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ABSTRACT

Kate Gleason College of Engineering
Rochester Institute of Technology

Degree: Doctorate of Philosophy Program: Microsystems Engineering
Author’s Name: Julia Rae D’Rozario
Advisor’s Name: Dr. Seth M. Hubbard
Dissertation Title: Light Management in III-V Thin-Film Photovoltaics and Micro-LEDs

Light management is essential to improve the performance of optoelectronic devices as
they depend on the interaction between photons and device design. This research demon-
strates novel approaches to enhance the light absorption in thin-film III-V photovoltaics
(PV) and light emission from micrometer-scale light-emitting diodes (µLED).

The high power conversion efficiency (PCE) realized in III-V PV makes them attrac-
tive power generation sources, especially for off-the-grid space-related missions. Thin-film
PV (< 1 µm) offer great tolerance towards the inevitable radiation damage in the space
environment as carrier collection is maintained compared to their optically thick coun-
terparts (3-5 µm). To combat transmission loss of photons traveling through the thinned
device, this work develops textured back surface reflectors (BSR) to increase the optical
path length (OPL) of unabsorbed photons to generate electron-hole pairs. The textures
are created via etching techniques and epitaxial regrowth and are characterized by sur-
face imaging and reflectance (R) measurements. The textured BSR with high diffuse R
increase the OPL, and the best-known design demonstrates over a four-fold increase in
the OPL, which is two times greater than the planar BSR. This research delivers new
analyses useful to the PV community, including the lifetime enhancement factor and
free-carrier absorption modeling, which aim to improve the PCE in thin-film PV.

Modern display technology is constantly integrated into daily use to convey informa-
tion and connect people worldwide. The next generation of wearable devices requires
small-featured displays to achieve high resolution. The µLED delivers value to near-eye
displays through low power consumption, long lifetime, high contrast, and increased reso-
lution. As these devices reduce in size, surface states limit the light output power (LOP)
at the roughened sidewalls, and the perimeter-to-area ratio must be considered. This
research focuses on developing a fabrication process that improves LOP through sidewall
treatments. The dry etch process is optimized to reduce surface roughness, and side-
wall treatments via wet-chemical etching, in situ etching, and regrowth aim to improve
the sidewall quality. Scanning electron microscopy on the LED sidewalls supports the
optimized fabrication process. Luminescence characterization reveals that combinations
of etching and regrowth suppress non-radiative recombination events. These techniques
render pathways to enhance LOP in LEDs smaller than 25 µm x 25 µm.
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Chapter 1

Dissertation Research Outline

1.1 Motivation

Optoelectronic devices are a substantial part of modern technology and are found in various

specialized applications, including in the military, automatic control systems, telecommunica-

tions, power sources, biomedical, and display technology [1–5]. These devices manipulate the

interaction between light and matter for use in specific material systems. The III-V compound

semiconductor plays a crucial role in optoelectronic devices due to their fundamental properties

and wide range in material selection, allowing them to be capable of sourcing, detecting, and

controlling light [4, 5]. Some optoelectronic devices include photodiodes, photovoltaics (PV,

also known as solar cells), light emitting diodes (LED), and laser diodes.

This dissertation research focuses on improving light absorption performance in thin-film

III-V solar cells and light emission from micrometer-scale LEDs (µLED). New device designs

have emerged as solar power generation and LED display technology advances. In solar power

generation, conventional III-V solar cells are designed as "optically thick," where 3-5 µm of

absorbing material ensures complete absorption of incident photons. For space-related PV ap-

plications, the solar cell efficiency declines after radiation exposure to highly energized particles
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in the space environment as crystalline defects impact the carrier transport. Thinning the ab-

sorbing material to less than 1 µm reduces the distance carriers must travel to support power,

making the thin-film design more tolerant to radiation degradation than their optically thick

counterparts. Thin-film PV offers flexible and lightweight designs, favorable during space ve-

hicle deployment. However, thinning the active solar cell region reduces the amount of photon

absorption and limits the current generation in the solar cell. Therefore, light management is

used to improve the photon absorption and result in an optically thick but physically thin solar

cell design.

In the second application, the next generation of wearable devices requires small-featured

LED displays to achieve high resolution. The µLED is valuable for near-eye display technology

as it provides low power consumption, long lifetime, high contrast, and increased resolution,

whereas the conventional millimeter-scale (mm) LED cannot achieve these goals. Instead, the

mm-LED limits the resolution as these displays become closer to the eye. The µLED design

proposes significantly improving the resolution of near-eye displays since they are over 10-times

smaller than the mm-scale LED. However, the process development required to create a µLED

damages the sidewalls and introduces defects, degrading the emitted light. Light management

through sidewall passivation, surface cleaning, and regrowth techniques can be implemented to

improve the light emitted from these devices.

The light management strategies in this work aim to reduce parasitic optical losses in the

thin-film solar cell and the µLED to improve material quality and device performance. Part I

of this dissertation focuses on the work to improve photon absorption in thin-film III-V solar

cells to enable lightweight and highly efficient devices for space-related applications. Part II of

this research focuses on improving the light emission in red-emitting µLED through sidewall

passivation. The dissertation is organized as shown below.
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1.2 Organization of Research

1.2.1 Part I: Light Management in Thin-Film III-V Photovoltaics

The first part of this dissertation focuses on light trapping development in thin-film III-V

solar cells to maintain photon absorption and improve the radiation tolerance for space-related

applications:

Chapter 2 introduces III-V PV technology and applications. Specifically, this chapter intro-

duces the multijunction solar cell and the challenges of radiation damage in the space environ-

ment. The thin-film solar cell design is motivated as an approach to solving radiation damage

issues and the light management required in thin-film solar cells to maintain photon absorption.

Chapter 3 provides details on various light trapping structures and the operation of solar

cells.

Chapter 4 involves the design, growth, and fabrication process of conventional and thin-film

solar cells.

Chapter 5 presents solution-based etching approaches for texture development to improve

the photon absorption in gallium arsenide (GaAs) solar cells that are < 1.1 µm in thickness.

Specifically, a photolithography-free wet chemical etching process referred to as the maskless

etch is presented. The second technique uses inverse-progression metal-assisted chemical etching

(I-MacEtch).

Chapter 6 involves modeling the absorption by free carriers in non-active layers of thin-film

III-V solar cells. This analysis aims to reduce the optical loss due to this absorption mechanism

and progress the performance of thin-film solar cells with light trapping structures.

Chapter 7 presents two favorable light trapping approaches, including dry etching and in

situ etching. Optical characterization and dual-junction solar cell device results are presented.
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Chapter 8 involves the optical and electrical device results for thin-film inverted metamor-

phic solar cells with various light trapping structures discussed in previous chapters. The results

involve radiation modeling to validate integrating the developed textures in multijunction solar

cells to achieve highly efficient, lightweight, and radiation tolerant space PV.

Chapter 9 concludes and highlights the light trapping and solar cell results.

1.2.2 Part II: Light Management in Micro-Light Emitting Diodes

The second part of this dissertation focuses on the process development, light management,

and characterization of aluminum gallium indium phosphide (AlGaInP) µLEDs:

Chapter 10 introduces LED technology and its various applications. This chapter focuses

on the use of red-emitting AlGaInP µLED for near-eye display technology.

Chapter 11 details the operation of the AlGaInP µLED and the integration of light man-

agement solutions through the use of sidewall passivation by wet-chemical etching and in situ

etching, along with the overgrowth of wide bandgap materials.

Chapter 12 involves the experimental approaches towards optimizing a fabrication process

for the AlGaInP µLED. This includes the mask development, ultraviolet photolithography, and

dry etch processing. The surface cleaning consists of wet-chemical and in situ etching and the

overgrowth of non-active wide band gap materials.

Chapter 13 involves the characterization of the µLEDs developed in this work.

Chapter 14 concludes the main highlights from the µLED research.

Chapter 15 lists the products as an outcome of this dissertation research.

Lastly, Appendix A provides additional detail on the solar and LED process development.
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Chapter 2

Introduction to Photovoltaic Technology

2.1 Photovoltaic Technology and Applications

Solar power continues to emerge as a leading provider in sustainable power generation,

and the various applications for PV technology require new device engineering and concepts

according to the environment and application. For example, crystalline silicon (c-Si) PV is found

in nearly 90% of terrestrial-related applications due to its abundance, cost-effective processing,

and reliability [6,7]. For building-integrated PV, c-Si is a poor candidate since it is not inherently

flexible and lightweight. Thinner materials such as amorphous Si (a-Si), cadmium telluride

(CdTe), and copper indium gallium selenide (CIGS) are primarily used in applications requiring

lightweight and flexible designs. Due to its low toxicity compared to CdTe, a-Si is used in

consumer electronics such as calculators and watches [7]. The leading drawback when using

a-Si over its crystalline counterpart is the reduced power conversion efficiency (PCE) from its

discontinuous crystalline properties. While c-Si PV dominates the terrestrial market, the III-

V compound semiconductor achieves unparalleled performance due to its excellent absorption

properties. In addition, the III-V solar cell does not require as much material as c-Si, making

them nearly 100x thinner and applicable where flexibility and weight restrictions apply. The

main reason III-V solar technology is not as abundant in the terrestrial market is due to its

6



Chapter 2: Introduction to Photovoltaic Technology D’Rozario

power generation cost near $100-200 Watt−1, which is orders of magnitude higher than c-Si

technology near $0.2-0.6 Watt−1 [8]. This difference requires dramatically reducing III-V PV

processing costs to become a successful commercial terrestrial candidate.

There is an expanding market for sustainable power generation beyond terrestrial applica-

tions, specifically aerial and space-related missions. In these applications, weight and PCE are

the primary factors to consider. For applications that require the deployment of aerial and space

vehicles, the mounting area is much smaller than in terrestrial applications, so the solar cells

must achieve high efficiency along with the minimal size and weight. The mass-specific power is

a figure of merit to describe the efficiency output according to the system’s weight. Si solar cells

are thick in size compared to III-V materials and are approaching their theoretical efficiency

limit of 29.8%, limiting their mass-specific power and integration into space-related missions

[9, 10]. III-V PV experimentally demonstrates efficiencies greater than 32% with mass-specific

power orders higher than Si, making them ideal for space power generation.

2.2 III-V Space Photovoltaics

2.2.1 Multijunction Solar Cells

III-V space PV are a leading power source for satellites, communication, scientific research,

and outer-orbit space development [11]. For nearly sixty years, one of the leading providers in

space PV, Spectrolab, has offered highly efficient and durable space solar arrays to customers,

including the United States Air Force, Department of Defense, and National Aeronautics and

Space Administration, to power spacecraft in missions operating in low and high Earth orbits

as well as on Mars and lunar surfaces [12]. Another leading solar provider, SolAero, offers
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high-efficiency space PV for various applications, including civil space exploration and obser-

vation, defense intelligence, and telecommunication [13]. The flexible PV arrays developed by

MicroLink Devices power the High Altitude, Long Endurance (HALE) Unmanned Aerial Vehi-

cle (UAV), enabling the craft to fly for months at a time for Earth surveillance, remote sensing,

and resource management [14].

Space PV devices have one main similarity: they utilize the III-V multijunction solar cell

(MJSC) design. The III-V compound semiconductor is an alloy consisting of group III and

group V elements from the periodic table. Fundamentally, the III-V solar cell can absorb

incident photons with energies greater than the energy gap, known as the band gap (Eg), for

power generation. In a single-junction (SJ) III-V solar cell, such as GaAs, power generation is

limited to photons with energy greater than its Eg, equivalent to 1.42 electronvolts (eV). The SJ

solar cell cannot convert all photon energy into electrical work and suffers from thermalization

and transmission losses. The III-V MJSC has achieved world record efficiencies because of its

Eg tunability, targeting complementary parts of the solar spectrum and enabling broad photon

absorption up to the semiconductor Eg in just a few µm of III-V absorbing thickness [6, 15].

State-of-the-art space solar cells consist of multiple solar absorbing materials with varying Eg

energies that are monolithically stacked upon one another to utilize a broader range of the solar

spectrum and minimize the thermalization and transmission losses prominent in the SJ solar cell

design. The incident light strikes the widest Eg material capable of absorbing the high energy

(UV-range) photons. Subsequent solar cells below this top-most absorbing region (referred

to as a subcell in the MJSC) have narrow Eg energies to absorb the photons that transmit

through the top subcell. Figure 2.1(a)-(b) displays the American Standard Extraterrestrial

Spectrum (ASTM) Air-Mass zero (AM0) spectrum, which is the solar irradiance outside of

Earth’s atmosphere where (a) specifically shows the available energy to convert into electrical
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work in a SJ GaAs solar cell and (b) shows the available energy for electrical work in the triple-

junction inverted metamorphic (IMM) solar cell. The IMM triple-junction design consists of

indium gallium phosphide (InGaP, Eg=1.8 eV) as the top-subcell, GaAs (Eg=1.42 eV) as the

middle subcell, and indium gallium arsenide (In0.3Ga0.7As, Eg=1 eV) as the bottom subcell.

Figure 2.1: The American Standard Extraterrestrial Spectrum (ASTM) AM0 solar irradiance
spectrum and energy losses for (a) single-junction GaAs solar cell (available energy in green)
and (b) triple-junction IMM solar cell noting the available energy for the top InGaP subcell
(blue), the middle GaAs subcell (green), and the bottom 1-eV InGaAs subcell (red). Both plots
showcase the thermalization and transmission losses associated with each design.

In order to maintain a high-quality crystal between the semiconductors with varying Eg, the

crystal lattice which describes the atomic placements across the unit cell in the semiconductor

must be similar to avoid defects caused by free atomic bonds [16]. Figure 2.2(a) shows the

IMM design, and Figure 2.2(b) shows the lattice-band gap chart with crossover points for each

subcell. The top and middle subcells are lattice-matched near 5.642 Å, and the bottom InGaAs

subcell with 30% In has a larger lattice constant near 5.767 Å. The bottom subcell has a

band edge at 1 eV, which permits a broader range of the solar spectrum to be converted into

electrical work. A metamorphic grade (MMG) consisting of multiple epitaxial growth steps

with varying In% compositions is used to bridge the lattice constants between the middle and
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bottom subcells.

Figure 2.2: Plot (a) shows the IMM MJSC with the corresponding subcell band gaps. Plot
(b) shows the lattice-band gap chart where the three subcells are depicted according to their
respective band gaps and lattice constants.

Besides the IMM design, other high-efficiency MJSCs can be developed according to the

lattice-band gap chart. SpectroLab and SolAero use a triple-junction design consisting of In-

GaP/GaAs/Germanium (Ge), lattice-matched to the Ge substrate. This MJSC has reached

efficiency up to 32% under the AM0 spectrum. Another design from SolAero named the Z4J has

a similar geometry but includes a fourth subcell to progress the PCE [13]. One main difference

between the IMM design and the triple-junction grown on Ge substrate is the order of growth

and detaching of the substrate in the IMM design. For the InGaP/GaAs/Ge solar cell, the

InGaP top subcell is the last region grown since it will become the first material incident light

initially strikes. This design remains intact with the Ge substrate, which is over 300 µm thick,

leading to a robust and non-flexible design. The IMM design is grown inverted, meaning that

the last epitaxial layer becomes the backside of the solar cell. MicroLink Devices utilizes their

proprietary epitaxial lift-off (ELO) technology to detach the solar cell structure from the host

substrate, rendering lightweight and flexible PV arrays. The IMM solar cell made by MicroLink
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Devices is near 29% efficient under the AM0 spectrum and offers an areal mass density <350

g/m2. The smaller areal mass density offers lightweight space PV arrays, making it easier to

deploy spacecraft. More details on the design and transfer process used to develop the inverted

solar cell and the epitaxial growth of III-V solar cells are discussed in Chapter 4.

