. 4.4). In this method, each particle calculates a figure of
merit of the optimization from its own position, which is described by either a number or a vector.
All particles share this figure of merit with each particle in the group, and each particle compares
their own (personal) information with the swarm (global) information. Both current and previous
information is taken into account before each particle decides on a movement direction One stage
of the algorithm is defined by a single movement of all particles. This process repeats several

times, until the optimum result is obtained.[83]

The movement of particles in the solution space can be expressed using the following

mathematical expression:

vti+1 = Wvé + 1y (x;i)best - Xf») + CoT (xgbest - xtf“) (4-12)
where the new updated position of any particle is defined as:

x1§+1 = x; + 171.§+1 (4.13)
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Figure 4.5: Iteration scheme of the particles. (Blue line: influence of the current velocity, green line:
influence of particle memory, red line: influence of the swarm).

This expression consists of the set of parameters that influence the movement or velocity (v)
of particles: (xf), (v), (xppest) and (xgpes) are the initial or current position of a particle, initial
or current velocity of a particle, best position of an individual particle and best position ever
achieved by swarm members as a group, respectively. The subscript index p is used to define
personal, or individual particle terms, and g is used for group, or global, terms. In this equation the
weight of the acceleration changes randomly at each iteration by inertial weight w, and by personal
or global factors (c; ) and (ry ;), where (r ) is a random number between 0 and 1. Fig. 4.5 shows
each term of this expression in the form of a vector, where w, c;1r; and c,r, are considered

coefficients with values less than 1 [84].

Fig. 4.6 gives a visual representation of how particles converge at a different number of
iterations in this algorithm, for t=10, t=30 and t=90. The higher the number of iterations, the better
the convergence and of course the higher the memory requirement. So, the number of iterations

should be selected carefully to get optimum results.
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Figure 4.6: Effect of iteration count (t) on convergence (a) t=10, (b) t=30 and (c) t=90. Adapted from [83].

Fig. 4.7 shows the convergence at an iteration count of 33 for different inertial weights. In

Lumerical, values of w and c;, are set to default values that have demonstrated the best

convergence for many test optimizations of photonic device modeling.
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Figure 4.7: Effect of inertial weight (w) on convergence (a): w=0.1, (b) w=0.8 and (c) w=1, adapted from

(83]

PSO is a straightforward and powerful method with a simple algorithm that can be easily

implemented through computer programs. Compared to other intelligence algorithms such as the

genetic algorithm or artificial bee colony, it converges faster and doesn’t require differentiable

optimization functions. The main drawback of this optimization method is for solving problems

with more than one optimal set of parameters. In this case, there is a probability that PSO will
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provide solutions for one of the local optimums rather than the global one [84]. Due to the large
design space of optimization parameters in this thesis, a number of considerations were applied to
be sure that optimizations result in global extrema and are reliable for comparison purposes. More

details on this subject are discussed in the optimization section.

4.2 Opto-electrical simulations

4.2.1 Optical modeling

Optical simulations of PPC devices were performed in the Lumerical FDTD Solutions software
using the FDTD method. The quaternary alloys were modeled with wavelength dependent
refractive index parameters that were extracted experimentally by ellipsometry measurements of
samples with the same composition grown by molecular beam epitaxy [35]. For data fitting in
FDTD, the fit tolerance and max coefficients are set to 0.01 and 20, respectively. The real and
imaginary wavelength dependent refractive indices (ny, k) of the material data (red circles) and
fitting in the FDTD model (blue line) are illustrated in Fig. 4.8. The optical properties of gold

(back reflector) and InP (substrate) are taken from the Palik handbook [85].

The modeled structures were illuminated by a normally incident, x-polarized uniform light
centered at 1310 nm with a linewidth of 10 nm, intensity of 100 mW/cm?, and device temperature
of 25°C. We performed 2D simulations for flat designs and 3D simulations for textured designs
over a single unit cell. Periodic and perfectly matched layer (PML) boundary conditions were
applied for the lateral (x and y) and growth (z) directions, respectively. For 3D simulations, since
both the incident light and nanostructures were symmetric with respect to the center of the
simulation region in x and y directions, symmetric and antisymmetric boundary conditions also
were implemented to reduce computational requirements by reducing simulations to one-quarter

of the original simulation. Figures 4.9 and 4.10 give an example of this reduction in the x direction.
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Figure 4.8: Real (nr) and imaginary (k) parts of the refractive index of quaternary alloys of absorber layer

(a-b), transparent layer (c-d). Red circles are data that extracted from ellipsometry measurements and blue
line is FDTD model fitting

Pyramids are modeled using a staircase approximation: replacing the pyramid by a series of

stacked squares, each diminishing in size [86]. To avoid the design dependence on (x or y)

polarized light, pyramid dimensions were kept equal in the x and y directions.

As explained in section 4.1, FDTD is a Yee cell (mesh pitch) based method. While selecting

finer mesh sizes results in more accurate results, it also increases the simulation time and memory

requirement due to solving larger number of Maxwell’s equations. Therefore, it is essential to

obtain a balance between simulation accuracy with an acceptable level of error and computational

resources. To determine if the FDTD mesh is fine enough, convergence testing has been

performed. In addition, for more accurate and precise numerical simulation results, finer override

mesh regions were added to the thin layers and metal nanotextures. Fig. 4.9 shows an example of
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an interface between the nanotexture and BSF layer with an automatic graded mesh that is not fine
enough to simulate the metal nanotexture areas. The effect of using a fine override mesh is shown

in Fig. 4.10, where it is visible that there are enough mesh lines to resolve each square in the

staircase modeled pyramid.

Source

FSF

Absorber

(a) (b) (©)

Figure 4.9: (a) Cross-section of a unit cell PPC with pyramidal nanotexture BR with automatic meshing.
(b) Enlarged view of the circle area in (a), automatic mesh adjusts mesh refinement with finer meshing in
the nanotextured area. (c) Enlarged view of the circle area in (b), the mesh size is not fine enough to
distinguish each stack of staircase modeled pyramids. The green region indicates simulation area reduced
to half in x direction, due to symmetric boundary conditions in x.

Source
|
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/
A //
1) DI /
: /
25

(a) (b) (¢)
Figure 4.10: (a) Cross-section of a unit cell PPC with pyramidal nanotexture BR with override meshing.
(b) Enlarged view of the circle area in (a). (c) Enlarged view of the circle area in (b), the mesh size is
now fine enough to distinguish each stack of staircase modeled pyramids. The green region indicates
simulation area reduced to half in x direction, due to symmetric boundary conditions in x.
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Fig. 4.11 shows the convergence test results for absorptance as a function of the mesh size in
the z direction. According to convergence test results, there are smaller changes in the absorptance
when the mesh size is below 2 nm. For this work mesh size of 2 nm was selected. For a device
with pyramidal nanotexture BR, a convergence test was performed to select the optimal thickness
of the stacked squares for the staircase approximation. As shown in Fig. 4.12 the absorptance
varies the least for squares smaller than 4 nm. We thus selected thickness of 2.5 nm which

converges within +£0.3% for our simulations.

The PPC’s generation rate G was calculated assuming that each absorbed photon generates an
electron-hole pair. The total generation rate was calculated by integrating over the linewidth of the

laser source as:

G(r) = J Paps(A, r)%d/l (4.14)
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Figure 4.11: Convergence test results for absorptance versus mesh size in z direction.
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Figure 4.12: Convergence test results for absorptance versus thickness of the stacked squares in the
staircase approximation of pyramidal nanotextures.

where Paps is the absorbed power per volume per wavelength A and position r, £ is Planck’s
constant, and c is the speed of light in vacuum. The best case scenario is that all photoexcited
carriers are collected at the contacts without any recombination loss and contribute to current

generation, which defines the ideal photocurrent density as:

Jon = qu(r) dr (4.15)
where q is the elementary charge.