2.2.2 Radiation Damage in Space Solar Cells

One main difference between solar power generation in terrestrial and space applications

is the environment surrounding the device. Outside of Earth’s atmosphere, the Van Allen ra-

diation belts trap charged particles with energized electron fluxes up to 9x109 e−/cm2/s and

protons up to 2x108 protons/cm2/s [17–20]. Radiation damage occurs when the spacecraft with

mounted solar arrays pass through the radiation belts, and energized particles constantly bom-

bard the active absorbing region of the solar cell. This bombardment produces mid-Eg trapping

centers for charge carriers, degrading the minority carrier diffusion length (MCDL). This degra-

dation leads to a reduction in the beginning-of-life (BoL) efficiency. The atomic displacement

from an incoming particle that breaks the atomic bond in the crystalline semiconductor and

results in a trapping center for charge carriers [17]. Since this atomic displacement reduces the

MCDL, the collection efficiency drops, and the performance at the end-of-life (EoL) is lower

than the BoL performance.

The trapping centers from atomic damage in the solar cell affect the electronic properties by

shortening the MCDL in the material. Each semiconductor has different damage coefficients as

they respond differently to particles of different energies [18]. The radiation damage for different

materials is explained through the empirical relationship correlating the radiation species, and

the MCDL [21],
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1
L

= 1
L0

+ KL · ϕ, (2.1)

where L is the diffusion length after exposure, L0 is the BoL diffusion length, KL is the

damage coefficient associated with the active region of the solar cell, and ϕ is the radiation

fluence. Since the MJSC consists of subcells joined together in series by the top and bottom

electrical contact, the overall current output is limited by the subcell producing the lowest

current. At the same time, the voltage output is the summation across all subcells. The

damage coefficients of the top InGaP subcell from electrons and protons with various fluences

have previously been reported to be much less than the middle GaAs subcell and the bottom

InGaAs subcell [22]. The bottom solar cell suffers the most from radiation damage in space

and becomes the current-limiting cell (thus limiting the PCE) at EoL conditions.

2.2.3 Thin-Film Space Solar Cells for Radiation Hardness

One common approach to mitigate trap-assisted recombination and degradation of MCDL

in the bottom subcell is to reduce the active region thickness [19, 23, 24]. Since the MCDL

is a material property averaging how far carriers can diffuse before they recombine, thinning

the active region will lessen the density of atomic displacement and allow carriers to travel

a smaller mean-free path length to be collected at the external electrodes. Research has ex-

perimentally shown that thinning the active solar cell region maintains the current output in

space PV [25]. Using Equation 2.1 with Technology Computer-Aided Design (TCAD) Synopsys

Sentaurus Device, damage displacement modeling was performed in this work to compare the

degradation in subcell performance for the optically thick (3.6 µm) and physically thin sub-µm

(0.5 µm) devices. Sentaurus Device provides an electrical simulation of solar cells based on

carrier transport, including drift of carriers in the presence of electric fields and diffusion of
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carriers due to concentration gradients [22]. Based on the materials damage coefficient, this

model renders predictive representations of the bottom subcells’ electrical performance after

radiation exposure. Nelson extensively developed the damage coefficients used in this work

through various examples of experimental fitting [22]. Figure 2.3(a)-(b) presents the external

quantum efficiency (EQE), which is an indication of the collected electron-hole pairs per inci-

dent photon at a specific wavelength. Figure 2.3(a) displays the EQE for the dual-junction (DJ)

InGaP/GaAs solar cell Figure 2.3(b) displays the EQE for the IMM solar cell. For the optically

thick design at BoL, a complete collection of photons is present up to the semiconductor band

edge. After the exposure of 1 MeV electrons (e−) at a fluence of 5x1015 e−/cm2, the collection

reduces in the optically thick bottom subcells, especially evident near the band edge. Once the

base region in the bottom subcell for both designs is thinned and the total absorber thickness

is 0.5 µm, the current collection at EoL is maintained compared to the BoL current output.

The remaining factor represents the ratio of current at EoL and BoL. The remaining factor is

close to unity for the thinned subcell, whereas the optically thick absorber shows a significant

drop in the remaining factor, as displayed in Table 2.1. The EoL performance is maintained

for the sub-µm thick bottom subcell, indicating higher radiation tolerance.

Table 2.1: Bottom Subcell Remaining Factor

Bottom Subcell BoL JSC (mA·cm-2) EoL JSC (mA·cm-2) Remaining Factor (EoL/BoL)

GaAs (3.6 µm) 12.87 11.07 0.86

GaAs (0.5 µm) 7.67 7.65 0.99

InGaAs (3.1 µm) 19.94 18.86 0.94

InGaAs (0.5 µm) 9.54 9.54 0.99

Both examples above show improved radiation tolerance in the bottom thinned subcells.
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Figure 2.3: EQE and damage displacement modeling for a (a) dual-junction InGaP/GaAs and
(b) IMM InGaP/GaAs/InGaAs solar cell design with different bottom subcell thicknesses.

However, it is evident that the reduction in absorber thickness minimizes the number of optically

generated carriers and the PCE drops compared to the initial efficiency of the conventional,

optically thick solar cell. The transmission loss of near band edge photons becomes the main

issue when thinning the solar cell. Light trapping structures in thin-film solar cells grant the

opportunity to increase photon absorption and maintain the current output realized in the

optically thick device.

2.2.4 Light Management in Thin-Film Photovoltaics

Maintaining photon absorption in optically thin III-V MJSC can be accomplished by inte-

grating back surface reflectors (BSR) to increase the photon path length inside the thin solar cell

and enhance the photogenerated current. Recent research has proven the significance of light

trapping designs in thin III-V solar cells with an increased photogenerated current collection

comparable to conventional optically thick solar cells [26–30]. Since the low-energy photons

near the band edge require extended absorption depth, the BSR is suitable for increasing pho-

ton optical path length (OPL). The ideal planar BSR will reflect unabsorbed photons after the
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first pass back into the solar absorbing region. While a 2-fold path length enhancement effec-

tively improves photon absorption, there is a limit to how thin the solar absorber can be while

maintaining the current output realized in the optically thick design. Texturing the backside

of the thin-film solar cell allows the incident photons to scatter in multiple directions. Once

these photons strike the internal front surface of the solar cell, they have a higher probability

of experiencing total internal reflection (TIR) to achieve a path length greater than two. The

highly diffuse textured BSR renders a pathway for radiation-tolerant, lightweight thin-film solar

cells, and its benefits are further described in Chapter 3.

Figure 2.4 portrays the DJ InGaP/GaAs and the inverted metamorphic (IMM) InGaP/GaAs/InGaAs

design employed in this work. This figure compares the optically thick and physically thin bot-

tom subcells where the incorporation of light management can increase the OPL by reflecting

unabsorbed photons into the active region. Although the leading providers in space PV all

utilize the triple-junction (or more junction) designs, the DJ solar cell has been shown to pro-

vide high efficiencies approaching 30% under the AM1.5G spectrum [31]. By integrating light

trapping structures into the solar cell design, it is possible to maintain the photon absorption

in the thinned DJ solar cell to match the current expected from the optically thick design. This

design also presents a highly efficient solar cell at EoL with less material consumption, achiev-

ing high mass-specific power and radiation tolerance. Furthermore, improving the radiation

tolerance in the bottom subcell for an IMM design will render flexible and lightweight PV with

high efficiency at EoL, providing the opportunity to surpass the performance of conventionally

thick MJSC at EoL.
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Figure 2.4: The case of optically thick bottom subcells to the thinned subcell with a back

surface reflector for the (a) dual-junction design and (b) the triple-junction IMM design.

Currently, the III-V photovoltaic community has extended light trapping schemes using

photonic crystals and gratings, distributed Bragg reflectors (DBR), solution-based chemical

etching, ultraviolet photolithography, and nanoimprint lithography techniques in ultrathin solar

cells [29, 30, 32–39]. These methods are sufficient to increase the OPL in ultrathin absorbers;

however, they may not be cost-effective for already-established production. For space PV, it is

essential to keep the cost of device production low, so the light management solutions should not

require multiple steps, long processing times, or have increased material costs. The DBR and

planar backside mirrors are used for space-manufactured solar cells but limit the path length

enhancement and thus the current output in ultrathin (sub-µm) solar cells. Therefore, this

dissertation research focuses on simple processes to develop diffuse textured BSR through novel

solution-based etching, in situ etching, and regrowth techniques. The benefits of employing

diffusely textured BSR in thin-film space PV are motivated in Chapter 3.
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Chapter 3

Light Management and Photovoltaic Operation

3.1 Introduction

This chapter is dedicated to light management concepts and impacts on device operation

of III-V solar cells. The progress in III-V light management stems from the evolution of light

trapping in Si-based PV research. However, many fundamental differences exist between the

Eg of Si and most III-V semiconductors, leading to different light trapping influences on III-V

solar cell performance. For example, when light management is introduced to the III-V solar

cell operating in the radiative limit, both current and voltage output are impacted depending

on the light trapping structure. While the inevitable material degradation in thin-film space

PV reduces the potential benefits from photon recycling, light trapping structures can maintain

the photogenerated current and motivate using textured BSRs. Increasing the TIR using low-

index interlayers presents an opportunity to design highly effective light trapping structures,

and these techniques are used throughout this work.

3.2 Evolution of Light Management

Emerging light management designs in current thin-film III-V PV stem from the consider-

able light trapping efforts and progress in silicon PV. In the 1960s, the highest recorded Si cell
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terrestrial efficiency remained at 14.5% for several years due to proper engineering of the active

region [40]. The following phase in solar cell advancement that employed photon management

finally broke this record by more than 2% through anti-reflection coatings (ARC) and textured

surfaces [40]. In 1975, the dramatic efficiency boost from the termed "non-reflecting" Si solar

cell was partly a result of the textured front surface. Created by a solution-based crystallo-

graphic etch, the three-dimensional pyramidal surface texture reduced surface reflectivity and

amplified light absorption within the active region [40]. The aspect ratios of the pyramidal

surface texture, produced by the potassium hydroxide (KOH) etchant, can be tailored accord-

ing to the etchant conditions. The change in the aspect ratio of the features on the surface of

the solar cell increases the wide angle of incident photon collection by gradually changing the

index of refraction between air (low index) and the bulk silicon (high index). These structures

randomly scatter and increase the OPL inside the absorbing region and the PCE [41–43]. One

current solar cell design that uses this light scattering technique is the passivated emitter, rear

locally diffused (PERL) design. Due to simple development, other modern Si solar cells still

use this texture at both the front and back surfaces of the solar cell to enhance the photon

absorption and current output [44–47]. The PERL solar cell design has achieved one of the

highest terrestrial SJ Si-based solar cell efficiencies equal to 25.5% [40].

3.3 Solar Cell Operation

The fundamental difference in the absorption coefficient (αc) between Si and most III-V

semiconductors is the Eg. In a direct Eg semiconductor, the conservation of momentum is met

since the maximum of the valence band (EV) lines up with the minimum of the conduction

band (EC). This alignment means that the optical absorption of a photon and corresponding

excitation and generation of an electron-hole pair only requires that the incident photon have
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energy greater than the Eg itself. The generation of an electron-hole pair in the indirect Eg

semiconductor, such as c-Si, depends not only on the optical absorption of a photon but also on

the assistance of phonon, or lattice vibration, to conserve momentum since the minimum EC

and maximum EV do not line up. The αc of the indirect Eg, therefore, is lower than the direct

Eg semiconductor as it is proportional to the Eg and the phonon energy (Eph) [48]. The energy

bands, shown in the energy (E) - momentum (k) diagrams in Figure 3.1, portray the necessary

processes to support the generation of an electron-hole pair. The direct Eg has a higher αc as

it relies only on the photon absorption with sufficient energy.

Figure 3.1: Energy-momentum (E-k) diagrams to compare the optical absorption in direct and
indirect Eg semiconductors.

Direct Eg semiconductors have a sharp cut-off in absorption near their energy band edge,

whereas c-Si with its indirect Eg gradually reduces in absorption at longer wavelengths. This

difference allows the III-V solar cell to be over 100-times thinner than Si without mitigating

photoabsorption loss of available photons above the Eg. The αc near the Eg of GaAs around

1.42 eV shown in Figure 3.2 is much sharper compared to the indirect Eg of c-Si. This figure

shows the αc for the various materials used in this work. The right y-axis in Figure 3.2 shows

the absorption depth (1/αc), which is the required material thickness to absorb the available

photons at a particular wavelength. For Si with a Eg around 1.12 eV, the required optical

19



Chapter 3: Light Management and Photovoltaic Operation D’Rozario

Figure 3.2: Absorption coefficients for commonly used materials in this research. The materials
indicated by (*) are RIT grown materials that were measured using variable angle spectroscopic
ellipsometry (VASE). The measured data is fit using a Cauchy oscillator to extract the index
of refraction and extinction coefficient for each material between 200 nm and 1700 nm. Since
GaAs is a well-developed material, the absorption coefficient specifications are from the Woollam
Database, and the Si specifications, as recorded by Green [49] were used.

thickness is on the order of a few hundred micrometers thick, whereas GaAs only requires

approximately 4 µm absorber thickness.

The solar cell is a two-terminal device asymmetrically connected to an external circuit and

operates like a diode in the dark and generates a photovoltage under the presence of light [1].

Placing two semiconductor regions with foreign atoms, also known as impurities or dopants,

which have either one less (holes) or one more valence electron than the host material, results

in a diffusion of carriers and creates a junction. The electrons diffuse to the positive side, where

a positively ionized donor atom is left behind, and the holes diffuse to the negative side, leaving

a negatively ionized acceptor atom resulting in the space charge region (SCR) at the positive-

negative (PN) junction [1]. Due to the diffusion current of electrons and holes, the built-in

electric field across the PN junction results in a potential difference that determines the voltage

at open-circuit conditions. An incident photon can transfer its energy to excite the bound
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electron into the conduction band as long as the energy is the same or higher in magnitude

than the bandgap [50]. This process is the first step to a photogenerated current where the

hole is an empty site in the valence band once the electron liberates into the conduction band

[1]. When there is an external light bias, the total current will be influenced by the sum of the

photogenerated current, JL, and the dark current as,

J(V ) = JL − J01(e
q(V −JRS)

n1kT − 1) − J02(e
q(V −JRS)

n2kT − 1) − V − JRS

RSH
, (3.1)

where J01 is the dark recombination current density in the quasi-neutral regions (outside

of the junction) and J02 is the dark recombination current density in the SCR. The ideality

factors, n1 and n2, are associated to each dark diode, k is Boltzmann’s constant, V is the voltage

across the cell terminals, and T is the temperature of the solar cell. The terms RS and RSH

relate to the series resistance and the shunt resistance, respectively, which are two parasitic

losses in the non-ideal diode case. The ideal case would have an infinite shunt resistance so

that current cannot flow in parallel to the diode, and the series resistance, ideally, would be

close to zero. This ideality will make the last term in Equation 3.1 negligible. Additionally,

the ideal solar cell would not have recombination within the SCR associated with trapping

centers for minority carriers. When modeling realistic solar cell performance, the double-diode

equation represents different recombination events where SCR recombination current density

usually dominates at low voltages, and bulk effects outside this region take over at high voltage

[22]. At short-circuit conditions where no voltage is present, the photogenerated current output

is known as the short-circuit current density (JSC). The current density is the current output

normalized to the active area of the solar cell, which is important when comparing solar cells

of different active areas. When light is not present, the dark current density, JD, across the PN

junction is represented by Equation 3.1 with JL = 0. Figure 3.3(a) represents the equivalent

21



Chapter 3: Light Management and Photovoltaic Operation D’Rozario

solar cell circuit under a light bias, and the region within the dotted circle relates to the diode

and dark current density. This equivalent circuit only shows the single-diode. The second diode

would parallel the first diode and the RSH path.