Since power absorption is a function of position and wavelength, it is proportional to the
extinction coefficient and intensity of the applied electric field. For optical simulations field and
permittivity data were extracted from a frequency domain power monitor and an index monitor,
respectively. | used the analysis object tool from Lumerical for this purpose. This tool allows you

to import raw data from the monitors and calculate the absorbed power and photocurrent density.
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4.2.2. Electrical modeling

Electrical simulations were performed in CHARGE by Lumerical, at a device temperature of
300 K. The model included bulk recombination losses, radiative, SRH, and Auger; 5% gridline
shading losses; and ideal ohmic contacts with no contact resistance. See Appendix for bulk

recombination modeling in Lumerical.

The generation rate G obtained from the optical simulations was used as input for the electrical
simulations. All material parameters for InxAlyGaix.yAs excluding the SRH carrier lifetime and
bandgap were determined by interpolation between the three ternary constituents: GalnAs, AlInAs,
and AlGaAs [70], SRH carrier lifetime depends significantly on the material and growth quality
and can vary from microseconds to picoseconds. For these simulations we selected 100 ns to
represent a high-quality material. The bandgap is set to the experimentally determined value of

0.88 eV [20].

4.2.2.1 Interpolation
Interpolation of the quaternary material of the absorber and transparent layers were done using

Eq. 2.3. For the absorber material with composition of Alo.0s7Gao3711n0532AS, we have:

A=Al B=Ga C=In D=As
x=0.097 y=0.371 2=0.532
u =0.637 v =0.5805 w =0.7175

Replacing x, Y, z, u, v, and w for the absorber layer material:

P(Aly97Gag371In053245) =
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0.0356(Al0_3636a0.637A5) + 0. 1973(Ga0.41951n0.5305AS) + 0.0516(14[0.2831710.717145)

0.285

(4.16)

The bold term in Eq. 4.16 indicates the dominant constituent. The electrical properties of the

ternary alloys and the results of their interpolation for Alo.g7Gao.3711n0532As using Eq. 4.16 are

listed in Table.4.1. All parameters excluding those with references in Table 4.1 were obtained from

Lumerical’s built-in material library. Lumerical has variety of ternary alloys, and the parameters

for a desired mole fraction can be determined as shown in Fig. 4.13.

The work function was the only parameter that was not available in the Lumerical material

library. It was calculated using a linear interpolation for the given alloy mole fraction. For example,

for AlxGai-xAs we plotted the work function according to the mole fraction limits x= 0 and x=1,

which corresponds to InAs and AlAs binaries with work functions of 4.83 and 4.97 eV,

respectively. By plotting the work function as a function of Al mole fraction as shown in Fig. 4.14,

the work function for desired mole fraction of Al (x=0.36) was found to be 4.88 eV
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Figure 4.13: Defining electron mobility of ternary alloy of Alg3sGaoesAs for mole fraction of (x=0.36)

using Lumerical material library.
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Table 4.1: Electrical parameters of the absorber layer at T=300 K.

Interpolated

Parameter Unit Symbol  Alp3sGagesAS  GaoazlnossAS  Alg2slng2As  AloogrGaosn
INg532AS
Permittivity &sleo Epsr 12.0747 13.768 13.1236 13.437
mn 0.097 m¢! 0.0364 me 0.057 me 0.0478 me
Effective mass -
m’p 0.627 m 0.4447 me 0.51603 m 0.4806 me
Hn 1661 14868 866 14806
Mobility cm?/Vs
Mp 167 492 175 340
Radiative
recombination  cm®/s B 7.2e-10 3.14e-10 2e-11 3.1e-10
coefficient
7e-29 [89]
cmd/s Cn >0.7e-31 [89] 1le-30 4.9e-29
Auger 8.1e-29 [90]
recombination
coefficient 7e-29 [89]
cmd/s Co >6.1e-31 [89] 1e-30 4.9e-29
8.1e-29 [90]
Work function eV 0] 4.88 4.99 5.07 4.99

! meis the rest mass of an electron (9.11x103! kg)
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Figure 4.14: Determining the work function for desired mole fraction (x=0.36) of ternary alloy of
AlxGaixAs using interpolation.
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Figure 4.15: Band diagram of the structure comprised of layers shown in Table 4.1.



The device performance is evaluated in terms of current voltage behavior parameters such as
PCE, Js¢, Voc, and FF. Fig. 4.15 shows the band structure of the modeled PPC based on parameters
shown in Table 4.1. The wider bandgaps of the FSF and BSF and offsets compared to those of the
base and emitter block minority carrier movement and therefore suppress surface recombination

losses.

4.2.3 Accuracy of the opto-electrical modeling

To demonstrate the accuracy of the simulation, | compared the model performance to a fabricated
device with a 4100 nm absorber layer thickness, corresponding to 95% absorptance. Experimental
measurements were performed by Dr. Meghan Beattie. As shown in Fig. 4.16, the model represents
experimentally measured reflectance spectra very well. In order to fit the simulated I-V curve to
the experimental measurements, a few adjustments in the material modeling were needed.
Reducing the SRH electron and hole lifetimes to 1 and 0.1 ns, respectively, better matched the
experimental Jsc, but there was still ~4mV mismatch between simulated and measured V. In a
heavily doped material, high impurity atoms can result in bandgap shrinking through creation of
impurity bands [91]. To fix this ~4mV mismatch, bandgap narrowing effects were added to the
simulations. The impact of bandgap narrowing was approximated in the simulations using

Lumerical’s built-in Slotboom model [92]:

Ni + Ny N} +Ns
AEG ==V, [In| 2—2 )+ |2 2—2 )+ (4.17)
Ny Ny

where V1, No and C are fitting coefficients that were set to 0.0055, 4x10%° and 0.5, respectively, to

reach the measured Voc.
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Figure 4.16: Experimentally measured and simulated reflectance spectra for a thick PPC with 4100 nm
absorber layer thickness under 1310 nm illumination with intensity of 100 mW/cm? at T=300K.
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Figure 4.17: Experimentally measured and simulated |-V curve for a thick PPC with 4100 nm absorber
layer thickness under 1310 nm illumination with intensity of 100 mW/cm? at T=300 K.

The lower efficiency of the fabricated device originates from 30% reflection loss, 8% grid line
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shading, and shorter carrier lifetimes. To highlight the effect of material quality on the PPC’s
performance, simulations with longer SRH carrier lifetimes of 10 ns for both electron and holes

were included in the simulations and are depicted in Fig. 4.17 using a yellow dashed line.

4.2.4 Computational time

One of the main considerations in simulations is to improve the accuracy of the modelling while
minimizing the computational cost. Both optical and electrical simulations in this thesis are
performed using one of the computational resources in SUNLAB with the properties that are listed

in Table 4.2.

Table 4.2: Computation resource properties for opto-electrical simulations

CPU Intel Xeon E5-2620 v3
Cores 6
Hyperthreads 12
RAM 32 GB
SSD 240 GB
HDD 1TB+1TB
Graphics AMD Radeon HD 5450

Simulation times varied depending on the dimension and bandwidth of simulations as well as

thickness of the modeled structures.

The optical simulations for a 2D model took 7 and 20 minutes, corresponding to narrowband
(1310£5 nm) and broadband (1000-1400 nm) simulations, respectively. For the optical 3D
simulations that were carried out for the thin models, the narrowband and broadband simulations

took 2 and 15 minutes, respectively.
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The electrical simulations for the 2D structures took approximately 30 minutes, while 3D
structures took approximately 2 hours. The number of voltage sweep points used to generate the

I-V curves had a significant impact on the electrical simulation times.

The optimizations, which were highly dependent on the number of parameters in the design
space and the simulation bandwidth, varied from 3 to 10 hours on average. Running 2D sweeps
were the most time-consuming simulations, with 15 to 20 hours depending on the number of sweep

steps. These 2D sweeps were used to create the absorptance maps that are presented in Chapter 6.
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Chapter

HA RESULTS AND
DISCUSSION

The opto-electrical simulation results for a thin and ultra-thin PPCs with three types of flat,
nanotextured pyramidal and nanotextured cubic BRs are discussed in this chapter. Irradiant light
intensity effect on designs performance and potential solutions for improvement of conversion

efficiency improvement are also provided in this chapter.

5.1. Thin PPC with flat BR

| embarked simulations for a thin PPC by modeling a pre-existing sample in the lab with the same
composition as my design. This sample had an absorber thickness of 842 nm and was grown with
the purpose of current-matched bottom segment in a 2 junction PPC design. Due to strong Fabry-
Perot resonances induced by the BR, the first design consideration was to tune the resonance peak
in the absorption spectrum (or resonance dip in the reflection spectrum) to coincide with the target
wavelength. Variations in refractive index and layer thicknesses result in a resonance shift due to
interference effects. Since the material was already selected and could not be changed, by varying
the thickness of the absorber (sum of base and emitter) and FSF layer, | tried to tune the resonance
dip in the reflection spectra at 1310 nm. Table 5.1 lists a some of the selected combinations. As
can be seen in this table different combination of FSF and absorber layer (designs C and D) align

resonances at 1310 nm but with slightly different absorptance and reflectance losses. So,
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employment of optimization tools was necessary to find the combination that satisfies both

resonance alignment and absorptance maximization.

Table 5.1: Summary of the variations of the layers thickness to align the resonance in the reflectance
spectrum at 1310 nm for a thin PPC with flat BR.

Absorber FSF Resonance Absorptance Reflectance
thickness thickness Wavelength (%) (%)
(nm) (nm) (nm) @ 1310 nm @ 1310 nm
1190
A 842 400 1380 38 62
B 810 380 1325 95.2 0.04
C 775 400 1310 94.3 0.03
D 750 430 1310 94.8 0.007
(a) (b)
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Figure 5.1: (a) 3D view of the thin PPC with flat BR, figure is not drawn to scale. (b) Resonances shift in
reflection spectrum for thin PPC with flat back reflector for three different combinations of absorber and
FSF layer thicknesses.
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To highlight the light trapping effect of BR | compared performance of a thin PPC with
absorber thickness of 770 nm to a conventional PPC with the same composition and layer thickness
on the InP substrate without BR. In the following, | bring the results of this comparison that I
presented as a poster presentation at Numerical Simulation of Optoelectronic Devices (NUSOD)

2019 [93].

For this first simulations, experimental material properties were different than those indicated
in chapter 4. Bandgap, absorption coefficient, and SRH carrier lifetime were 0.864 eV,
8.27x10%cm™ and of 10e-6, respectively. Also in this first simulations a 100 nm Sio2 ARC was
incorporated. The thin design with a BR is termed “inverted” due to its inverted layer growth
sequence and the conventional design on a substrate is termed “upright” due to its upright layer
growth sequence. For both the inverted and upright structures, the cross-section of the multilayer
structure, electrical field versus depth, and the absorbed power profiles are shown in Fig. 5. 2.
Note that for comparison purposes the substrate of upright design is not depicted, although it was

included in the simulations. The optical simulations demonstrated up to two times enhancement of
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Figure 5.2: Optical simulations with FDTD method for the thin PPC with absorber thickness of 770 nm with
and without BR: (a) Multilayer structure, (b) Electrical field versus position, (c) Absorbed power profile of
upright design (note that substrate is not depicted), (d) Absorbed power profile of inverted design.
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the photogenerated current for inverted structure as compared to the upright design. As shown in
Fig. 5.2, as the light passes through the structure, the electrical field (b) and subsequently the
absorbed power (c and d) is descending while accompanied with resonances. The mild resonances
in the upright design arise from refractive index difference between active layer and the superstrate
and substrate materials. However, for the inverted design, the BR provides strong Fabry-Perot

effect and boosts the absorption within the thin absorption layer.

Table 5.2: Comparison of upright and inverted structure performance

Jsc Voc Efficiency
(MAem?) (V) i (%)
Upright 47.1 0.51 0.78 18.9
Inverted with BR 94.3 0.53 0.8 40.2
—~ 100 i - 50
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Figure 5.3: Comparison of current-voltage characteristics of the thin PPC with BR (Inverted) and without
BR (Upright) under intensity of 100 mW/cm? at T=300 K.
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Main performance parameters from electrical simulations for both structures are summarized in
Table 5.2 and their 1V characteristics are plotted in Fig 5.3. These results show improved efficiency

by more than two times for the proposed structure with BR compared to the PPC without BR.

5.2. Thin PPC with pyramidal BR

Contrary to the solar cells where random texturing results in enhanced absorption [94], for
monochromatic PPCs perfect absorption depends on the precise geometry of nano patterns. Thus,
in addition to absorber and FSF layer thicknesses, the dimensions of pyramidal nanotextures
including height, base width, and period of nano pyramids were also added to the design space
parameters. Table. 5.3 presents couple of different combinations of design space parameters that
results in adjustment of resonance dip in the reflection spectrum at 1310 nm. Comparing design,
A and B shows how different design parameters can yield similar absorptance. Design C indicates
how higher absorptance is attainable for the same active layer thickness as design B through

variations of other design parameters.

Table 5.3: Summary of the variations of the design space parameters to align the resonance in the
reflectance spectrum at 1310 nm for a thin PPC with a pyramidal nanotextured BR.

Absorber FSF Width Height  Absorptance Reflectance

(nm) (nm) (nm) (nm) (%0) (%0)
A 510 50 400 68 90.2 0.9
B 508 226 622 110 90.2 2
C 508 243 656 73 91.7 0.24

Fig. 5.4 (a) shows the 3D schematic of a PPC with a pyramidal nanotextured BR and Fig. 5.4

(b) illustrates the corresponding reflection spectrum for designs from Table.5.3. | presented the
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Figure 5.4: (a) 3D view of the thin PPC with pyramidal nanotextured back reflector, figure is not drawn
to scale. (b) Reflection spectrum for different optimizations from Table 5.3.

results of pyramidal BR design and optoelectronic modeling at the 47th Photovoltaics Specialists’
Conference in 2020 and published them in the Proceedings of the 47th Photovoltaics Specialists’
Conference. Portions of this proceeding are reproduced in this section with minor alterations for
clarity [95]. In this work, I compared the performance of a thin PPC with pyramidal textured BR

(TBR) and a thin PPC with flat BR (FBR) with approximately same absorptance. For both the

FC

0.08 pm
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(a) BR

Yy X

b BR () OHm

Figure 5.5: Schematic structure of PPCs with (a) flat and (b) textured back reflector. (c) Dimensions of
the unit cell pyramid for the textured device. FC: Front contact. Figures are not drawn to scale.
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FBR and TBR structures, the thicknesses of the absorber and FSF layers, as shown in Fig. 5.5 (a
and b) are varied to align with the highest absorption resonances induced by the BR at 1310 nm.
The base width and height of pyramids is adjusted to achieve near ideal absorption. The exact

dimensions of the unit cell pyramid are shown in Fig. 5.5(c).