Figure 3.3: (a) Equivalent circuit of a solar cell where the region within the dotted circle is the

diode in the dark, and the entire circuit relates to the solar cell under light bias. (b) J-V curves

for the solar cell in the dark (black curve) and under light bias with the impact of resistive

losses, Pmpp, FF, VOC , and JSC .

The corresponding performance of the diode, both with and without the influence of light,

is represented by the current density–voltage (J-V) curves shown in Figure 3.3(b). The J-

V curves have been modeled using an implicit fit of the diode Equation 3.1 using Matlab’s

computer programming language. For the solar cell measured in the darkness where JL = 0

(black curve), the current through the diode is small at low applied voltages and increases with

voltage. Under a light bias, when a photogenerated current is present, the J-V shifts downward

by a factor of JL, and the red curve models the ideal scenario. Here, JSC is shown where the

bias is zero. The diode current balances the photogenerated current with increasing forward

bias until the net current through the diode is zero at open-circuit conditions, resulting in the

open-circuit voltage (VOC) on the J-V curve. For the ideal red curve where no resistance losses
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are present, the maximum power point (Pmpp) is the highest. As the series resistance increases

and the shunt resistance reduces, the Pmpp reduces. The series resistance from the most ideal

J-V curve (red) to the least ideal J-V curve (yellow) increase by 5 W·cm2 starting at 0 W·cm2,

and RSH reduce from 1x105 W·cm2 down to 80 W·cm2. The series resistance includes any

resistive loss that carriers flow throughout the cell, including lateral movement in the emitter

or other lateral conduction layers, movement across the junction, and metal/semiconductor

contact resistance and affects the slope near VOC . The shunt resistance is related to leakage

currents throughout the diode, including trap-assisted tunneling, recombination events, poor

material quality in the bulk region, at the edges, or interfaces of the solar cell, and affects JSC .

For the ideal solar cell with the smallest resistance losses, there will be the largest rectangular

area under the J-V curve. The grayed region represents the fill factor (FF) in Figure 3.3b,

which is a ratio of the Pmpp on the J-V curve divided by the product of JSC and VOC ,

FF = Pmpp

JSC ∗ VOC
= Vmpp ∗ Jmpp

JSC ∗ VOC
. (3.2)

The power conversion efficiency, η, of the solar cell depends on the FF and is the ratio of

the total maximum generated power to the incident illumination power,

η = Pmpp

Pin
, (3.3)

where Pin is the total illumination power incident on the solar cell. This illumination power

depends on the solar spectrum incident on the solar cell. Conventionally, the illuminated J-V

curve is plotted in the first quadrant, referred to as the power quadrant.
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3.4 Influence on Device Operation with Light Trapping Geometries

3.4.1 Enhanced Open-Circuit Voltage by Photon Recycling

When the BSR is integrated behind optically thick solar cells, the behavior and operation of

a solar cell remain the same. However, once the solar cell active region is thinned and no longer

optically thick, light trapping mechanisms will affect JSC and VOC . The BSR can be designed

in many ways, including a planar mirror to achieve a twofold photon path length [35, 51], a

textured surface to increase TIR [52–54] or nanostructures to excite optical modes within the

cavity of the active region [55–58]. For the optical designs displayed in Figure 3.4, the GaAs

absorbing region in green is intended to be optically thin. Design (a) shows the GaAs solar

cell on an absorbing substrate where low-energy photons not easily absorbed at the front of

the solar cell will be parasitically absorbed due to transmission loss after an OPL of one pass.

Design (b) displays a parasitic backside mirror that does not adequately reflect light into the

absorbing region. Designs (c) shows a highly reflective planar BSR and (d) displays a highly

reflective and textured BSR. In Designs (c)-(d), the triangle represents the escape cone, as

discussed in further detail below, and the reflective properties directly impact the voltage or

current output in thin-film solar cells.

Figure 3.4: Different photon management structures for a thin GaAs absorber: (a) GaAs on an

absorbing substrate, (b) GaAs with an absorbing back mirror/surface, (c) GaAs with a good

planar mirror, and (d) GaAs with a good, textured mirror and a planar front surface.
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For SJ GaAs solar cells, it has been determined that high-quality material and photon

management will assist in reaching the upper detailed balance efficiency [59–61]. The internal

luminescence efficiency (ηint) indicates the material quality and is described by,

ηint = Urad

Urad + Unr
, (3.4)

where Urad and Unr are the radiative and non-radiative recombination rates, respectively

[62]. The ηint is based on the material quality of the semiconductor, including bulk, interface,

and perimeter recombination effects. High material quality is associated with negligible Unr,

where Ur is the only recombination mechanism, leading to ηint or internal radiative efficiency

(IRE) at unity. For an ideal direct Eg material, band-to-band or radiative recombination of an

electron-hole pair is the theoretical limiting recombination event. For indirect Eg, such as Si,

the domination of the non-radiative Auger recombination limits its internal luminescence < 20%

[63]. Auger recombination is described as a subsequent excitation of charge carriers into higher

energy states, leading to energy loss from heat within the crystal. In high-quality GaAs, the

probability of internal photon emission from radiative recombination has been experimentally

determined to be 99.7%, which is close to the ideal case where ηint is at unity [64]. Shockley-

Read-Hall (SRH) recombination may occur for both material systems, which describes the trap-

assisted recombination of electron-hole pairs due to defects in the crystal. Overall, for direct

Eg, the radiative band-to-band recombination events yield a higher probability of enhancing

the GaAs solar cell’s luminescence efficiency.

Light trapping structures can be tailored such that the ongoing cycle of internally generated

photons increases the OPL and results in an increase in the photogenerated current. These

structures can also be designed to increase the external luminescence efficiency (ηext), which is

the external emission of photons from the front of the device and impact the voltage output
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at open-circuit conditions. With high material quality, radiative recombination will be the

dominant mechanism in a solar cell with high ηint. The absorption of the reflected photon

from a BSR can lead to radiative recombination of an electron-hole pair, leading to another

photon emission event. This process is known as photon recycling and creates a build-up

of internally generated photons at open-circuit conditions, yielding a higher voltage output

[64, 65]. When the material quality and luminescence efficiency is low, incoming photons that

create electron-hole pairs do not radiatively recombine, and the benefits from photon recycling

break down. With high material quality, the reflective back mirror in Figure 3.4(c) allows

these re-absorption/emission events to continue. The parallel-plane geometry can emit a large

amount of internally generated photons, indicative of higher carrier density build-up and VOC .

By considering the mass action law, at open-circuit conditions, the voltage output is related to

the generated carrier densities [65].

np = n0p0exp(qV oc

kT
). (3.5)

Due to reciprocity, thermodynamics reveals that light absorption and emission must be pro-

portional and is part of a necessary equilibrium process, much like in the LED [64]. Therefore,

the build-up of generated carriers must be at equilibrium and balanced by the act of carrier re-

combination. So under open-circuit conditions, the high density of re-emission events must lead

to external luminescence efficiency. The re-absorption/emission in high-quality GaAs makes it

a suitable material to improve photon recycling and VOC while approaching the efficiency limit.

The ηext dependence on VOC can be written as [66],

VOC = V ideal
OC + kT

q
ln(ηext). (3.6)
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For a GaAs solar cell to operate in the radiative limit, the SRH and Auger lifetimes must

be longer than the radiative lifetime, equivalent to 5 nanoseconds (ns), to reach VOC of 1.12 V

[66, 67]. Referring back to Figure 3.4, Design (c) will limit current output for ultrathin GaAs

absorbing regions since the increase in OPL is twofold for normal incident light; however, the

voltage output will increase as the increased external luminescence due to the planar front

surface. Therefore, if the goal of the light trapping structure is the improve the current output,

a textured back mirror as shown in Figure 3.4(d) is required to promote an increase in OPL.

This is discussed in detail in Section 3.4.2.

The relationship between VOC and the planar mirror’s reflectivity in high-quality GaAs solar

cells has been reported throughout literature [64, 68] where the slightest drop in reflectivity

reduces the voltage output. Figure 3.5 displays the impacts on VOC according to a planar

mirror’s reflectivity for a GaAs solar cell with high material quality. The highly reflective

mirror close to unity is crucial to enhance the solar cell’s luminescence efficiency since repeated

attempts are created for internally generated photons to escape through the emission angle. The

impacts on parasitic absorption mechanisms that degrade the mirror reflectivity is investigated

in Chapter 6.
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Figure 3.5: Significance of a highly reflective backside mirror (»90% reflectivity) for a GaAs

solar cell with high material quality.

In certain cases, the benefits of photon recycling and high external luminescence on voltage

output are not as valuable. One example is outer orbit space PV technology, where the atomic

displacement in the crystal from radiation damage introduces numerous defects that acts as

traps and enhance non-radiative recombination. This reduces the ηint shown in Equation 3.4

since the Unr increases. There may be scenarios, though, where atomic displacement may

not fully impact the photon recycling, such as in ultrathin GaAs solar cells (<100 nm thick)

in low-orbit missions where radiation damage is not as detrimental to the crystal properties.

Although photon recycling is primarily not valuable for space-related PV, light management is

still profitable to heighten the photon absorption by increasing the OPL in ultrathin solar cells,

which is the ultimate goal of this work.
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3.4.2 Enhanced Short-Circuit Current Density by Optical Path Length

The Beer-Lambert Law describes the amount of incident light absorption passing through

an absorbing medium. For ultrathin GaAs absorbers, the output intensity will be much higher

than the optically thick absorber. The Beer-Lambert law shows the dependence of the thickness

and absorption coefficient of the absorbing medium and is written as,

I = I0e−α·l, (3.7)

where α is the absorption coefficient of the solar absorbing material, l is the thickness of the

absorbing material, I0 is the incident intensity of the illumination source, and I is the output

intensity after traveling through the absorbing material. The absorption can be calculated

at different wavelengths for various absorbing thicknesses by setting the incident intensity to

unity. This was done for different thicknesses of a GaAs absorbing region ranging from 0.1 µm

thickness to 3.6 µm thickness, as shown in Figure 3.6. In this figure, the absorption for the 3.6

µm GaAs absorber is near 100% to the GaAs band edge at 870 nm in wavelength (equivalent

to Eg of 1.42 eV). This complete absorption shows that the output intensity will be close to

zero. As the absorber is thinned, the near band edge photons transmit through the backside

and reduce the absorption.
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Figure 3.6: First pass absorption through a GaAs absorbing region with different thicknesses.

By integrating the absorption, A(λ), in the optically thick GaAs with the AM0 spectrum

intensity, E(λ), over the wavelength range from 350 nm to 870 nm, the generated current density

is,

JSC = q

hc

∫ λ2

λ1
λEAM0 (λ) A (λ) dλ, (3.8)

where q is the electronic charge, h is Planck’s constant, and c is the speed of light. For the

3.6 µm GaAs absorber, the JSC is calculated to be 35 mA·cm-2. Once the solar cell is thinned,

the absorption reduces, and the JSC drops from this ideal current output.
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Figure 3.7: Schematic diagrams showing optical path length enhancement for (a) an optically

thick absorber, (b) an optically thin absorber, (c) an optically thin absorber with a planar back

mirror, and (d) an optically thin absorber with a textured back surface reflector.

Figure 3.7(a) represents an optically thick absorbing region with the arrow indicating photon

path length. If this absorbing region reduces in thickness, as shown in Figure 3.7(b), the near

band edge photons transmit through the backside due to inadequate attenuation of the long

wavelength photons. The BSR increases the OPL and near band edge photon absorption. The

planar mirror reflects unabsorbed photons for a 2-fold increase in the OPL, as shown in Figure

3.7(c). Notably, if the BSR is introduced to an optically thick solar cell, the light trapping

structure will have no optical benefits since the photon absorption is complete after one pass.

As the absorber thickness approaches the sub-µm scale, a BSR with more than 1-dimension

must be used to increase the photon scattering at the backside of the solar cell. Creating a

highly diffuse, or Lambertian surface, will raise the OPL towards the 4n2 limit, where n is the

index of refraction of the absorbing material, as shown in Figure 3.7(d). The Lambertian 4n2

limit is based on statistical derivations of a Lambertian surface where high scattering properties

intensify the internal angular distribution of light and increase photon absorption within the

semiconductor [69]. For GaAs, this gives an absorption enhancement of 51, which analogously
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describes the OPL enhancement. In the PV light trapping community, demonstrating a 4n2

increase in the OPL remains the threshold for diffuse light trapping structures.

Developing a highly diffuse texture to enhance the OPL depends on the geometry and escape

cone angle at the front surface of the solar cell. In the case of a textured BSR and a planar

front surface, the angle of reflected light from the rear must be large enough to ensure TIR

at the front surface by avoiding light loss through the escape cone. According to Snell’s law,

under the condition of TIR and depending on the materials index of refraction,

sin(θc) = 1
2 , (3.9)

where θc is the critical angle. For GaAs, this angle is 16°. As long as the reflected light

is outside the escape cone, the light will experience TIR and continue to propagate in the

GaAs region. In order to guarantee photon scattering, the backside texture must have an angle

greater than half of 16° (the escape cone angle). This angular reflection is especially important

for incident photons within the first couple of interactions with the surface to ensure light

propagation and enhance TIR [69]. The backside texture must then have a departing angle

that follows the equation below,

θ >
1
2arcsin( 1

n
). (3.10)

The departing angle must be > 8° for GaAs, which agrees with the calculated escape cone

angle in GaAs. For ultrathin absorbers less than 0.5 µm thick, the geometry of the light

trapping design must be scaled down to the thickness of the absorbing region to achieve optimum

distribution for the photon wavelengths of interest. Realistically, the backside metal is not

an ideal reflector, meaning it does not reflect 100% of the photons. Commonly used metals
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for reflective surfaces, adhesion layers, or ohmic contacts have reflectance properties ranging

between 60%-95%. The most common metals used as the backside mirror for GaAs solar cells

are Au and Ag due to their high reflectivity [29, 35, 60, 65, 66, 70, 71]. Figure 3.8 displays the

reflectance properties of highly reflective and highly absorbing metals. Au and Ag achieve

reflectance above 94% at both the GaAs and InGaAs solar cell bandgap, while Cr and Ti

absorb a significant amount of incident photons. The peak reflectance at the GaAs band edge

for Cr and Ti is less than 65%. Although Cr and Ti may be sufficient adhesion layers, they

parasitically absorb incident photons near the band edges of the solar cell and therefore are not

used at the backside of the solar cells in this research.

Figure 3.8: Reflectance of commonly used metals as adhesion layers, contacts, and reflective

backside mirrors.

Metals like Au or Ag are not 100% reflective and suffer from parasitic absorption loss at the
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semiconductor/metal interface due to the excitation of surface plasmons into the metal [72–74].