In order to demonstrate the role of the BR in amplifying absorptance via resonances, a
conventional PPC on InP substrate and without a BR is also examined. This conventional PPC
employs an absorber layer with a thickness of 4750 nm to absorb 98% of incident light at 1310 nm
in a single pass. Since this design would employ a standard upright layer growth sequence, | refer
it as the upright thick PPC design. Contrary to the thin PPCs proposed, an ARC is required to
reduce the reflection loss of this upright device from about 30% to 7%. As can be seen in Fig. 5.6,

for modeled devices with BR near zero reflection loss at 1310 nm is achieved without an ARC.
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Figure 5.6: Full reflection spectra of Upright, FBR and TBR structures under normal incidence
illumination. Due to resonances, near zero reflection loss for thin models are achieved at 1310 nm without
an ARC.
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| simulate the optical response of three structures: thick upright, FBR, and TBR, each under a
plane wave illumination with center wavelength at 1310 nm, bandwidth 20 nm, intensity of
100 mW/cm?, and device temperature of 25°C. Fig. 5.7 demonstrates how the BR boosts light
trapping via strong Fabry-Perot resonances within the thin absorber layer in both FBR and TBR
(b,c). As shown in Fig. 5.7(c), the TBR also induces guided mode resonances that further enhance

absorption at the resonance wavelength.
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Figure 5.7: Optical simulations with FDTD method: Normalized cross- sectional absorbance profiles of
(a) Thick upright, (b) FBR and (c) TBR structures.

| take the thick upright PPC as a baseline to which I compare the performance of the thin PPCs.
The main performance parameters of these three structures are summarized in Table 5. 4. My results

show approximately 6 times and 12 times thickness reduction for FBR and TBR devices,
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Table 5.4: Performance comparison of different structures

Design Absorber J 2-pass J V.
H SC = SC oC 0
Type Th(l;:]lr;n)ess (mA/cm?) (mA/cm?) (V) a PCE (%)
Thick

Uprignt 470 93.8 ; 0.55 0.81 42.3

Inverted o 93.4 70 0.61 0.80 46.0
with FBR : : : :

Inverted 4, 92.9 49 0.62 0.79 46.1
with TBR : : : :

respectively, relative to the thick upright structure, while maintaining Jsc within 1%. The thinner
devices also benefit from an enhanced Vo and hence efficiency. The higher Voc in thin PPCs
attributes to higher carrier concentration. Though Voc in TBR is higher than FBR, but the slightly
lower Jsc yielded in same efficiency for both devices. Simulations without front contact shading
resulted in an efficiency of 48% for FBR and TBR devices which is about 9% enhancement in
comparison with thick upright PPC. This high efficiency is caused by combined effects of strong
light scattering and near-zero reflection loss. My results also reveal that Jon of the FBR and TBR
designs exceed the absorption expected from a simple double pass through the absorber layer by
factor of 1.4 and 2 times, respectively. As expected, higher double pass absorption of the TBR

verifies that pyramidal nanostructures have more light trapping capability than flat BRs.

5.3 Thin PPC with cubic BR

As with PPCs with pyramidal textured BRs, the thickness of the absorber and FSF layers as well
as the width, height and period of nano cubes are required to be adjusted precisely to tune the
resonance valley in the reflection spectrum to the desired wavelength and yield high absorption.
Table. 5.5 shows some of the combinations of design space parameters for this model that resulted
in resonances alignment at 1310 nm. Comparing A and B, we can see how different combinations

of design parameters can result in the same absorptance. Also comparing B and C, we can see how
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higher absorptance can be obtained for the same active layer thickness through variation of other

design space parameters. The reflection spectrum of these designs is shown in Fig. 5.8 (b).

Table 5.5: Summary of the variations of the design space parameters to align the resonance in the
reflectance spectrum at 1310 nm for a thin PPC with a pyramidal nanotextured BR.

Absorber FSF  Width Space Height Absorptance Reflectance

(hm) (hm  (m)  (m)  (m) (%) (%)
A 527 100 312 673 162 90 0.98
B 522 275 130 800 197 90 1.01
C 522 380 170 900 97 91.5 0.67
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Figure 5.8: (a) 3D view of the thin PPC with cubic nanotextured back reflector (CBR), figure is not drawn
to scale. (b) Reflection spectrum for different designs from Table 5.5.

I presented optoelectrical simulation results of light trapping in thin PPCs using cubic and
pyramidal BRs at the Photonics West 2021 conference [96]. Bandgap, absorption coefficient, and
SRH carrier lifetime for these simulations were 0.87 eV, 5.3x10%cm™, and 10e-6, respectively.

For a unit cell of both modeled devices, the cross-sectional layer structure with corresponding
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thicknesses and power absorption profiles are illustrated in Fig. 5.9 (a-d). Note that the power
absorption profile color bar scale is different between the cubic BR and pyramidal BR. The
dimensions of the nanotextures are depicted in Fig. 5.9 (e-f). Fig. 5.9 (f) shows that the nano
pyramids dimensions are not equal in x and y directions, which makes these results dependent on
the polarization of the incident light. As in previous sections, | used a convectional thick PPC with
high (98%) absorptance as a baseline to evaluate the efficiency enhancement in thin PPCs. For fair
comparison with thin PPCs, the reflection loss of the conventional PPC was reduced to near zero

by incorporating a double layer ARC.
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Figure 5.9: (a) Cross-sectional view, (b) absorption profile of the thin PPC with cubic BR. Note that color
bars scale is different for two designs. (c) Cross-sectional view, (d) absorption profile of the thin PPC with
cubic BR. (e-f) Dimensions (in nanometer) of the cubic and pyramidal nanotextures (not scaled).
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The main performance parameters of these three structures are summarized in Table 5.6 and
are illustrated in Fig. 5.10. These simulations demonstrated that 9- and 12-times thinner absorbing

layers for cubic and pyramidal BR structures, respectively, can realize ~94% of the short-circuit

Table 5.6: Performance comparison of different structures

Absorber

Design Type Th(i;:]lr?)ess (m A];émz) X;; ('(:,/S P(gjoE)
Conventional 5170 97.86 0.51 80.4 40.5
Cubic BR 580 91.5 0.62 80 45.3
Pyramidal BR 420 90.2 0.64 79.4 45.7
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Figure 5.10: Current-voltage characteristics of the thin PPCs with cubic and pyramidal BR, and thick
conventional PPC under intensity of 100 mW/cm?2 at T=300 K. Maximum power points are indicated by
the colored circles.
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current of the baseline thick structure while preserving fill factor within 1%. These designs also
improve open-circuit voltage by 18-20% relative to the conventional PPC, resulting in a PCE

increase of 12-13% (rel.).

5.4 Optimization

Until this point, my design approach was based on varying one parameter of the design space while
keeping the rest fixed to find a combination that both satisfied resonance alignment at 1310 nm
and minimized reflection losses. As showed in Tables 5.1, 5.3 and 5.5, multiple combination of
design space parameters yields to resonance alignment at target wavelength but with different
reflectance loss and absorptance. So, optimization tools are required to find the optimum
combination that results in high absorptance while minimizing the absorber layer thickness. These
optimizations can be carried out in two ways. The first approach involves reducing the absorber
layer thickness, for example by making it 10 times thinner than for a conventional PPC with a high
absorptance. Then, optimization can be performed at this fixed layer thickness to harvest as many
photons as possible. The second approach is based on selecting a target absorptance and then
performing a design optimization that finds the thinnest absorber layer possible. In this work, 1
selected the latter approach. Design optimization sought to minimize the absorber layer thickness
while obtaining a target absorptance of 90%, corresponding to a Jpn of ~95 mA/cm?. Fabry-Perot
resonances were aligned to the target wavelength by tuning the optical cavity design, minimizing
reflectance, and maximizing absorptance. Structure optimization varied the absorber and FSF layer
thicknesses for the flat BR design. For the nanotextured BR designs, their geometrical parameters
were added to the design space, consisting of the height h, width w, and spacing s for the cubic
BR, and height h and base width w for the pyramidal BR. To avoid polarization dependence for

normal incidence, nanostructure dimensions were kept equal in the x and y directions. In all cases,
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the BSF layer thickness was fixed at 50 nm. These parameter spaces were investigated via a
particle swarm algorithm, using photocurrent Jph as the figure of merit. The following section is

the reproduction of the optimization results with additional details that I published in Optics

Express 2022 [97].