Utilizing dielectric interlayers between the back mirror-semiconductor interface can increase the

amount of TIR and reduce the excitation and propagation of localized surface plasmons into the

metal [72, 75, 76]. Figure 3.9(a)-(b) display the different planar back reflector geometries with

and without the silicon dioxide (SiO2) interlayer. Figure 3.9(a) shows the metal-semiconductor

interface, which leads to the generation of surface plasmons for a wide range of angles outside

the critical angle. Figure 3.9(b) displays the addition of SiO2 with 500 nm thickness between

the semiconductor and the metal where absorption in the metal is suppressed by minimizing

the penetration of evanescent fields [72].

Figure 3.9: Plot (a) displays the metal-semiconductor interface and plot (b) displays the SiO2

interlayer to suppress absorption of incident photons in the metal.

Figure 3.10 presents the transfer matrix method (TMM) results showcasing the reflective

benefits using a low-index TIR layer between a GaAs absorber and the Au mirror. In this figure,

the black curve represents the backside reflectance as a function of the incident angle. The

colored curves present increasing thickness of SiO2 between the semiconductor and Au mirror

where TIR occurs for angles greater than 60°. The reflectance increases to 100%, indicating an

increase in OPL compared to the semiconductor/metal design.
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Figure 3.10: Total internal reflection using a low-index interlayer between the Au mirror and

the GaAs solar cell.

The texture development throughout this research requires a transparent material to remove

band-to-band absorption after photons pass through the thin-film solar cell. The AlxGa1−xAs

ternary alloy remains close to lattice-matched with GaAs for the Al values (x) spanning between

its binary components, GaAs and AlAs, which allows the electrical and optical properties to

change as a function of the Al composition and can be tuned for specific applications [77].

This material is used in several optoelectronic devices due to its tunable nature in material

properties, including LEDs, DBRs, and laser diodes [78–81]. For the case of ultrathin, sub-

µm thick solar cells, varying the Al composition allows this material to become transparent

at the backside of the solar cell so that unabsorbed photons can travel through without being

absorbed. Table 3.1 displays the increased bandgap with Al composition.

Relating to the first pass absorption in the GaAs plot (see Figure 3.6), the absorption for

the thinned absorbers falls from unity at longer wavelengths, so increasing the Al composition
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Table 3.1: Bandgap energies for AlxGa1−xAs
Al Composition Bandgap (eV) Wavelength (nm)
10% 1.55 800
30% 1.80 689
50% 2.00 620
70% 2.05 605
90% 2.11 588

is necessary to remove parasitic absorption loss. The bandgap of AlxGa1−xAs transitions from

a direct to indirect bandgap near x=0.55, so the absorption near its band edge is lower than the

case for a direct bandgap (see Figure 3.1). Four main texturing methods are introduced in this

research, including solution-based etching, in situ etching, and regrowth techniques. All textures

aim to increase the surface roughness and angle of incidence of photons to be greater than 8°

to improve TIR. Since the Al composition must increase as the solar cells reduce in thickness,

the etching properties and textured morphology change between GaAs and AlAs-based crystal

structures. The experimental results on the etching properties across the different texturing

methods are presented and discussed throughout Part I of this dissertation.

3.5 Chapter Summary

This chapter motivates the importance of light management in PV technology and describes

the fundamental differences between light trapping benefits in Si and GaAs PV. In the GaAs

solar cell, there are many benefits of the BSR, including higher radiative efficiencies, which

lead to an enhancement of VOC (through photon recycling) as well as JSC (through OPL

enhancement). While it is essential to realize the benefits of photon recycling in high-quality

GaAs, for space-PV, increasing the photoabsorption in the bottom subcell for current-matching

at EoL is the primary goal. With the thinned absorber, transmission loss after the first pass

reduces the photogenerated current and efficiency. Integrating a textured BSR will enhance
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the photogenerated current through a higher degree of the angular distribution of reflected

and scattered light. Improving the backside mirror reflectivity using low-index interlayers will

increase the TIR. For textured BSRs, the wide Eg material, known as aluminum gallium arsenide

(AlGaAs), removes band-to-band absorption loss for photons that transmit to the back mirror

and is used as the textured layer. The AlGaAs layer is textured using methods described in

the upcoming chapters and aims to improve the angular photon scattering at the backside

of the thin-film solar cells. These concepts are used for the experimental BSR demonstrated

throughout this work.
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Chapter 4

Design, Growth, and Fabrication

4.1 Introduction

This chapter is dedicated to the growth, design, and fabrication of thin-film III-V solar cells

with backside light trapping structures. The main differences between the design and growth

of conventional solar cells attached to the host substrate and thin-film solar cells are presented.

Thin-film solar cells require an inverted growth sequence compared to solar cells that remain

attached to the host substrate. The current state-of-the-art fabrication process is ELO and

emerging concepts for substrate removal are discussed. Integrating textured BSRs with the

thin-film fabrication process presents new challenges with creating sufficient backside contact

for electrical transport. One approach investigates a top-top contact design where the electrical

components of the thin-film solar cell are separated from the optical benefits of the BSR. This

design has many optical benefits compared to the conventional top-bottom contact approach,

where localized ohmic contacts are required for carrier transport to the external electrode. One

main drawback is the thickness and high doping concentration required in the lateral conduction

layer for the top-top contact design, which inevitably leads to increased material consumption

and parasitic photon absorption by free carriers. Finally, the trade-offs between the top-top

and top-bottom contact designs are employed in the thin-film solar cells.
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4.2 Upright and Inverted Solar Cell Growths

For the III-V solar cell grown by metalorganic vapor phase epitaxy (MOVPE), a host sub-

strate with similar lattice constants to the epitaxial layers is required. The conventional solar

cell is grown in an "upright" direction, where the first epitaxial layers grown on the substrate

become the backside of the solar cell. The last epitaxial layer becomes the front-most region

where incident light enters the solar cell. The solar cells in this research follow a similar layer

structure consisting of a front contact layer for carrier collection. Next is the front surface field

(FSF), which has a wider bandgap than the active PN junction, so photons transmit while

influencing the minority carriers to travel towards the junction. The active absorbing region

consists of the emitter and base regions, forming the PN junction. The back surface field (BSF)

behaves similarly to the FSF but is situated behind the solar cell base to passivate the backside

from interface recombination. The backside contact layer is behind the BSF. Since electrons

naturally have a higher carrier diffusion length, the dopant profile suitable for the space environ-

ment is the N-on-P, so the minority carriers in the thick base region have a greater probability

of traveling to the PN junction. Finally, the diagram of the N-on-P solar cell structure, which

is used for all solar cells investigated in this work, is shown in Figure 4.1. Finally, the layer

specifications, including material composition, doping concentration, and layer thickness, are

provided in the following chapters for the GaAs solar cells (Chapters 5) and DJ solar cells

(Chapter 7).

For the conventional solar cell following the layer structure shown in Figure 4.1, the p-type

region is first grown on the substrate. Therefore, the substrate must also be p-type to promote

carrier transport through the bulk substrate material. The growth sequence for the upright

solar cell is shown in Figure 4.2(a), and the last upright solar cell with front and backside metal

contacts are shown in Figure 4.2(b).
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Figure 4.1: Diagram of the N-on-P layer structure and doping profile for the solar cells in this
research.

Figure 4.2: (a) upright growth sequence for an optically thick solar cell on a host substrate and
(b) completed fabrication of the upright solar cell.
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One main difference between a conventional and thin-film solar cell is that the final structure

is detached from the substrate. Removing the substrate reduces the weight and overall thickness,

making a flexible and lightweight design. The primary method to detach the substrate from

the solar cell structure is ELO. This process requires bonding, in which the thin-film layers are

attached to a secondary carrier handle. If the N-on-P design is the goal and the layer structure

were grown in the same manner as the conventional solar cell, the final device would be flipped,

making the p-type region the top-most part of the device where incident light enters. Therefore,

thin-film solar cells require an "inverted" growth sequence where the first epitaxial layers are

grown close to the host substrate and become the top-most layers in the completed device. For

the N-on-P design, the last epitaxial layers grown are p-type. The growth sequence and ELO

process are displayed in Figure 4.3(a)-(c) where (a) displays the "inverted" growth on the host

substrate, (b) displays the ELO process where the solar cell is flipped over and bonded to a

support handle, and (c) displays the completed thin-film solar cell with the substrate removed

and contacts intact. The fabrication process for inverted solar cells is described in further detail

in the following section.

4.3 Fabrication of Thin-Film Solar Cells

4.3.1 Epitaxial Lift-Off and Substrate Removal

The support handle is necessary for the inverted growth and thin-film design during the

substrate removal process. The thin epitaxial layers are not robust enough to survive the

remainder of III-V processing, fabrication, and device characterization without device tearing.

The support handle can be temporary or permanent, depending on the bonding materials used.

Flexible handles can also be used, provided they remain inert to any wet-chemical etching
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Figure 4.3: (a) inverted growth sequence for the thin-film solar cell, (b) ELO removing the
sacrificial layer and bonding the solar cell to a support handle, and (c) the final thin-film solar
cell with front and backside contacts.

associated with the solar cell processing. Figure 4.3(b) shows the sacrificial layer between the

GaAs substrate and the solar cell layers. This layer is crucial in the transfer process. Detaching

a thin-film III-V solar cell from the host substrate was first presented in 1978 and referred to

as the Peeled Film Technology, originally developed as a cost-effective approach to reducing

the overall cost associated with III-V solar cells [35,82]. This transfer method incorporated the

idea of employing a sacrificial layer as the first layer grown in the device layer stack that would

selectively etch away from the active solar cell region, safely separating the solar cell from the

host substrate. As described above, this post-growth separation technique is currently known

as ELO and is widely used throughout industry, and research development [35, 80, 83]. The

ELO flow process used by MicroLink Devices to invert the IMM triple-junction design is used

for the thin-film IMM solar cells discussed in Chapter 8.

The flow begins with a release layer grown on the host substrate, and for the GaAs solar cell,

MicroLink Devices uses aluminum arsenide (AlAs) as the sacrificial layer due to its selectively

etch in hydrofluoric (HF) acid. Once the solar cell structure is grown, the backside metal is
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deposited, and the structure is bonded to a carrier handle for support. The AlAs sacrificial

layer is removed in HF, separating the epitaxial layers from the host substrate. The host

substrate is then re-polished for subsequent growths. Other research that uses the ELO process

may vary regarding the sacrificial layer material and etch processes, but the flow sequence

remains consistent [35, 80]. Using chemo-mechanical polishing of the GaAs substrate post-

ELO to remove the surface contamination enables the same substrate to be used 15-20 times

[84]. However, ELO has a drawback, where the multiple steps required to re-polish the GaAs

substrate before performing another solar cell growth [84]. Recently, a promising sacrificial layer

using the water-dissolvable NaCl that is only 0.2% lattice-mismatched to GaAs presents the

opportunity to reduce material costs and develop high-quality GaAs solar cells while removing

the need for etching in acids as well as the extra steps to re-polish the GaAs substrate before

reuse [85]. Another drawback is the hours-long etch of the sacrificial AlAs layer, which not

only adds processing time but expands the time operators work with HF, which is a lethal

and highly corrosive acid [80]. Other modern techniques that reduce either ELO duration or

cost include surface tension-assisted ELO (STA-ELO) and spalling. These techniques provide

alternative approaches that do not depend on long etch times and offer a high throughput lift-off

technique. STA-ELO works fast by maximizing the lateral etch rate along the <100> direction

in the sacrificial layer and spalling relies on fracture mechanics and a stabilized cleavage plane

within a tensile-stressed sacrificial film [80, 86]. Lastly, substrate removal may be considered

the most straightforward transfer technique since it only relies on a vertical wet chemical etch

through the GaAs substrate until the etch stop layer is exposed, consisting of a material that

will not etch away the same chemistry as the substrate. The issue with substrate removal

is that it completely dissociates the substrate and results in high material waste. The ELO

process remains the primary transfer process for III-V-based solar cells throughout the industry,
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and emerging transfer methods aim to lower the processing cost associated with substrate re-

polishing and working with corrosive acids.

4.3.2 Backside Contact and BSR Development

Provided that there are many transfer methods, they all require that the active solar cell

region follows the inverted epitaxial growth sequence. Over the past few decades, when light

trapping in III-V solar cells emerged, the inverted growth process allowed backside texturing to

be possible before the transfer process. As backside light trapping structures evolved in III-V

solar cells, adding the low-index dielectric interlayer became crucial to improve the TIR and

reduce parasitic absorption in the metal reflector. Compared to the conventional upright-grown

solar cell, where the highly doped substrate serves as the pathway for charge carriers to travel

to the backside metal, the dielectric interlayer at the backside of the thin-film solar cell presents

an issue creating ohmic backside contacts. A common approach for sufficient contact at the

semiconductor/dielectric interface is to use holes, or vias, throughout the dielectric layer to

provide an ohmic pathway to the metal for carriers to travel [29,30,35,58,87,88]. However, vias

cumulatively result in an optical percent loss provided by the BSR, and it has previously been

reported that vias have as high as 5% coverage [29]. The accumulation of vias degrades the

mirror and light trapping properties from the textured BSR, reducing both the photoabsorption

by an impaired path length enhancement as well as the VOC due to a decreased probability in

photon recycling [68, 89]. Therefore, to investigate the optical properties of the textured BSR,

a top-top contact design was developed in this research to avoid the use of vias throughout the

dielectric interlayer where the full optical benefits of the BSR can be employed.

Apart from the conventional top-bottom contact design, a top-top contact design uses a

highly doped and thick back layer for sufficient lateral carrier movement and collection situated
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Figure 4.4: Backside contact for (a) a conventional top-bottom vertical back contact design and
(b) a top-top lateral back contact design.

at the side of the solar cell. The difference between the two backside contacts is shown in

Figure 4.4(a)-(b), where plot (a) shows the vertical carrier flow in the top-bottom design and

plot (b) shows a top-top contact where the backside metal is at the side, avoiding the use

of vias throughout the backside light trapping structure. The top-bottom design is used for

conventional solar cells or thin-film solar cells where dielectric interlayers are not used. The

main benefit of the top-top contact design is the removal of localized ohmic contacts in the

dielectric layer. However, there are issues with using a top-top contact design since the lateral

carrier movement highly depends on the doping concentration and thickness of this layer, which

must be scaled for larger-area devices without suffering from carrier collection.

The top-top contact design incorporates the textured-transparent-conductive (TTC) layer,

a multipurpose layer situated at the backside of the device, and separates the circuit from the

textured semiconductor, a low-index interlayer, and a reflective mirror. This separation provides

optical access to the light trapping structure and preserves ohmic backside contact. Figure

4.5(a) displays a top-top contact design with experimental doping and thickness parameters

used as one of the thin-film GaAs solar cells, as discussed in Chapter 5. The SiO2 and insulating

encapsulant are separated from the active region of the solar cell. The backside contact resides

on the top of the TTC layer away from the solar cell’s perimeter to avoid shunting. Figure
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4.5(b) is a schematic top-down view of the solar cell (green) area and the exposed TTC layer

(red), which serves as the separating region between the backside metal and the perimeter of

the solar cell. This top-down view shows the spacing between back grid fingers, S, the length

of the solar cell, X1, and the length of the exposed TTC layer, X2.

Figure 4.5: (a) Diagram of the thin GaAs solar cell with the top-top contact design and pla-
nar BSR. For the maskless BSR (further described in Chapter 5), the texture resides at the
TTC/SiO2 interface. (b) top-down view of the solar cell (green) area and the perimeter of the
TTC region (red), which serves as a separation region between the perimeter of the solar cell
walls and the backside contact.