5.4.1. Conventional thick PPCs

To highlight the effect of a BR, | simulated two optically thick PPCs on InP substrates to use as
baselines to compare the light harvesting capability and power conversion efficiencies of ultra-
thin PPCs. One of the thick PPCs was simulated with high absorptance of 98% and the other with
an absorptance of 90%, the same as for the optimized ultra-thin devices. | refer to these designs as
“Ref 98%” and “Ref 90%”, respectively. Based on the Beer-Lambert absorption law, the required

absorber thicknesses for Ref 98% and Ref 90% are 5270 nm and 3100 nm, respectively.

Without an antireflection coating, Ref 98% and Ref 90% thick designs would suffer from
~30% and ~21% reflection loss, respectively. Fair comparison with ultrathin designs, which
benefit from near zero reflection loss, requires minimizing the reflection loss in thick models. For
Ref 98%, incorporating a single layer ARC in simulations and applying PSO reduces reflection
loss to 6.47%, as shown in Fig. 5.11 (a). Next, by varying the thicknesses of the single layer SiO>

ARC and FSF layer, reflection losses decreased to 3.45%, as shown in Fig. 5.11 (b). Finally,
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Figure 5.11: Minimization of reflection loss using particle swarm optimization (PSO). (a) Variation of
ARC, (b) Variation of ARC and FSF layer, and (c) Variation of DLARC and FSF.
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Fig. 5.11 (c) shows that by incorporating a double layer of SiO2/TiO2, ARC [98] and varying the
thickness of the FSF layer, the lowest reflection loss of 0.03% was obtained. The refractive index

of different layers at 1310 nm are as follows: Emitter and Base: 3.48, BSF and FSF: 3.24, SiO2:
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Figure 5.12: (a) 3D view of the conventional PPC with high absorption (98%), figure is not drawn to scale.
(b) Reflection curve: without ARC (blue line), with single layer ARC (red line), and with double layer
ARC (yellow line).
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Figure 5.13: (a) 3D view of the conventional PPC with same absorption (90%) as ultra-thin PPCs, figure
is not drawn to scale. (b) Reflection curve: without ARC (blue line), with single layer ARC (red line) and
with double layer ARC (yellow line).
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2.01, and TiO2: 2.46. A 3D view of the Ref 98% design and reflection spectrum with and without

incorporating ARC are shown in Fig. 5.12 (a) and (b), respectively.

Fig. 5.13 (a) shows the 3D view of the Ref 90% design. The same optimization approach was
carried out to reduce the reflection loss of Ref 90% to 0.01% at 1310 nm as can be seen in
Fig. 5.13 (b).

For these optically thick designs, the Jpn values obtained from simulations were about

0.02 mA/cm? lower than analytical calculations according to:

qAP

Johth = Eon (5.1)

where Jon .t is the theoretical photocurrent, A is the absorptance, P is the input power, and Epn is

the energy of the incident photon.

5.4.2 Ultra-thin PPCs

Table 5.7 reports the optimized design parameters for 90% absorptance with corresponding
primary optical losses, including parasitic absorption in the rear mirror and reflectance. For BR
designs, a near-zero reflection loss was obtained without incorporating an ARC. Reflection spectra

for all five designs from Table 5.7 are shown in Fig. 5.14.

The cross-sectional absorbed power profiles and corresponding Jen values are depicted in
Fig. 5.15 for all five structures: Ref 98%, Ref 90%, flat, cubic, and pyramidal BRs. For the thick
reference PPCs, shown in Fig. 5.15 (a-b), most of the light absorption occurs near the front surface
and decreases as less light penetrates deeper into the absorbing layer, as expected. However, for
the ultra-thin planar structure in Fig. 5.2 (c) and nanotextured structures in Fig. 5.15 (d-e), the back
mirrors create strong Fabry-Perot resonances in the absorptance profiles. Additionally, the

nanotexture back mirrors also induce guided mode resonances that further enhance light trapping
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at the resonance wavelength.

Table 5.7: Optimized parameters of PPCs with corresponding absorptance and optical losses at 1310 nm.

Ref 98% Ref 90% Flat Cubic Pyramidal
ARC 2 (nm) 180 206 - - -
ARC 1 (nm) 94 122 - - -
FSF (nm) 214 299 240 300 170
Absorber (nm) 5270 3100 557 410 371
w (nm) - - - 290 653
s (nm) - - - 430 -
h (nm) - - - 93 108
Absorptance (%0) 97.97 89.99 90.32 90.57 90.31
Reflectance (%) 0.03 0.01 2.38 0.01 0.04
Back reflector loss (%) - - 7.30 9.42 9.65
100 Reflectance (%) ’ ‘
at 1310 nm
— Ref 98% 0.03
80 " —Refoo%  0.01
< Flat 2.4
é —— Cubic 0.01
Q60 ~_ Pyramidal  0.04
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Figure 5.14: Reflection spectrum versus wavelength for all five optimized PPC designs, including optically
thick (Ref 98%, Ref 90%) and ultra-thin (flat, cubic, and pyramidal back-reflectors). These designs were
optimized for near zero reflection loss at 1310 nm wavelength. The laser spectrum centered at 1310 nm is
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The 625-nm thick InP substrates of the reference designs are not fully depicted in Fig. 5.15,
although they were included in the simulations. The Jpn values are close to 95 mA/cm? for the flat,
cubic and pyramidal BR designs, indicating that they each absorb approximately 90% of the
incident light despite reducing absorber layer thickness by 5.6, 7.6, and 8.4 times, respectively,
relative to the Ref 90% structure. Compared to Ref 98%, flat, cubic and pyramidal structures

achieve 9.5-, 12.5- and 14.2-fold reductions in the absorber layer thickness.

The light-trapping ability of a thin structure can be quantified by comparing it to the Beer-

Lambert absorption through a material with twice its thickness. This emulates the expected

Ion IRef 98% TRef 90%
J, ph—2pass tultra—thin tultra—thin
Flat 1.6 9.5 5.6
Cubic 2.0 12.9 7.6
Pyramidal 2.1 14.2 8.4
g Jop=95.1mA/cm?
g8 | g
3 3
2411 T
o
3
< |

J,

025 0 025 025 0 025-0.25 0 025-035 0 035-032 0 032
X (Hm)
(@) (b) (©) (d) (©)

Figure 5.15: Cross-sectional absorbed power profiles at y = 0 of each optimized PPC design: (a) Ref 98%,
(b) Ref 90%, (c) flat, (d) cubic, and (e) pyramidal BRs. Inset table compares light trapping capability and
thickness reduction of proposed PPCs (t: absorber thickness). Note that the x scales differ for each (d) and
(e) compared to (a-c). The dotted white lines indicate material interfaces. The FSF and BSF, above and
below the absorber, are transparent to the incident light. Only a small portion of the substrate is shown in
(a) and (b), as indicated by the wavy lines.
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absorption by two passes through the structure, assuming a perfect BR and no additional reflections
or scattering. This two-pass photocurrent, Jph-2pass, IS calculated by Eq. 5.1 with A set as the Beer-
Lambert absorptance for twice the absorber thickness of the corresponding design. In the ultra-
thin designs, the optical cavity and guided-mode resonances result in simulated photocurrents that
are enhanced by factors of 1.6, 2.0, and 2.1 for the flat, cubic, and pyramidal BRs, respectively,
when compared to the two-pass case. The pyramidal BR design has the most significant reduction
in absorber thickness, demonstrating its greater light scattering and trapping capability compared

to planar and cubic nanotextured BRs.

The designs proposed here were optimized to minimize the absorber layer thickness while
retaining 90% absorptance. However, alternative designs can also achieve nearly 90% absorptance
slightly thicker absorber layers of 30-50 nm by using a different combination of design parameters
such as FSF thickness and/or nanotexture dimensions [99], [100]. Allowing for slightly thicker

absorber layers can thus broaden the design freedom significantly.