The TTC layer is designed as a lateral conduction layer (LCL) where both doping concen-

tration and thickness are optimized for sufficient majority carrier collection resulting in a small

fractional power loss at the maximum power point (Pmpp), as discussed by Green [90]. The

analysis uses the sheet resistivity from the LCL and the spacing between the grid fingers to

determine the fractional power loss. The sheet resistivity, ρs, is known as,

ρs = 1
qµNt

, (4.1)

which depends on the thickness, t, of the layer along with the mobility of the majority

carriers (µ) and the doping concentration (N ). The integrated area, dy, contains the region
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from the center of the solar cell to the inside perimeter of the deposited metal contact since

this would be the maximum distance a carrier would need to travel to the contact. From this,

the resistive power loss (I2dR) from the lateral current flow and ρs can be calculated from the

gradual power loss within the section dy. Since dR is the resistive loss within the integrated

region, it is equal to ρsdy/b. Here, I is equal to Jby where the current density increases linearly

from zero at the midpoint of the solar cell to its maximum at the contact. The total power loss

is the integral of all losses [90].

Ploss =
∫ S

2

0
I2dR = J2b2y2ρs

b
dy = J2bS3ρs

24 . (4.2)

The maximum power point, which is the highest generated power measured within the

transport length S/2, can be determined by,

Pmpp = VmppJmppb
S

2 , (4.3)

where the maximum voltage point (Vmpp) and the maximum current density point (Jmpp)

are the highest values that make up the Pmpp in the illuminated J-V curve. Now, the frac-

tional power loss from the incremental resistance from carriers traveling to the contact can be

determined:

p = Ploss
Pmpp

= ρsS
2Jmpp

12Vmpp
. (4.4)

The values of the Vmpp (0.89 V) and the Jmpp (22 mA/cm2) were based on previous exper-

imental values obtained from a GaAs solar cell without an anti-reflection coating. To find the

ρs, the TTC material in the solar cell design was grown separately and consists of AlxGa1-xAs

doped with carbon at a concentration of 2x1019 cm-3. The Hall effect includes a four-point probe
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measurement that injects current diagonally across a 1 cm2 square sample area, and from a

constant and perpendicular applied magnetic field, the voltage measured across the remaining

opposite corners of the square sample area is used to determine the ρs. The resistivity and the

ρs were calculated to be 4.35x10-3 W·cm and 31 W/sq, respectively. For the largest active area

used in this work of 1 cm2, this results in a fractional power loss at Pmpp of 2.3%. For the

smallest area device of 0.06 cm2, the fractional power loss is 0.14%. Since the thickness of the

layer is inversely proportional to ρs, a thicker TTC layer will result in a smaller power loss for

larger-area devices. This work set the TTC layer thickness limit to 5 µm considering practical

epitaxial growth parameters. Appendix A provides detail for the three-level top-top contact

design, which is used during the fabrication process outlined below. Pictures of fabricated solar

cells using the top-top contact design are shown in Appendix A.

4.3.3 Substrate Removal and Device Fabrication

The solar cells are grown on 2-inch GaAs wafers on the (100) plane with a 2° offcut toward

the <110>, using a 3x2" Aixtron close-couple showerhead MOVPE reactor. Both arsine and

phosphine are used for the group-V gas sources and trimethyl-gallium and trimethyl-indium

group-III precursors. The thin-film solar cells are grown inverted and bonded to the metal-

coated support handle with the low-index Dow Corning Sylgard 184 (see Chapter 5, Section

5.2.1). For the textured BSR discussed in the following chapters, the texturing takes place before

bonding. Rather than using ELO as described above, substrate removal is used to detach the

substrate from the epitaxial structure after bonding to a support handle. This process is similar

to the process flow shown in Figure 4.3 but instead of removing the sacrificial layer first. The

substrate is removed by wet-chemical etching using 1:2 NH4OH:H2O2 until the sacrificial layer

is exposed. The sacrificial layer consists of InGaP, which is selective to the NH4OH etchant.
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The InGaP etch stop is removed using concentrated HCl. The solar cells undergo three rounds

of photolithography: top metal contact, area isolation, and backside metal contact onto the

Al0.3Ga0.7As TTC layer. After the active area isolation, the TTC layer is exposed and the

entire perimeter of the cells is protected by photoresist, and backside metal was electroplated.

Both Au top and back contacts were electroplated with approximately 1 µm thicknesses. The

active areas across each wafer include 1 cm2, 0.2 cm2, and 0.06 cm2, with grid finger shadowing

of 4%, 4.5%, and 10%, respectively. In subsequent chapters, the growth design parameters are

presented to clarify the layer structure in each experiment.

4.4 Chapter Summary

This chapter describes the design and growth differences between upright and inverted thin-

film solar cells and the fabrication process required for both designs. The trade-offs between

BSR optical improvement and carrier collection using top-top contact design is discussed. Us-

ing the top-top contact design removes the use of localized ohmic contacts at the backside of

the device, which reduces parasitic absorption at the semiconductor/ohmic contact interfaces.

However, the required thickness and doping concentration in the TTC layer leads to an enhance-

ment in free-carrier absorption in the backside non-active layer, as investigated in Chapter 6.

Potential applications using the top-top contact design include low-light indoor PV applications

where using a TTC layer can be optically advantageous, and photon recycling benefits can be

exploited to improve the efficiency of mm-scale GaAs devices [91–93]. This design is primarily

applicable for small-area PV; however, the textured BSRs discussed in the following chapters

are not confined to this design and can be scaled for large-area PV designs, provided that vias

are implemented. Overall, trade-offs occur for both top-top and vertical contact designs, and

both are explored for various solar cells throughout this research.
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Chapter 5

Thin-Film Single-Junction GaAs Solar Cells with

Light Management

5.1 Introduction

This chapter involves the development and characterization of thinned GaAs solar cells with

textured BSRs produced by a maskless solution-based chemical etch as well as I-MacEtch. The

main goal is to render wavelength-specific (WS) light trapping structures for thin GaAs solar

cells that provide straightforward and inexpensive processing and is accessible for large-scale

manufacturing. For the maskless etching, the formation of the pyramidal-like structures relies

on a chilled solution-based etchant of NH4OH:H2O2 that enters a reaction-controlled regime and

increases the lateral etch rate along the diagonal crystallographic planes in the face-centered-

cubic (FCC) based GaAs crystal structure. The EQE from the 1.1 µm GaAs solar cell with the

maskless BSR achieves a photogenerated current 0.7 mA less than the 3.6 µm optically thick

GaAs control near the band edge. The 80% haze in reflectance measured on the I-MacEtch

BSR indicates high diffused photon scattering, and the EQE from the 0.5 µm GaAs solar cell

shows a 38% enhancement in the photogenerated carrier collection from the base of the solar cell

when compared to the modeled thin absorber without the BSR. The fundamental properties of
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the Fabry-Pérot (FP) cavity have been applied to the thin GaAs solar cells to determine the

path length enhancement caused by the textured BSRs. The maskless BSR increased the path

length up to 4.3 while the I-MacEtch BSR increased the path length up to 5.7 passes. Since the

I-MacEtch BSR was integrated behind a 0.5 µm GaAs solar cell, the light trapping effects are

more prominent and result in a greater path length enhancement than the maskless BSR. Both

solution-based texturing approaches in this chapter validate their use in thin-film multijunction

solar cells.

5.2 Textured BSR Development

5.2.1 Optical Performance of a Planar Reflector

Before introducing texture to the BSR, the optical performance from the planar BSR using

a top-top contact design, as discussed in Chapter 4, was evaluated to ensure high reflectance

by combining the highly reflective Au mirror and the low-index SiO2 interlayer. One challenge

with the Au/SiO2 interface is the poor adhesion, mainly due to oxidation at the interface [94].

A seed layer can be used for better adhesion before evaporating the metal mirror. Popular

materials consist of chrome and titanium; however, these materials have a reflectance less than

65% and would degrade the back mirror’s quality.
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Figure 5.1: Reflectance at normal incidence to test optically clear adhesives.

This work investigates two optically clear and well-known silicone-based adhesives, poly-

dimethylsiloxane (PDMS) and Dow Corning Sylgard 184, as the adhesion layer to connect an

Au-coated Si handle and the SiO2 interlayer. Both adhesives were applied to the Au-coated Si

handle, and the reflectance at normal incidence was measured and compared to the Au-coated

Si handle alone. As shown in Figure 5.1, the difference in reflectance varies more at high en-

ergy photons where the GaAs solar cell will be less absorbing. Additionally, Sylgard 184 is a

low-index material that will assist TIR at the backside mirror. In the GaAs absorbing region

between 650 nm and 950 nm, the average specular reflectance difference between Au alone and

Au with Sylgard 184 is less than 0.5%. Even though the PDMS and Sylgard 184 resulted in

high reflectance, the Sylgard 184 was used moving forward as the viscosity was more favorable

to work with when bonding the solar cell to the handle.
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Figure 5.2: Reflectance at normal incidence to measure mirror reflectance for the flat BSR.

The mirror reflectance for the Au mirror with SiO2 and Sylgard 184 was investigated by

following a similar procedure as discussed by Bauhuis et al. [71]. The test structure grown by

MOVPE consists of 3 µm of InGaP on GaAs substrates. The SiO2 was deposited by plasma-

enhanced chemical vapor deposition (PECVD), and the structure was bonded to the Au-coated

handle using Sylgard 184. The GaAs substrate was removed using substrate removal until the

InGaP layer was exposed, and 85 nm of ZnS was evaporated on top to reduce the reflection

at the surface. The InGaP layer has a similar index of refraction to GaAs and will remain

transparent to the photons near the GaAs band edge. This transparency will allow the photons

to travel through a similar index material before coming in contact with the BSR. As explained

by Bauhuis et al. [71], the mirror reflectance is calculated from the total reflectance using the

equation,

Rm = Rtotal − RS
1 − RS

. (5.1)

The surface reflectance, RS , was measured from a test structure consisting of ZnS on 3 µm
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of InGaP on a GaAs substrate. Figure 5.2 displays the specular mirror reflectance between

85% and 95% for the wavelength range from 700 nm to 950 nm. The Au mirror achieves a

peak reflectance of 94% near the GaAs band edge and provides high reflectance for unabsorbed

photons in the thin GaAs solar cell. Relating to the reflectance vs. VOC plot in Chapter 3 (see

Figure 3.5), will reduce the VOC approximately 15 mV from the case of perfect reflectance for a

high material quality GaAs solar cell. While the goal is to achieve backside reflectance as close

to unity as possible, Section 5.4 discusses the use of Ag as the back mirror, achieving higher

reflectance of 96% for the planar BSR.

5.2.2 Wet-Chemical Maskless Etching

The chilled solution-based maskless etch can produce three-dimensional pyramidal struc-

tures in GaAs by exposing and etching the diagonal crystallographic planes in the FCC-

based crystal structure. The solution consists of H2O2 as the oxidizer and NH4OH as the

dissolution agent. This etch has experimentally been demonstrated in GaAs using 1:4:80

NH4OH:H2O2:H2O at 5°C [95]. In this work, it is important to use a transparent material

with a band gap higher than Eg-GaAs as the TTC layer, so AlxGa1-xAs with a varying Al

composition has been employed. The crystallographic etch has successfully been developed in

Al0.1Ga0.9As using 1:4:40 NH4OH:H2O2:H2O at 2.5°C ± 0.5°C for 5 minutes, and provided

good uniformity over a 2-inch wafer with 5% specular reflectance and a standard deviation less

than 9% at 870 nm wavelength [96]. The top-down SEM image shown in Figure 5.3(a) displays

the exposed AlxGa1-xAs diagonal planes. In Figure 5.3(a), one region of the top-down SEM

image magnifies the specified diagonal crystal planes. At 2.5°C ± 0.5°C, the vertical etch rate

(VER) was measured to be less than 1 nm/second, outperforming the faster lateral etch rate

(LER). The high LER at low temperatures confers that the lateral diffusion-oxidation process
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Figure 5.3: Top-down SEM and reflectance at normal incidence on three maskless etch textures
produced in (a)(d) low Zn doped Al0.1Ga0.9As, (b)(e) highly C-doped Al0.1Ga0.9As, and (c)(f)
highly C-doped Al0.3Ga0.7As. The scale bars represent 10 µm. Below each SEM image are the
respective reflectance at normal incidence from air to the textured semiconductor.

is energetically favorable along the diagonal GaAs planes. The resulting specular reflectance for

this texture displayed in Figure 5.3(d) is lower than 5% in the GaAs absorbing region from 550

nm to 950 nm in wavelength. The untextured Al0.1Ga0.9As shown by the black curve in Figure

5.3(d),(e), and (f) are presented to show the reduction in reflectance from all of the textured

surfaces.

Next, the Al0.1Ga0.9As is doped with carbon (C) to ensure sufficient carrier transport,

as discussed in Chapter 4. The top-down SEM in Figure 5.3(b) shows that under the same

etching conditions described above, the surface morphology did not replicate the pyramidal

structures. Since the chilled etch is sensitive to changes in the crystal structure, the carbon

incorporation during epitaxial growth obstructs the diagonal etch at low temperatures. During

the AlxGa1-xAs growth, the C atoms replace the Ga sites, and the Al-C bond is energetically

higher than the C-Ga bond [97]. The crystallographic etch depends on the Ga-As bond along

the (110) planes and is susceptible to change once the strong Al-C bonds form at the Ga
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sites. Although introducing carbon to the crystal lattice did not result in the etching along

diagonal crystal planes, the surface roughness contributed to specular reflectance below 5% for

the carbon-doped Al0.1Ga0.9As in Figure 5.3(e).

The maskless etch was then tested in carbon-doped Al0.3Ga0.7As, which serves as the TTC

layer for the 1.1 µm GaAs solar cells studied in this work. The surface remained specular with

the same etch conditions mentioned above, proving that increasing the Al composition affects

the etch rates along the various crystal planes. In GaAs, the addition of NH4OH to H2O2

expedites the reaction rate as it creates a higher amount of soluble compounds with oxidized

Ga and As elements [98]. Increasing the Al during epitaxial growth allowed stronger Al-C

bonds to form while replacing the Ga sites, so the low NH4OH concentration in the 1:4:40 ratio

limited oxidative species on the surface, and the dissolution rate reduced at low temperatures. A

new ratio consisting of 2:1:40 concentration was attempted for the carbon-doped Al0.3Ga0.7As.

Figure 5.3(c) shows successful roughening of the surface under these etch conditions. Although

the surface morphology did not expose crystallographic planes, the etch pattern is similar to

the carbon-doped Al0.1Ga0.9As, and the specular reflectance, as shown in Figure 5.3(f), was

lower than 8% near the GaAs band edge at 870 nm in wavelength. These maskless textures are

scalable to larger areas, provided that there is no fluctuation in the etchant temperature.

The entire BSR component in this top-top contact design consists of the Al0.3Ga0.7As layer

(with or without texturing), a low-index material, an adhesion layer, and the Au-coated support

handle. To achieve high reflectivity at the mirror’s surface, the incident medium that the light

travels through should have a low-index to avoid the propagation and excitation of plasmonic

modes in the metal while being thick enough to suppress frustrated TIR within the low-index

material [22, 75]. Previous studies show that 0.5 µm of SiO2 at the Al0.3Ga0.7As/Au interface

lessens surface plasmon generation while enhancing the TIR of incident photons past the critical
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angle in GaAs [22, 54] and is used as the thickness of the low-index layer in this work. Since

poor adhesion occurs due to oxidation at the Au/SiO2 interface [94], the optically transparent

Dow Corning silicone-based encapsulant, Sylgard 184, is used as dual-purpose adhesion and

low-index layer at the Au/SiO2 interface.

Before integrating the BSR into the GaAs device, the reflectance properties of the entire

BSR are investigated. To imitate the interaction between the incident photons at the BSR

for the reflectance measurements, test structures using the high Eg material, InGaP, which

remains transparent to photons near the GaAs band edge, were created. This material also has

a comparable index of refraction to GaAs; thus, the photons are expected to travel similarly

within the GaAs solar cell. The test structures grown by MOVPE consist of 2 µm Al0.3Ga0.7As

on 0.5 µm InGaP on GaAs substrates. For the maskless BSR structure, the maskless etch was

performed on the Al0.3Ga0.7As surface. Then, 0.5 µm of SiO2 was deposited by PECVD on

the maskless etched and flat test structures, and the structures were separately bonded to the

Au-coated handle using the Sylgard encapsulant. For each structure, the GaAs substrate was

removed using 1:2 NH4OH:H2O2 until the InGaP layer was exposed, and 85 nm of ZnS was

evaporated to reduce surface reflection. To confirm high reflectance with the Sylgard, another

flat BSR structure that does not have the low-index materials was created by evaporating Au

at the Al0.3Ga0.7As surface before the sample was bonded to a support handle for substrate

removal. The three sample structures are referred to as the (1) Au BSR (no low-index materials),

(2) flat BSR, and (3) maskless BSR, and the diagram in Figure 5.4(a) shows the layer structure

for the flat BSR.

The total and diffuse reflectance were measured for these three samples using a Shimadzu

Spectrophotometer UV-Vis attached to an integrating sphere. The goal is to observe high total

reflectance from the flat BSR with the low-index materials and high diffuse scattering properties
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Figure 5.4: (a) Total and diffuse reflectance for the BSR structures. The Au BSR does not have
low-index materials. The inset diagram (not representative of the layer thicknesses) displays
the layer order. Plot (b) shows the haze in reflectance for the flat and maskless BSR structures.
The inset cross-sectional SEM image (white scale bar is 10 µm) was taken from the flat BSR
structure to display the non-planar characteristic within the Sylgard region.
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once the maskless textured Al0.3Ga0.7As is introduced. Figure 5.4(a) displays the total (left

y-axis) and diffuse (right y-axis) reflectance for the three structures. The total reflectance of

the flat BSR has a peak reflectance at 94% near the GaAs band edge, which is slightly higher

than the Au BSR, which has a peak reflectance of 93%. The distinct diffuse scattering from

the maskless BSR is near 60% at the GaAs band edge. For an ideal planar reflector, the diffuse

properties should be near zero; however, this is not observed with the low-index materials. The

cross-sectional SEM in Figure 5.4(b) was taken after the reflectance measurements on the flat

BSR structure. From this image, the non-planar behavior within the Sylgard layer is apparent,

likely leading to the increased diffuse reflectance.

The haze in reflectance, defined as the ratio of the diffuse and the total reflectance, reveals

the degree of angular scattering from a roughened surface and is often used within light trapping

research [53,99,100]. For a near-Lambertian surface, the diffuse light will be much higher than

the specular light, resulting in a higher haze in reflectance. Figure 5.4(b) shows the haze in

reflectance for the BSR structures, which oscillates between 10-15% for the flat BSR, mainly

due to the non-planar behavior of the Sylgard layer. The maskless BSR sample shows the

highest haze near 80% at the GaAs band edge, more than 6-times greater than the flat BSR

structure, which exceeds the scattering capabilities of the flat BSR.

5.2.3 Inverse Progression Metal-Assisted Chemical Etching

Metal-assisted chemical etching (MacEtch) is a low-cost and straightforward texturing pro-

cess that offers isotropic features and does not require low-pressure vacuum systems or haz-

ardous gases associated with dry etching [101,102]. Forward progression MacEtch was first dis-

covered in Si, where hole injection from a noble metal takes place at the metal-semiconductor

interface. The semiconductor beneath the catalyst etches at a faster vertical rate than the
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semiconductor unexposed to the metal catalyst [101, 103, 104]. In return, the metal isotropi-

cally sinks into the semiconductor and produces the same metal catalyst dimensions. Recently,

inverse-progression metal-assisted chemical etching (I-MacEtch) was successfully demonstrated

in AlxGa1−xAs with Al composition ranging between 0.55 < x < 0.7, where hole injection from

the metal into the semiconductor increases the oxidation-dissolution etch around the metal

catalyst as the oxidized material underneath the metal is not immediately dissolved [77]. The

injected holes can diffuse around to the off-metal regions, which subsequently are etched away

first [77]. The model presented by Wilhelm et al. presents the I-MacEtch behavior using Au

catalysts in unintentionally doped (UID) AlxGa1−xAs with Al composition ranging from 0.55

< x < 0.7 [77]. In this theory, the I-MacEtch mechanism requires that the semiconductor’s

ionization potential have higher energy than the redox potential of the metal such that it is

closer to the vacuum level, and hole injection can occur [77]. The hole injection from the Au

catalyst into the semiconductor increases the number of oxidative species where dissolution

around the metal catalysts occurs rather than below the metal-semiconductor interface. From

this, Wilhelm determined that the Al composition alters the reduction-oxidation potential and

changes the LER and VER of the Au-patterned nanopillars arrays for temperatures ranging

from 55°C to 75°C [77]. Additionally, the increase in etchant temperature increases the catalytic

oxidation since the number of thermally activated holes increases as the H2O2 decomposition

enhances hole diffusion [77].

For sub-µm GaAs solar cells, creating back textures on the same scale as the absorber

thickness is essential to scatter the photons of interest to reflect into the solar cell. Patterned

I-MacEtch allows specific dimensions to be developed according to the Au catalyst dimen-

sions. I-MacEtch in high Al composition AlxGa1−xAs (x > 0.55) serves as an alternative ap-

proach for texturing at the backside of thinned solar cells. As well, I-MacEtch in carbon-doped
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Al0.7Ga0.3As provides a transparent textured material in terms of band-to-band absorption,

which is required to reduce parasitic absorption loss at the backside of the sub-µm GaAs solar

cell.

To prepare for the I-MacEtch, the Au catalyst was patterned with a 1.5 µm diameter and

1.5 µm pitch array across the surface of the wafer. The pattern was created using a laser

direct-write in a positive photoresist. After the pattern was developed, the circular pattern was

cleaned with HCl to provide an oxide-free surface before the Au was deposited. The Au was

electroplated at a current density of 1 mA/cm2 for 10 seconds with an anticipated thickness

between 60-100 nm. The cartoon diagram in Figure 5.5(a) displays the dimensions of the direct

write mask for the circular Au-patterned array, and Figure 5.5(b) is a nomarski image of the

Au-patterned semiconductor. The approximate Au thickness was less than 50 nm according

to a previous deposition rate of 2.5 nm/sec in Au. The I-MacEtch solution consists of (1:1)

citric acid and DI, which was heated to 50 °C and mixed for 30 minutes to ensure complete

dissolution. The oxidizing agent, H2O2, was added to the solution using a (5:1) ratio. The etch

solution remained at 50 °C, and the patterned surface was submerged face up.

Figure 5.5: Plot (a) cartoon diagram of the Au circle patterned on Al0.7Ga0.3As with 1.5 µm

diameter and 1.5 µm pitch, and plot (b) of the nomarski image for the Au-electroplated array.
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The etch duration was one hour, and the tilted SEM at 35° of the surface texture can be seen

in Figure 5.6. From the SEM image, the spherical structures did not appear like the nanopillar

arrays reported by Wilhelm [77]. The LER and VER for the p-type Al0.7Ga0.3As changed,

even under similar etchant conditions described by Wilhelm, suggesting that the introduction

of acceptors into the semiconductor changes the energy potential differences and hole injection

in the semiconductor-metal system and alters the I-MacEtch process. The nanopillar arrays

reported by Wilhelm show a planar top surface directly at the Au/Al0.7Ga0.3As interface [77],

whereas the carbon-doped Al0.7Ga0.3As in Figure 5.6 resulted in rounded tops. For the carbon-

doped Al0.7Ga0.3As, the increased LER produces spherical dome-like structures, mainly due to

a fast lateral etch close to the Au before the underlying semiconductor is exposed.

Figure 5.6: Tilted 35° SEM of the MacEtch textured surface on Al0.7Ga0.3As. The scale bar

represents 10 µm and the image was scanned at 10 kV and 5 kx magnitude.

As the contact area between the metal and semiconductor reduces, the catalytic reaction

slows and limits the amount of hole injection into the semiconductor. This limitation may also

be the cause of the reduced VER since the spheres are no more than 200 nm high, as seen in
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the atomic force microscopy (AFM) image shown in Figure 5.7. The high root mean square

(RMS) roughness equal to 79 nm relates to increased diffuse scattering properties.

Figure 5.7: AFM on the I-MacEtch texture.

Since the valence band edge (VBE) of Al0.7Ga0.3As is similar to AlAs, the catalytic oxidation

for the Au/Al0.7Ga0.3As will result in lower etch rates, consistent with the slow VER calculated

to be around 5.8 nm/min. This VER is nearly half of what was expected for the Al0.7Ga0.3As

I-MacEtch process under 50 °C for the citric-H2O2 etch conditions. According to the LER of

nearly 20 nm/min at 50 °C for the UID Al0.7Ga0.3As [77], it would take 75 minutes for the 1.5

µm diameter Au catalyst to detach from the semiconductor for the carbon-doped Al0.7Ga0.3As.

Although the carbon doping appears to be the main difference leading to the different surface

texture morphology, the spherical structures present a promising texture since the heights are

the same order as the thickness of the GaAs solar cell absorbing region. The WS dimensions

allow the unabsorbed photons to scatter as desired rather than pass through the textured

semiconductor. The reflectance measurements on the I-MacEtch BSR using similar optical test

structures as the maskless BSR structures (see Chapter 5) are performed. The flat reflector

utilized Ag as the back mirror, which is more reflective than the Au mirror previously used.
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The total reflectance is near 96% for the Ag BSR, close to the ideal planar reflector. Figure 5.8

displays the measured haze in reflectance for the flat and I-MacEtch BSR, which significantly

increases for the I-MacEtch BSR due to the enhanced diffused reflectance. The flat Ag BSR

is expected to have no haze in reflectance; however, the fringing between 5% and 10% appears

caused by inherent roughness at the Ag mirror. This will increase the effective OPL from 2

times enhancement as the diffused mirror properties are heightened.

Figure 5.8: (a) The measured total and diffused reflectance from the flat Ag BSR and the

MacEtch BSR. The textured MacEtch region resides at the AlGaAs/Sylgard interface, (b) haze

in reflectance measured from the flat Ag BSR and the MacEtch BSR test structures.

5.3 GaAs Solar Cells with a Maskless BSR

5.3.1 Device Growth and Fabrication

As described in Chapter 4, the method of detaching the host substrate in this research

includes substrate removal by wet-chemical etching. The 1.1 µm-thick GaAs solar cells follow

the growth sequence shown in Table 5.1 where the growth sequence starts at the GaAs substrate.

The substrate is UID since it is removed after the bonding process. Above the InGaP etch stop
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Figure 5.9: Diagram of the thin GaAs solar cell with a top-top contact design and flat BSR.
For the maskless BSR, the texture resides at the TTC/SiO2 interface.

Table 5.1: Growth design for 1.1 µm-thick GaAs solar cells.
Layer Material Thickness (nm) Doping (cm−3)
TTC p-Al0.3Ga0.7As 4000 2x1019 (C)
Window p-InGaP 50 3x1018 (Zn)
Base p-GaAs 855 6x1016 (Zn)
Intrinsic GaAs 200 UID
Emitter n-GaAs 50 1x1018 (Si)
Window n-InGaP 50 2x1018 (Si)
Contact n-GaAs 100 3x1018 (Si)
Contact n-GaAs 50 2x1019 (Te)
Barrier n-GaAs 10 3x1018 (Si)
Etch Stop n-InGaP 150 3x1018 (Si)
Substrate GaAs 350 µm UID

is a GaAs:Si barrier to reduce the dopant diffusion from the GaAs:Te contact layer. These

devices have a base thickness of 855 nm, intrinsic region of 200 nm, and an emitter equal to

50 nm. In total, the active region is 1.1 µm. The last layer grown is the TTC layer, which is

4000 nm thick for texture development and sufficient carrier transport using the top-top contact

design.

The TTC layer, shown in Figure 5.9, consists of 1.8 eV Al0.3Ga0.7As to remain transparent

for the unabsorbed low-energy photons passing through the GaAs solar cell. The carbon-doped
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Al0.3Ga0.7As was grown by MOVPE on a GaAs substrate. From the Hall effect, the resistivity

of the calibration sample was measured to be 4.35x10−3 W·cm at a doping concentration of

4.17x1019 cm−3. Specifically, for the 4 µm thick TTC layer, this translates to a fractional power

loss at Pmpp of 2.3% and 0.14% for the 1 cm2 and 0.06 cm2 area devices, respectively [90]. The

three solar cells include the 2.25 µm GaAs control grown upright on the GaAs substrate and

the 1.1 µm GaAs thin cells with the flat and maskless BSR. The GaAs control has the same

epitaxial layer structure with a thicker base region. These solar cells were fabricated using the

top-top contact mask and three-level photolithography process, as discussed in Chapter 4. The

final version of the thin-film solar cell with the flat BSR is displayed in Figure 5.9, and for the

maskless BSR, the texture resides between the TTC layer and the SiO2.

5.3.2 Electrical Device Results and Discussion

This section refers to the thin 1.1 µm solar cells as the "flat BSR device" and the "maskless

BSR device." The 2.25 µm GaAs control on the substrate is referred to as the "GaAs control."

The illuminated J-V measurements were conducted using a TS Space Systems dual-source 18

kW solar simulator filtered for the AM0 spectrum. Following the calibration process discussed

in detail by Polly [105], the ultraviolet-visible part of the spectrum, created from a mercury

halide arc bulb, was calibrated using a standard SJ InGaP solar cell. The infrared region,

created from the quartz tungsten halogen bulb, was calibrated using a standard SJ GaAs solar

cell. A silicon monitor cell varied ± 0.03 mA·cm-2 across the measurements taken, showing

temporal stability in the lamps. The calibrations and measurements were performed at 25°C.