The reflectance spectra and resonance linewidths differ significantly between thin PPC
designs (Fig. 5.14). For optical power transmission applications, resonances with wider linewidths
are desired, as the operating wavelength of a laser can deviate due to manufacturing tolerances or
temperature fluctuations [101], and performance can be affected by other conditions such as the
illumination angle. Although Fig. 5.14 shows that we simulated near-zero reflection loss without
incorporating an ARC, applying an ARC could increase the resonance linewidth and minimize
reflection over a more extensive spectral range, therefore improving the stability and applicability
of these devices. Such an ARC would also affect the optimum thickness of other layers due to

interference effects and expand the design freedom.
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Current-voltage characteristics and device efficiencies obtained from electrical simulations in
Fig. 5.15 show that the ultra-thin designs with planar and textured BRs improve the Vo by 12-14%
and the PCE by 3-4% relative to the Ref 98% design. In comparison with the Ref 90% design, the
optimized ultra-thin designs match the Js, boost the Voc by 9-12%, and increase the PCE by 9-
10% (relative). The higher efficiency in ultra-thin designs is caused by the increased open-circuit

voltage, which is enabled by the strong light-trapping induced by the BRs.

The main parasitic optical loss for the ultra-thin PPCs is absorption in the back mirror [102], as
shown in Table 5.7, which is worse for the textured structures that have more light trapping and
thus more interaction between light and the back surface. The main electrical loss can be due to
SRH carrier lifetime, which varies over orders of magnitude depending on the material quality.

For example, for pyramidal nanotextured BR structures, an SRH lifetime in the INnAlGaAs absorber
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Figure 5.16: Current-voltage characteristics of the proposed PPCs under intensity of 100 mW/cm? at
T=300K. Maximum power points are indicated by the colored circles.
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layer of 10, 100, and 1000 ns results in efficiencies of 35%, 43.2%, and 46% [96], respectively.
Real-world devices may include additional losses such as those from surface recombination and

thermal effects such as heat from the laser illumination [103].

Further efficiency improvements could be achieved by shifting the absorber bandgap closer to
the incident photon energy to reduce the thermalization loss [104], optimizing the front
metallization [105], and employing higher quality material with longer carrier lifetimes. These
simulations did not account for photon recycling effects, which would yield higher efficiencies in

highly luminescent materials [26], [106].

5.5 Incident light intensity effect
The short circuit current, lsc, depends linearly on the incident power density. However, by

increasing the light intensity, the Vo increases logarithmically according to Eq. 5.2:

(5.2)

e = —In

kZT (X]SC N 1)

0

where kg is the Boltzmann’s constant, T is absolute temperature, q is the elementary charge, X is
the light intensity enhancement factor, Jsc is the short circuit current density, and Jo is the dark

saturation current density [70].

While Jsc linear enhancement under higher intensities does not improve efficiency as input
power also increases linearly, logarithmic enhancement of Vo provides an efficiency increase. |
investigated the Vo, FF, and PCE variations under higher intensities for all five models. As
depicted in Fig. 5.17, as expected with increasing the light intensity, the Voc increases for all five
models. By increasing illumination intensity to 1 W/cm?, the FF improves for all five models.
The simulated efficiencies of the Ref 98%, Ref 90%, flat BR, cubic BR, and pyramidal BR designs

increase to 47.1%, 44.3%, 49.1%, 49.3%, and 49.9%, respectively. At higher irradiances of 10
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W/cm?, the FF drops for thick models, which agrees with what was observed experimentally for
optically thick PPCs [31]. Despite a decrease in the FF, the PCE of the Ref 98%, Ref 90%, flat
BR, cubic BR and pyramidal BR designs rise to 50.5%, 47.6%, 55.1%, 55.7%, and 56.2%,
respectively (Fig. 5.17). It is expected that under higher irradiance intensities, the efficiency would
improve even further. However, there is a peak for efficiency, and after a particular intensity it
begins to drop. Ohmic losses at higher intensities cause the FF to drop and consequently limit the

PPC performance.
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Chapter

# OPTICAL DESIGN
CONSIDERATIONS

In previous chapter, | showed through simulations that BR integration in thin and ultra-thin PPCs
enables high light absorptance (by increasing the optical path length and minimizing reflection
loss), while textured BRs exhibit superior light trapping capability than planar BRs due to guided
mode resonances. In those designs, aligning BR-induced resonances at the wavelength of interest
was crucial to achieve high absorptance. In this chapter, | use optical modeling to quantify the
tolerance of optical absorptance to variation in the PPC’s geometrical design parameters and
wavelength of the incident light. I also proposed solutions for improving wavelength tolerance. |
presented these results at 4™ optical wireless power transmission conference 2022 [99], and 49

Photovoltaics Specialists Conference 2022 [100].

6.1 Tolerance study

Minimizing reflection losses and increasing the optical path length are two critical requirements
for high absorption that can be satisfied by aligning BR-induced resonances at the wavelength of
interest. However, resonance alignment may be compromised by: 1) deviation of a narrowband
light source operational wavelength due to manufacturing imperfections and temperature
fluctuations, 2) BR-induced resonance shift due to imperfect PPC fabrication processes, and 3)

deviation of the incident light angle from normal incidence. While studies on thin broadband
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photovoltaics with integrated BRs such as solar cells are mainly focused on increasing the
resonance numbers for a broadband light spectrum [42], [107], in the case of monochromatic PPCs,
a comprehensive tolerance and sensitivity study of the resonance alignment is required. In this
section, | quantify the absorption’s tolerance to variation in the PPC layer thicknesses and the

incident light wavelength for PPCs with flat and textured BRs.

6.1.1 PPC with flat BR

Optical cavity formation between the BR and PPC layers leads to resonances in the absorptance
(or reflectance) spectrum. The first design consideration is to tune the resonance peak in the
absorption spectrum (or resonance dip in the reflection spectrum) to coincide with the target
wavelength. Variations in refractive index and layer thicknesses result in a resonance shift due to
interference effects. In this study, | investigated the sensitivity of the resonance peak to the
absorber and FSF layer thicknesses, with fixed BSF layer thickness and material compositions,

with target operation centered at a 1310 nm wavelength (Fig 6.1).

Figure 6.1: Schematic structure of modeled PPC with flat back reflector.
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In optically thin designs, precise tuning of both absorber and FSF layer thicknesses is
necessary to align the resonant peak of absorption with the operating wavelength. In Fig. 6.2, the
2D absorption map versus absorber and FSF thicknesses show that a ~90 nm variation in absorber
layer thickness and ~100 nm change in FSF layer can shift the interference from constructive to
destructive.

As shown in Fig. 6.2, multiple combinations of layer thicknesses result in high absorption,
providing a degree of design freedom, but also illustrating that an increased absorber layer

thickness does not universally guarantee increased absorption in these optically thin designs.

| selected four combinations of absorber and FSF thicknesses with approximately 92.8%
absorption (designs within a £0.3% range) at 1310 nm to compare their absorption spectra.
Selected designs A through D with absorber and FSF layer thicknesses and corresponding
absorption, reflection, and BR loss at 1310 nm are listed in Table 6.1. Parasitic absorptance in the

BR for designs A and C with a 600 nm absorber layer is higher than for designs B and D with a
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Figure 6.2: Absorption as a function of the absorber and FSF layers thickness for PPC with a planar BR.
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665 nm absorber layer. This originates from the fact that thinner absorbers provide the same light
absorption as thicker ones through more round trips at the resonance wavelength. Hence, more

interaction with the back mirror yields more parasitic absorption.

Table 6.1: Layer thicknesses, absorption, and losses at 1310 nm for four designs with similar absorption
for a thin PPC with flat BR.

Design
A B C D
Absorber (nm) 600 665 600 665
FSF (nm) 390 320 188 118
Absorption (%) 925 931 925 92.9
Reflection (%) 0.6 0.8 0.6 0.8
Back reflector loss (%) 6.9 6.1 6.9 6.3

Comparing the absorptance spectrum for all four designs over a spectral range of 1000-1400
nm in Fig. 6.3, we notice that the absorption spectra of designs A and C closely match the spectra
for designs B and D, respectively. At 1310 nm, the resonance widths broaden from design A to D.
Although for narrowband incident light within a 10 nm linewidth, absorptance is not affected
significantly by resonance widths, wider resonances are more desirable due to operational laser
wavelength deviations caused by fabrication variations and temperature fluctuations. For a better
view of the resonance widths, the magnified resonance shapes for designs A and D are illustrated

in Fig. 6.3 inset.

Table 6.2 reports the absorption of all four designs for 0-, 10-, and 20-nm deviations of the

illuminated light from the design wavelength of 1310 nm. These results emphasize the importance
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Figure 6.3: Absorption spectra of four different combinations of absorber and FSF layer thicknesses with
approximately the same absorptance at 1310 nm. Zoomed spectra of A and D are illustrated in the inset
with sample laser input at 1310 nm with a 10 nm linewidth.

of the resonance width and verify that resonances with wider widths are less sensitive to

manufacturing tolerance and temperature instability.

Table 6.2: Absorption as a function of laser wavelength for a thin PPC with flat BR.

Deviation from 1310 nm A B C D
0nm 92.5 93.1 92.5 92.9
-10 nm 88.8 89.9 90.52 914
-20 nm 79.0 81.2 83.9 85.8

6.1.2 PPC with textured BR
In the case of PPCs with pyramidal nanotexture BR, | investigated the sensitivity of the resonance

peak to the absorber and FSF layer thicknesses, and the geometry of the nano pyramids including
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their height h, and base width w, while the BSF layer thickness and material compositions were

kept fixed. These parameters are described visually in Fig. 6.4.

Fig. 6.5 shows absorptance maps of the optimized PPC as a function of (a) absorber and FSF
layer thickness, and (b) width and height of nanotextured BR pyramids. In each case, the remaining

design parameters were fixed to the values specified with a cross mark on each map.

These results show that an inversion from constructive to destructive interference occurs with
variations of 60-70 nm and 70-80 nm for the absorber and FSF layer thicknesses, respectively. For
the BR design, a 50 nm variation of width or height can drop absorptance by >25%. We note that a
thick absorber layer does not universally guarantee high absorption, and therefore the absorber and
FSF layer thicknesses and nano pyramid dimensions must all be simultaneously and precisely tuned

to produce a resonance peak at the desired wavelength.

wlx ®

Figure 6.4: (a) Schematic structure of ultra-thin PPCs with pyramidal textured back reflector. (b)
Dimensions of pyramidal back reflector with height h and base width w indicated.
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Figure 6.5: Absorptance as a function of: (a) absorber and FSF layers thicknesses; (b) height and width of
the back reflector nanotextured square pyramids.

As evident from Fig. 6.4, multiple combinations of design space parameters result in high
absorptance, enabling considerable design freedom. To compare differing high-absorptance
designs, | investigated the absorptance spectra of four combinations of absorber and FSF layer
thicknesses, each with an absorptance of 90.25+0.05% at 1310 nm. The absorptance, reflectance,

and BR loss at 1310 nm for these selected designs A-D are listed in Table 6.3. Parasitic BR loss is
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Table 6.3: Layer thickness and losses at 1310 nm, and Absorptance as a function of laser
wavelength for four designs with similar total absorptance.

Design

A B C D
Absorber (nm) 540 610 540 610
FSF (nm) 398 314 175 100
Reflectance (%) 1.5 1.9 1.6 2.2
Back reflector loss (%) 8.3 7.9 8.1 7.5
1310 nm 90.2 90.2 90.3 90.3
1320 nm 85 86.4 86.7 85.3
Absorptance (%) 1330 nm 81 83 78.0 74.5
1340 nm 84.2 83.8 68.4 63.6
1350 nm 79.0 78.1 61.2 55.2

dependent upon the number of round trips at the resonance wavelength, yielding a greater

interaction with the back mirror where scattering and absorption can occur. This effect is

demonstrated by comparing designs A and C with 540 nm thick absorbers to designs B and D

with 610 nm thick absorbers, where the thinner designs result in higher BR loss.

The inset of Fig. 6.6 compares the absorptance spectra for all four designs over a spectral range
of 1000-1400 nm. We notice that the absorptance spectra of design A closely matches the spectra
for design B, exhibiting overlapping resonances around 1310 nm, and the spectra of design C

matches design D. In the case of laser-illuminated PPCs, where spectral linewidth of the incident
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Figure 6.6: Absorptance spectra of four combinations of absorber and FSF layer thicknesses, yielding
similar absorptance at 1310 nm but varying peak widths. Inset shows the absorptance spectra over a
broadened wavelength range of 1000-1400 nm.

light is ~10 nm, these variations of the resonance widths can be negligible under ideal conditions.

However, wider resonances are more tolerant to wavelength deviations due to laser fabrication

variations and temperature instabilities [101], or deviation of incidence angle from the normal.

Resonance shapes for designs A-D are shown in Fig. 6.6, demonstrating the variation in peak widths

across designs.

Table 6.4 reports the absorptance of each design for wavelength deviations of 0 to +40 nm

from the design wavelength of 1310 nm. Among these designs, A and B are more wavelength-

tolerant with overlapping resonances near 1310 nm and absorptance drops of ~5.2-11.2% and 3.8-

12.1% (abs.), respectively, for 10-40 nm wavelength deviations. Design D is least tolerant with

9.1-35.1% (abs.) absorptance drop under the same conditions.
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6.2 Improving wavelength tolerance

In broadband photovoltaics (e.g. solar cells), it is common to add a single or double-layer ARC to
minimize reflection losses across the broad solar spectrum. In the case of PPCs under narrow- band
illumination, reflection can be minimized by aligning BR-induced resonances at the wavelength of
interest without an ARC. For the ultra-thin PPC with pyramidal nanotextured BR shown in Section
6.1.2 (Fig. 6.4), | achieved near-zero reflection loss for a wavelength of 1310 nm without
incorporating an ARC. | now investigate how adding an ARC layer can affect the wavelength
tolerance for a thin PPC with a pyramidal nanotextured BR. The spectral reflectance of the
optimized device from Section 6.1.2, which is taken as a baseline design, is shown as the blue dotted
line in Fig. 6.7. By adding a single layer SiO> ARC, the optimization further minimizes the
reflectance in the wavelengths around 1310 nm, as indicated by the solid blue line of Fig. 6.7. Due
to high simulation times and memory requirements, both optimizations were performed over a
single wavelength at 1310 nm. As shown in Fig. 6.7, the resulting reflectance spectra were not

symmetric around 1310 nm, making these designs more tolerant to longer wavelength variations.

Table 6.4: Optimized parameters of pyramidal nanotextured PPCs with and without ARC.

Optimization
Parameters thicknesses
1310 1310+20

ARC (nm) 0 101 0 143

FSF (nm) 170 155 143 140
Absorber (nm) 371 372 366 375
Width (nm) 653 652 456 648
Height (nm) 108 135 163 113
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To form a more symmetrical and wider tolerance, | extended optimizations over a wider bandwidth
of 1310 nm+20 nm both with and without ARC incorporation. The parameters of four

optimized designs which are illustrated in Fig. 6.7, are listed in Table. 6.4. For a fair comparison of
these optimizations, the absorber layer thickness was selected to be the same as the baseline design,

(371 nm) £10 nm for minimum and maximum limits.