Table 5.2 displays the illuminated J-V figures of merit for the best-performing cells and

the standard deviation across the measured cells from each device. Even though the absorbing

thickness of the maskless BSR device is half of the GaAs control, the short-circuit current
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Figure 5.10: Illuminated AM0 J-V measurements of the flat and maskless BSR devices compared
to the GaAs control. The two dashed curves represent the modeled GaAs control (black) and
the thin GaAs device without a BSR (green). The inset diagram is dark J-V measurements
with fitting.

density, JSC , agrees between the two devices within the experimental error. The maskless

BSR device shows an approximate 0.4 mA improvement in JSC compared to the flat BSR

device. This increase is consistent with the difference in the integrated JSC between the flat

and maskless BSR devices from the EQE shown in Figure 5.11(a)-(b). The FF produced by

the BSR devices confirms good carrier collection in the TTC layer since there is no significant

reduction at Pmpp. The inset diagram in Figure 5.10 shows the dark J-V measurements (solid

Table 5.2: Solar Cell 1-Sun AM0 Characteristics
Device JSC (mA·cm-2) VOC (V) FF (%) η (%)
GaAs control 21.16 ± 0.15 1.013 ± 0.002 84.4 ± 0.8 13.3 ± 0.2
Flat BSR 20.82 ± 0.31 0.996 ± 0.005 84.6 ± 0.8 12.9 ± 0.3
Maskless BSR 21.25 ± 0.29 0.996 ± 0.005 85.1 ± 1.3 13.2 ± 0.4
No BSR (sim.) 19.51 1.017 84.6 12.3
GaAs control (sim.) 21.06 1.012 84.2 13.2

67



Chapter 5: Thin-Film Single-Junction GaAs Solar Cells with Light Management D’Rozario

lines) for the GaAs control and flat BSR device, which were fit (dotted lines) using the diode

Equation 3.1. The recombination current, J01, and ideality, n1, are in agreement between both

devices, and the RS is low in each device. The shunt resistance in the GaAs control is lower

than the flat BSR device due to the increased active area. The VOC from the flat and maskless

BSR devices was reduced by 17 mV, indicating the loss is mainly associated with the inversion

process rather than the texture exposure. Although the VOC from the maskless BSR device is

less than the GaAs control, the current output and FF maintained the device efficiency. With

an improved ELO process and a wide Eg front surface field (FSF), the BSR device efficiency is

expected to approach 20% under 1-Sun AM0.

Figure 5.10 also shows two modeled curves of the GaAs control on the substrate and a

thinned 1.1 µm solar cell with no BSR mainly to indicate the anticipated baseline current out-

put for the thinned solar cell with no path length enhancement. The corresponding figures of

merit for the modeled devices are shown in Table 5.2. The GaAs control electrical diode mod-

eling was performed using the well-established Synopsys Sentaurus Device with III-V electrical

parameters extensively used in the Sentaurus database, discussed in further detail by Nelson

[22]. The minority carrier electron lifetime and mobility in the base are 1x10−7 s and 5.9x103

cm2/Vs, respectively, while the MC hole lifetime and mobility in the emitter are 1x10−6 s and

163 cm2/Vs, respectively. The modeled surface recombination velocity (SRV) is 5x105 cm/s.

The Hovel/Woodall model based on the carrier transport equations was also used to represent

the current collection from the front accurately [17, 106]. Both models used experimental ab-

sorption data from in-house MOVPE-grown materials measured by spectroscopic ellipsometry.

In Figure 5.10, the two-dimensional model accounted for the 4% grid finger shadowing on the

GaAs control, and the modeled JSC is in agreement with the experimental result. The VOC , FF,

and efficiency are also within the measurement variation for the GaAs control. The modeled
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GaAs control absorbing region was reduced to 1.1 µm, and the 4% grid finger shadowing was

included. Both the flat and maskless BSR produce a higher JSC when compared to the thinned

device model, showing that the light trapping structures are indeed improving the photoab-

sorption within the active region. The EQE in Figure 5.11(a)-(b) was taken on regions with no

grid finger shadowing. Thus, the integrated JSC is slightly higher compared to the illuminated

J-V measurements across all devices. The modeled EQE of the thinned device with no BSR

shows a limited collection of low-energy photons due to transmission loss at the backside of the

absorber. From the integrated JSC between 350 nm to 950 nm, the current gained back by the

flat BSR, and maskless BSR devices are approximately 1.6 mA and 2 mA, respectively. This

recovered current in the base region is due to the increased reflection of the low-energy photons

from the light trapping structures, and both BSR devices follow the same trend in EQE as

the GaAs control. Between 700 nm and 950 nm, the maskless BSR provides a 19.7% increase

in the integrated JSC compared to the modeled thin absorber without a BSR. The flat and

maskless BSR devices have a slightly higher front side collection, possibly due to different FSF

thicknesses during epitaxial growth.

The photon lifetime enhancement factor (LEF) within the flat and maskless BSR cavities

was derived using the FP oscillations, as seen in Figure 5.12 near the GaAs band edge where

light is not fully attenuated. Figure 5.12 shows the relationship between the FP fringes depicted

in the EQE according to the multiple resonance reflections at the front surface and the backside

mirror.

In the typical characterization of the FP cavity, as discussed in more detail by Verdeyen and

Thyagarajan et al. [3,107], the quality factor, Q, is an important parameter that describes the

energy dissipating from the cavity and is dependent on the mirror’s reflectivity. The photon

lifetime within the cavity, referred to as the light-trapping photon lifetime (τ trapping
ph ) is derived
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Figure 5.11: External quantum efficiency of the GaAs control, flat and maskless BSR devices,
and modeled GaAs absorber with no BSR for (a) the full spectrum and (b) near the band edge.
The inset diagram represents the Fabry-Pérot fringes caused by the reflection of photons at the
front surface and BSR.

Figure 5.12: Diagram to display the correlation between thin-film oscillations measured in QE
measurements and the reflectance in the thin-film solar cell with a BSR.

from Q. This lifetime is compared to the single-pass photon lifetime (τ single
ph ), which is the case

where no light management is present. For the τ single
ph , the thickness, d, of the flat and maskless

BSR cavities is determined from the Free Spectral Range (FSR), as depicted in Figure 5.11(b).

The FSR in wavelength space, (△λF SR) is the distance between the last two consecutive res-

onance peaks at their maxima and is inversely proportional to the cavity thickness. Since the

index of refraction, n, of the absorbing material is known, the total thickness of the optical

cavity is determined using the relationship,
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△λF SR =
−λ2

p
2nd

, (5.2)

where λp is the peak wavelength at the maximum EQE value from the last FP oscillation.

This relationship results in a cavity thickness of 5.98 µm for the flat BSR device and 5.47 µm

for the maskless BSR device. The maskless BSR device has a thinner cavity since a portion

of the Al0.3Ga0.7As was removed during the maskless etch. For both BSR devices, the total

cavity thickness includes the GaAs absorbing region, the Al0.3Ga0.7As TTC layer, SiO2, and

the Sylgard encapsulant. The τ single
ph is measured, knowing that time is the ratio between the

measured thickness of the BSR cavity and the speed of light. This results in a τ single
ph for the

flat and maskless BSR devices to be 19.9 femtoseconds (fs) and 18.3 fs, respectively. Since the

cavity is thinner from the maskless etching, the τ single
ph is shorter in the maskless BSR device.

Q is determined from the ratio between λp and the full-width half max (FWHM) from the

last EQE fringe. The calculated value of Q for the flat and maskless BSR devices is 153.3 and

170.2, respectively. With highly effective light trapping structures, τ trapping
ph will increase as Q

improves. The τ trapping
ph is calculated by,

τ trapping
ph = Q

2πc
λp, (5.3)

where c is the speed of light. The τ trapping
ph for the flat and maskless BSR devices are 71.1 fs

and 78.4 fs, respectively. The LEF within the cavity is determined by taking the ratio between

the light-trapping and single-pass photon lifetimes.

LEF =
τ trapping

ph

τ single
ph

=
Q

2πcλp

d
c

= Q

2πd
λp. (5.4)

Using this relationship, the LEF for the flat and maskless BSR devices is 3.5 and 4.3,
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Figure 5.13: The light path enhancement factor, F, for the (a) flat BSR device and the (b)
maskless BSR device. The EQE is measured data from each solar cell with an ARC. The
absorption is based on the propagation model for thin absorbers with reflectors from reference
[47]. The LEF calculated value was used for the F factor, as shown by the red curves.

respectively. These values correspond to the extended photon lifetime within the cavity, directly

related to the light trapping properties. The LEF is similar to the Finesse of a cavity as it is

related to Q. The Finesse increases as the FWHM of the oscillation fringe decreases, or in

other words, as the oscillation becomes sharper. The benefit of the LEF is it considers the

single-pass photon lifetime where no light management is present, which allows the path length

enhancement to be known. The LEF can also be compared to the optical characterization

techniques performed in this work. For example, the LEF for the maskless BSR device is

related to the increased haze in reflectance near 80% at the GaAs band edge, depicted in

Figure 5.4(b). This diffuse reflectance indicates a higher degree of internal photon scattering.

Additionally, the dampened FP fringes and higher photoabsorption in the base region of the

maskless BSR device all support the increased LEF compared to the flat BSR device. The LEF

and increased photoabsorption from a maskless BSR are expected to become more noticeable

in absorbers less than 1.1 µm thick where the active region does not become optically thick

within a 4-fold increase in the photon path length. The calculated optical parameters for the
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BSR devices are displayed in Table 5.3.

Table 5.3: Optical cavity parameters calculated for the BSR devices
BSR Flat Maskless
FSR (nm) 17.5 19.1
d (µm) 5.98 5.47
FWHM (nm) 5.7 5.1
λp (nm) 873.9 868.1
Q 153.3 170.2
τ trapping

ph (fs) 71.1 78.4
τ single

ph (fs) 19.9 18.3
LEF 3.5 4.3

Another method to calculate the light path enhancement factor, F, described by Gaucher

et al. [47] was applied to the BSR devices in this work. An ARC consisting of 53 nm of ZnS

and 100 nm of MgF2 was evaporated on the solar cells to analyze the F factor. From the EQE

with an ARC, the analytical propagation model describes the absorption enhancement based

on varying the F factor [10,47]. The model uses the weakly absorbing region of the EQE, where

light is not fully attenuated. The absorption is expressed as

A(λ) = αd

αd + 1
F

, (5.5)

where α is the wavelength-dependent absorption coefficient in GaAs, and d is the absorber

thickness of 1.1 µm. Figure 5.13(a)-(b) displays the change in the absorption model with

various F factors that are adjusted to match the EQE from the GaAs solar cell with the flat

and maskless BSR. For the double pass where F equals 2, the EQE is much higher, revealing

an increase in photon scattering and carrier collection. This increased collection is valid not

only for the maskless BSR device in Figure 5.13(b), but also for the flat BSR device in Figure

5.13(a). The increased F factor in the flat BSR device correlates to the observed 10-15% haze

in reflectance, shown in Figure 5.4(b), near the GaAs band edge, and supports a higher degree
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of light scattering. The inset cross-sectional SEM in Figure 5.4(b) shows the Sylgard does not

have a perfectly flat interface between the epitaxial layers and the mirror, implying that the

light path varies from the scenario of an ideal flat reflector. As the F factor increases from 2,

the fit matches the experimental EQE measurement near the GaAs band edge. The red solid

curves on each plot show that the calculated LEF values agree the most with the EQE. This

agreement supports the validity of the LEF optical analysis, obtained from the FP oscillations

in the measured EQE, as a technique to determine the performance of light trapping structures

in terms of the photon lifetime enhancement.

The integrated JSC taken on the ARC-coated devices resulted in 30.7, 29.6, and 31.3

mA·cm−2 for the GaAs control, flat BSR, and maskless BSR device, respectively. Due to

complications with the ARC deposited on the front side metal contacts, the four-point probe

measurements from the illuminated J-V measurements for the thin solar cells are not shown,

but it is expected that the maskless BSR device can produce an efficiency of 19.7% under 1-

Sun AM0 given this increased current output along with an improved ELO process and highly

transparent FSF. For light trapping devices with an ARC, the band edge shift in the IQE, as

described by Steiner et al. [62], is caused by the measured backside reflectance and increases

the apparent carrier collection. Due to this artifact, it is more accurate to use the EQE mea-

surement when using the LEF analysis for thin-film solar cells with backside light trapping

structures.

5.3.3 Conclusions

The maskless etch has successfully increased the surface roughness as demonstrated in

AlxGa1-xAs with Al composition ranging between 0.1<x<0.3 at different carbon doping concen-

trations. For the 1.1 µm GaAs solar cell, the maskless texture resulted in a haze in reflectance
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near 80% at the GaAs band edge, enabling a JSC comparable to the GaAs control, which is

twice the absorbing thickness. The maskless BSR device also provides an integrated JSC in the

base region that is nearly 20% higher than the modeled thin absorber without a BSR. These

results relate to the maskless BSR developed under the specific conditions used in this work;

however, the broad range of etchant parameters in ratio, temperature, and duration presents

an opportunity to produce distinct maskless textures tailored for high diffuse reflectance in

different parts of the spectrum. The LEF, derived from the FP optical characterization, was

calculated to be 3.5 and 4.3 for the flat and maskless BSR devices. The LEF greater than 2

for the flat BSR device is explained by the haze in reflectance between 10-15% at the GaAs

band edge and is caused by the non-planar behavior in the Sylgard region, suggesting that

the light path varies from the case of an ideal flat reflector. The LEF in the maskless BSR

device correlates to the increased haze in reflectance, dampened FP oscillations, and improved

photoabsorption shown in the EQE near the band edge. The LEF values agree with the F

factor determined by the propagation model and verify using this new technique to define the

enhanced photon lifetime in thin solar cells with light management.

5.4 GaAs Solar Cells with I-MacEtch BSR

5.4.1 Device Growth and Fabrication

The active region of the GaAs solar cell is 0.5 µm thick and is fabricated similarly to the

solar cells explained in Chapter 4. The growth design is shown in Table 5.4 and the structure

of these solar cells is shown in Figure 5.14, where a top-top contact design was utilized. The

Sylgard 184 adhesion layer has a low index of refraction near 1 and serves as the TIR layer. In

these structures, only the Sylgard 184 is used as the low-index layer to remove the additional
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step to deposit SiO2 as a low-index TIR layer.

Figure 5.14: Solar cell design for a 0.5 µm GaAs solar cell with a BSR using a top-top contact

design.

Table 5.4: Growth design for 0.5 µm-thick GaAs solar cells.

Layer Material Thickness (nm) Doping (cm−3)

TTC p-Al0.3Ga0.7As 2000 2x1019 (C)

Window p-InGaP 50 3x1018 (Zn)

Base p-GaAs 350 6x1016 (C)

Intrinsic GaAs 100 UID

Emitter n-GaAs 50 1x1018 (Si)

Window n-InGaP 50 2x1018 (Si)

Contact n-GaAs 100 3x1018 (Si)

Contact n-GaAs 50 2x1019 (Te)

Barrier n-GaAs 10 3x1018 (Si)

Etch Stop n-InGaP 150 3x1018 (Si)

Substrate GaAs 350 µm UID
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5.4.2 Electrical Device Results and Discussion

Figure 5.15 displays the measured EQE obtained from the optically thick GaAs control and

the sub-µm thick GaAs solar cells with the flat and MacEtch BSR, and Table 5.5 displays

the full spectrum and near band edge integrated JSC . The EQE spectrum obtained from a

GaAs control with a 2.25 µm absorbing region shows the reduction in carrier collection in the

base region compared to the optically thick 3.6 µm GaAs control. To compare the thin solar

cells with the BSR to a thin absorber scenario in the absence of light trapping structures, the

Hovel/Woodall model was used.

Figure 5.15: External quantum efficiency for the optically thick GaAs control and the thin

GaAs solar cells with the flat and MacEtch BSR. The 500 nm GaAs solar cell with no light

trapping structures was modeled as shown by the orange dotted curve.