20
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----- 1310£20, No ARC:
—13104£20,ARC  :

Reflectance (%)
=

0 =
1270 1290 1310 1330 1350
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Figure 6.7: Reflectance spectra of optimized ultra-thin PPCs with and without ARC (solid and dashed
lines) for single (1310 nm) and wide (over 1290 to 1330 nm) optimization (blue and red lines). The
vertical green line indicates laser bandwidth.

Compared to the optimizations for the single wavelength, these results show reflectance
spectra that are centered on the design wavelength, although at the cost of increased reflectance at
1310 nm. While the optimization without ARC, shown as the dashed red line in Fig. 6.7, does not
exhibit satisfactory performance, the optimized design with ARC, represented as the solid red line,

shows a relatively flat absorption across the optimized wavelength range.
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6.3 Fabrication feasibility

Besides considerations such as the accuracy of the simulation results and tolerance study, the
feasibility of fabrication is an important criterion that should be taken into account during the
design process. Epitaxial growth of layers with different compositions with precise thickness (at
the atomic level) can be realized using the MBE method [101]. As discussed in chapter 3, to
fabricate a device with a BR, the structure should be grown epitaxially in a reverse sequence on
the substrate. The BR is fabricated on the top layer of the inverted structure by depositing a layer
of metal which also acts as the bottom contact in the final manufactured device. Next, the metal
layer is bonded to a second substrate, which supports the device physically and allows us to remove
the growth substrate inverting the structure. Implementation of nanotexture BRs can be realized
using nanoimprint lithography as discussed in [75]. The nanoimprint lithography technique allows
fabrication of patterned nanostructures on large scales with high precision and low cost [108].
Nanoimprinting lithography has been shown in recent years to enable the growth of various
nanopatterns with sub-10 nm features and good critical control of side wall formation [103][109].
These show that it is a strong candidate for fabricating cubes with precise 90° corners and pyramids
with exact desired angles. Combining nanoimprint lithography with plasma etching allows control
of the sidewall angles with a precision of 1° [110], which is a crucial requirement in the fabrication
of pyramidal nanotextures. Indeed, tuning the plasma chemistry and bias power of a plasma
process, one can have control over the sidewall profiles of the nanotextures [111]. Patterning a
sharp peak for the pyramidal structure is however challenging and may require the combination of
additional, complementary techniques. Grayscale lithography [112] enables patterning a

photoresist mask with a varying thicknesses, which could simply pattern transfer in the
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semiconductor. Furthermore, advanced plasma etching techniques could leverage mask faceting

[113] to create sloped sidewalls with a specific angle.
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Chapter

d SUMMARY AND
OUTLOOK

7.1 Summary

In this work, | presented the design, simulation, and optimization of light management in highly
efficient ultra-thin PPCs, comparing the simulated performance of flat, cubic, and pyramidal
nanotextured BRs under 1310 nm narrow-band illumination. Due to strong Fabry-Perot and guided
mode BR induced resonances, we attained near-zero reflection loss in the ultra-thin PPCs without
using an ARC. Compared to conventional thick PPCs on a substrate, modeled ultra-thin PPCs with
BRs demonstrated superior performance with larger Vo and PCE. The best performance was
exhibited by the device with a pyramidal nanotextured BR. Further design optimization, reduced
thermalization loss, front metallization engineering, higher intensity laser illumination, and

accounting for photon recycling could lead to simulated efficiencies over 50%.

The effects of variations in illumination wavelength and layer thicknesses on light absorption
in thin PPCs with integrated BRs were studied using numerical simulations. Results show that
thickness deviations of ~90 nm and ~100 nm for the absorber and FSF layers, respectively, cause
a shift from constructive to destructive interference at the design wavelength. Multiple
combinations of absorber and FSF layer thicknesses yield similar absorption at 1310 nm but with

different absorption spectra and resonance widths. For the design with the narrowest resonance

93



width, absorption drops by 3.7-13.5% (abs.) for 10-20 nm deviations in the wavelength of the
incident light, and by 1.5-7.1% (abs.) for the design with the broadest resonance width, under these

conditions.

| explored design considerations for thin PPCs with pyramidal textured BRs using numerical
simulations. The effect of variations in illumination wavelength and geometrical properties
including layer thickness and nano pyramid dimensions were quantified. A 70 nm variation in
device thickness can shift BR induced resonances from constructive to destructive interference and
a 50 nm variation of the nano pyramid dimensions drops absorptance by more than 30% (absolute),
which illustrates the precision required in the fabrication of high efficiency ultra-thin PPCs. Our
results showed that multiple combinations of design space parameters yield similar absorptance at
1310 nm but with different absorptance spectra and resonance widths. Designs with overlapping
resonances around the target wavelength combined with an ARC layer are less sensitive to the

illuminated wavelength variations.

Single wavelength optimizations are faster and less computationally expensive, but only result
in high absorptance at the wavelength of interest. In contrast, wide band wavelength optimization
provides symmetric resonances around the target wavelength that result in designs with higher

wavelength tolerance.

The approach proposed in this thesis can be applied to other illumination wavelengths, and

the design principles outlined here can lead to better performing single and multi-junction PPCs.

7.2 Outlook
Currently, record PPC efficiencies of > 65% have been reported for wavelengths around 850 nm

[25], [26]. The optical fiber attenuation loss at these wavelengths is ~3 dB/km (50% per kilometer)
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which limits use of these devices to short-distance power-over-fiber transmission. The focus of
this study was on the O-band telecommunications window near 1310 nm which provides much
lower optical fiber attenuation loss of ~0.5 dB/km (11% per kilometer), resulting in potential for
higher total system transmission efficiency in longer-reach future photonic power. However the
minimum fiber loss lies at A=1550 nm (~0.5 dB/km, 5% per kilometer). The results of this work
can be applied to development of PPCs for 1550 nm which would enable both longer distance

power transmission and use of existing telecommunication equipment.

In this work, I applied numerical simulations to optimize ultra-thin PPC designs under narrow-
band laser illumination at 1310 nm using the light trapping capability of flat BR and nanotextured
BR with cubic and pyramidal structures. I also kept structures symmetric to avoid their polarization
dependence. However, there are plenty of symmetric and asymmetric BR nanotexture types such
as blazed gratings [114], skewed pyramids, nano cones [115], and cubes with zigzag or checkboard
patterns [116], [117] that are worth examining and optimizing for trapping of monochromatic

incident light.

Coupling the results of this work with machine learning techniques will accelerate the
optimization of designs by minimizing computational cost and improving accuracy. This is
especially relevant to designs with more extensive design space parameters such as thin PPCs with
textured BRs and multijunction PPCs. It is also expected that the accuracy of these models would

be improved by taking into account surface recombination in future simulations.

After optimizing these designs using simulations, the next step would be to fabricate and
experimentally assess the performance of the proposed thin and ultra-thin PPCs with both flat and

nanotextured BRs.
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Appendix

This appendix describes how SRH, Auger and radiative recombination processes are modeled in

the commercial software Lumerical FDTD that was employed in this thesis.
1.Trap-Assisted (Shockley-Read-Hall) recombination

np — n?
Tp(n +ny) +t,(p + p1)

Repy =

where 7, and zp are the electron and hole lifetimes, respectively, and ni and p; are the effective
densities of carriers in the trap states (Et). While carrier lifetimes are taken as an input, the constants

ni and p; are calculated as:
ny = n;exp(E¢/kgT)
p1 = niexp(—E¢/kpT)

where nj is the intrinsic carrier density, E: is the trap state energy, kg is the Boltzmann constant,
and T is the temperature.

2. Auger recombination

Raug = (Con + Cpp)(np — n?)

where Cn and C;, are electron and holes capture rate coefficient for Auger recombination, n and p

are electron and hole carrier densities, and nj is the intrinsic carrier density.

3. Radiative recombination

Ryqa = Braa (np - nlz)
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where Brad is the capture rate coefficient for radiative recombination, n and p are electron and hole

carrier densities, and n; is the intrinsic carrier density.
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