The simulated 500 nm GaAs device without a BSR, as shown by the orange dotted curve

in Figure 5.15, displays the transmission loss from low energy photons as current collection is
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Table 5.5: Integrated JSC from the EQE spectra
Device Full Spectrum JSC (mA·cm-2) Band Edge JSC (mA·cm-2)
GaAs control 3.6 um 34 19.5
GaAs control 2.25 um 22 12.1
Flat BSR 20.7 10.2
I-MacEtch BSR 18.6 8.6
No BSR (sim.) 16.9 6.9

limited in the base region. The recovered current is apparent in the flat and I-MacEtch BSR

devices, as shown by the FP fringing of low-energy photons reflected off the back mirror that

begins around 600 nm. The Ag mirror indicates a suitable reflector, and the I-MacEtch texture

results in a higher degree of photon scattering as the fringes become broader and more current

is collected. Based on the integrated JSC from 650 nm to 950 nm, the I-MacEtch BSR device

regains 17% and 38% of the current loss from the flat BSR device and the simulated no BSR

device, respectively. Although the I-MacEtch BSR current collection in the base region is not

as prominent as the optically thick GaAs control, the improved absorption proves that the

textured BSR efficiently improves the photogenerated carrier collection. Furthermore, different

I-MacEtch textures created by changing the catalyst dimensions or etching conditions can

outperform the spherical dome texture, further improving photoabsorption to reach the current

output realized in the optically thick solar cell.

The LEF described in Chapter 5 is applied to the thinned GaAs solar cells with the BSR

to evaluate the increase in photon lifetime within the optical cavity due to the light trapping

structures [96]. The LEF is calculated from the FP fringes in the EQE near the band edge

for each device, and the corresponding values are displayed in Table 5.6. The thickness of the

cavity in the flat BSR device is larger than the I-MacEtch BSR device since the texturing process

removed an amount of the Al0.7Ga0.3As. The higher Q factor in the I-MacEtch BSR device

reveals that the near band edge photons remain inside the cavity for a longer duration than the
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flat BSR device. For the I-MacEtch BSR device, this results in a longer light-trapping photon

lifetime, τ trapping
ph , and the single-pass photon lifetime, τ single

ph , is shorter since the cavity is

thinner. The LEF was calculated to be 5.7 for the MacEtch BSR device from these two factors.

With an anti-reflection coating, the photoabsorption for near band edge photons is expected to

increase by this value. The flat BSR device resulted in a LEF of 3.4, which is similar to what

was seen for the previous planar BSR device discussed in Chapter 5. Referring back to the haze

in reflectance in Figure 5.15, the diffused scattering for near band edge photons in the flat BSR

device is around 10%. The flat BSR device is expected to be completely specular; however, the

haze in reflectance shows that some photon scattering at the back interfaces is involved. The

low index encapsulant, Sylgard 184, may not be completely flat and uniform below the GaAs

solar cell.

Table 5.6: Optical cavity parameters calculated for the BSR devices
BSR Flat I-MacEtch
FSR (nm) 32 47
d (µm) 3.361 2.257
FWHM (nm) 10.8 9.5
λp (nm) 880 874
Q 81.5 92
τ trapping

ph (fs) 38 42.7
τ single

ph (fs) 11.2 7.5
LEF 3.4 5.7

5.4.3 Conclusions

Based on previous reports in the literature for I-MacEtch in AlxGa1−xAs [77], the patterned

1.5 µm diameter array of Au catalysts was performed as a first approach to create a periodic

texture with similar dimensions compared to the thickness of the GaAs solar cell. The spherical

arrays in carbon-doped AlGaAs developed from the I-MacEtch showed high diffuse scattering

abilities. This texture was incorporated into 0.5 µm GaAs solar cells and the EQE and lifetime
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enhancement factor within the cavity show that the I-MacEtch BSR improves photoabsorption,

especially near the band edge of the GaAs solar cell. Notably, the I-MacEtch process can be

tuned to produce nanostructures with higher diffuse reflectance to further improve current

collection in sub-µm thick GaAs solar cells.

5.5 Chapter Summary

The two textures developed in this work include a maskless etching approach where no

photolithography is required to produce a 3-dimensional crystal structure. The second texture

utilizes I-MacEtch to produce a periodic dome-like structure. There are benefits and trade-offs

to both approaches. The maskless etch requires fewer steps since no patterning is required.

However, the size of the pyramidal structures and morphology is limited to the random nature

of this etch technique. On the other hand, the I-MacEtch can be produced both randomly

and through a pattern. The pattern adds additional steps but is capable of improving photon

absorption in the sub-µm thick GaAs solar cells. Combining the maskless texture with the 94%

reflective flat mirror enhanced the photogenerated carrier collection in the 1.1 µm GaAs solar

cell by 1.6% when compared to the 2.25 µm GaAs control on the GaAs substrate. The LEF

analysis was developed to define the extended cavity photon lifetime due to efficient BSR light

trapping properties. The LEF for the maskless and I-MacEtch BSR devices was measured to

be 4.3 and 5.7 times greater than the single-pass photon lifetime. This enhanced OPL validates

the application of these texturing approaches to maintain absorption in thin-film multijunction

solar cells.
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Chapter 6

Free-Carrier Absorption in Thin-Film GaAs So-

lar Cells

6.1 Introduction

Optical modeling has become a well-established and integral part of demonstrating the

efficacy of light trapping structures as ultrathin III-V solar cells continue to push towards their

maximum achievable efficiency. In particular, researchers have rendered potential pathways to

reach higher voltage and current output in ultrathin GaAs solar cells [35, 38, 54, 54, 56, 58, 60,

61,108]. All parasitic optical losses must be accounted for when modeling ultrathin GaAs solar

cells, including absorption loss in the back mirror and non-active layers behind the photoactive

region of the device. Absorption in the metal can be suppressed by using a low-index spacer

to improve TIR [29, 54, 58, 66, 72] and using wide bandgap materials for non-active back layers

removes band-to-band absorption loss [35,51,57]. This back layer is called "non-active" since it

is outside the photoactive region and does not proactively generate photocurrent but requires

an elevated doping concentration for carrier transport to the external electrodes. This elevated

doping concentration in the back layer may lead to the absorption mechanism known as free-

carrier absorption (FCA). FCA is a parasitic optical process that occurs in heavily doped
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semiconductors where free carriers reduce the intensity of light passing through an absorbing

medium but do not generate electron-hole pairs [109, 110]. In photovoltaics, FCA is mainly

considered in silicon solar cells due to its indirect Eg [10, 42, 109–111] or in heavily doped and

thick III-V substrates [26, 95]. Intuitively, FCA is ignored when modeling III-V solar cells

since the non-active layers are ultrathin and have a direct Eg. This premise changes when

the solar cell optical cavity is related to a laser cavity where FCA must be considered as a

design constraint due to the optical enhancement within these systems [112–117]. Moreover,

light trapping development requires the non-active back layers to be thick enough for texturing

and must preserve electrical contact using a high doping concentration [35, 51]. These factors

reveal the situation where absorption by free carriers may be present in the non-active back

layers, initially designed for light management and carrier transport. In particular, transmitted

photons after the first pass through the ultrathin GaAs solar cell will slowly attenuate in the

non-active back layer due to FCA, eliminating the light trapping structure’s potential current

and voltage enhancement benefits. For these reasons, it is crucial to include the parasitic

loss from FCA in non-active layers when modeling the optical performance of light trapping

structures in ultrathin III-V solar cells.

This study primarily focuses on the optical modeling of ultrathin GaAs solar cells with

different BSR designs, as seen in Figure 6.1, to investigate trends in the FCA based on the

doping concentration and thickness of non-active layers behind the photoactive GaAs region.

This study investigates GaAs solar cells operating under the terrestrial AM1.5G spectrum, but

can easily be performed under the AM0 solar irradiance for space applications. The electrical

performance of the diode is assumed to remain consistent across all simulations, while the

change in doping concentration in the back layer impacts the series resistance. A thorough

investigation to determine an optimal doping concentration in the back layer targeting low
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series resistance for sufficient carrier transport and minimal FCA is necessary for device-specific

designs. Focusing on the optical modeling, the light trapping geometries investigated in this

work include a planar reflector and three cylindrical geometries. These designs are modeled

using a rigorous coupled-wave analysis (RCWA) included in the open-source Python 3 extension,

RayFlare [118]. The free-carrier absorption coefficient used in the back layer is determined

according to classical Drude theory as discussed in Section 6.2.2. By combining Drude theory

to describe the absorption by free carriers in the back layer with RCWA, we show that the

FCA increases as the thickness and doping concentration of the back layer increases. From

these trends, we extract the reduction in the JSC and the VOC from ideal conditions where

FCA is not considered. The results indicate that FCA in non-active layers should not be

underestimated as the reduction in device efficiency may be substantial in these devices.

Figure 6.1: Plot (a) illustrates the GaAs solar cell with a planar Ag mirror and a SiO2 inter-
layer. The three main parameters including the absorptance in the GaAs solar cell (AGaAs),
absorptance in the back layer due the FCA (ABL), and the backside reflectance (R) are dis-
played to correlate these processes to the regions in which they occur. Plot (b) shows a unit
cell of the cylindrical gratings, further discussed in Section 6.3.3. The AlGaAs radius (r), SiO2
pitch (a), and height (tBL) change according to each grating design.
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6.2 Methods

6.2.1 Solar Cell Design and Light Trapping Geometries

The first BSR investigated is a planar geometry, capable of achieving a twofold increase in

the OPL as transmitted photons reflect off the back mirror into the optically thin GaAs solar

cell. Figure 6.1(a) represents the GaAs solar cell with a planar reflector and a bi-layer ARC

of MgF2 and ZnS. Below the ARC is the wide Eg front surface window, AlInP. These three

layers assist in reducing the front surface reflection of incident light. The GaAs absorber has a

photoactive region with thickness indicated by tGaAs. For the planar BSR, three values of tGaAs

are investigated: 100 nm, 300 nm, and 500 nm. Behind the GaAs region is the non-active back

layer where absorption by free carriers is studied, dependent on the thickness (tBL) and doping

concentration (NBL) of the back layer. Behind the back layer is a 500 nm-thick low-index

SiO2 spacer and a highly reflective Ag mirror. In this design, the n-i-p polarity is considered to

investigate the worst-case scenario of FCA in the p-type back layer. Further discussed in Section

6.2.2, holes naturally have a lower mobility and result in a higher FCA than electrons [112].

Due to its wide Eg with increasing Al composition, AlxGa1−xAs is chosen as the material for

the non-active p-type back layer. Additionally, AlxGa1−xAs (hereafter, referred to as AlGaAs)

is a common material used in GaAs solar cells due to its Eg tunability, texturing and doping

capabilities, and the fact that it can be grown nearly lattice-matched to GaAs [29, 53, 66].

The AlGaAs back layer varies in tBL and NBL, and combinations between these factors with

tGaAs are modeled to find trends in FCA. Figure 6.1(a) also displays the specific regions of

interest where absorptance and the backside reflectance (R) occur. Specifically shown are the

absorptance in the photoactive GaAs solar cell (AGaAs) which aids in proactive photogenerated

current, and the parasitic absorptance in the back layer (ABL) due to FCA. Lastly, R is the
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measured amount of reflected photons, which is dependent on tGaAs, tBL, and NBL. Section

6.2.2 discusses the computation to find AGaAs, ABL, and R.

Apart from the planar geometry, three cylindrical gratings consisting of AlGaAs cylinders

embedded in SiO2 are investigated. Figure 6.1(b) displays a unit cell of the cylindrical gratings

with AlGaAs radius (r), SiO2 pitch (a), and height (tBL). In this design, the unit cell repeats

periodically in the xy plane and replaces the back layer. This substitution is the only difference

compared to the planar BSR design in Figure 6.1(a). For the cylindrical geometry, the 300

nm-thick GaAs solar cell is the main focus since, under ideal Lambertian circumstances, it

can absorb 98% of the available photons in the radiative limit [58]. The optical constants

used in the model were measured on in-house grown or deposited non-active layers (MgF2,

ZnS, AlInP, and SiO2) using a spectroscopic ellipsometer (RC2, J.A. Woollam Co., Inc.) and

appropriate fits were performed using the CompleteEASE software. Since GaAs is a widely

understood material, the optical constants were taken from the J.A. Woollam CompleteEase

database. The optical constants for the materials used in the model are displayed in Appendix

A. This study ignores band-to-band absorption in the AlGaAs layer since FCA is the main

focus. Instead, the extinction coefficient in the AlGaAs layer is dependent on the modeled

free-carrier absorption coefficient, as discussed in Section 6.2.2. This assumption in the model

is reasonable considering that in experimental designs that use AlGaAs as a textured backside

layer, the Al fraction is high enough to make it transparent in terms of band-to-band absorption

[52,53,58].

6.2.2 Modeling Free-Carrier Absorption in the Back Layer

The classical Drude model, which is extensively used to calculate the free-carrier absorption

coefficient (αFCA) in laser cavities [112, 119–121], is used to describe the FCA in the AlGaAs
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layer. The αFCA is calculated by,

αFCA = q3λ2N

4π2µm2nε0c3 , (6.1)

where q is the electron charge, λ is the emission wavelength, N is the carrier concentra-

tion, ε0 is the electric constant, n is the index of refraction, and µ and m are the mobility

and effective mass of the charge carriers, respectively. In this expression, absorption by free

carriers is dependent on the carrier concentration and mobility and will be greater in a p-doped

semiconductor since the mobility is nearly two orders of magnitude lower than in an n-type

semiconductor at the same doping concentration [121]. As the FCA is studied at different dop-

ing levels, the mobility to determine αFCA must change, too. This is accomplished by using

the low-field empirical mobility model to calculate the mobility of p-type carriers [122]. The

mobility at 25 ◦C is defined by,

µ = µmin + µmax − µmin

1 + ( N
Nref

)λ
, (6.2)

where µmin, µmin, Nref , and λ are fitting parameters specific to the carrier type and semi-

conductor [122]. To validate the mobility model against experimental measurements, multiple

Al0.3Ga0.7As films were grown on 2-inch (100) GaAs wafers with a 2-degree offcut <110> via

MOVPE and measured using Hall to determine N and µ. Figure 6.2(a) displays the exper-

imental results plotted against the mobility model using the fitting parameters described by

Sotoodeh et al. [122]. The agreement between the experimental Hall measurements validates

the use of the mobility model to determine µ in Equation 6.1. The remaining parameters in

Equation 6.1 are based on values in literature, such as the effective mass of holes in AlGaAs

as determined by Adachi [123], which remains constant for a given Al composition. Values for
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n are determined by spectroscopic ellipsometry and appropriate fits on Al0.3Ga0.7As. Figure

6.2(b) shows the αF CA of AlGaAs at doping concentrations between 5x1018 cm−3 and 4x1019

cm−3, which is the range used in the modeled structures. In this plot, the doping concentration

has a direct influence on FCA, especially at longer wavelengths. The modeled FCA results

in this work are based on Equation 6.1 and are performed at standard temperature at 25 ◦C.

Notably, if the solar cells are designed for extreme temperature conditions, then the low-field

mobility model including temperature must be applied to calculate the change in mobility as a

function of temperature [122].

Integrated in Rayflare, the Pol method established in the Stanford Stratified Structure Solver

(S4) was used in the RCWA computations [118,124] to study the impacts of FCA in the AlGaAs

layer (simply referred to as the back layer, hereafter) behind the ultrathin GaAs solar cells. The

four main factors contributing to the change in transmitted photons during each pass through

the solar cell cavity include tGaAs, αGaAs, tBL, and αFCA. With the RCWA methods and

absorption coefficients determined in the GaAs absorber and back layer, various combinations

Figure 6.2: Plot (a) shows experimental Hall results taken on p-type AlGaAs samples compared
to the mobility model. Plot (b) shows the αFCA calculated by the Drude model, which is
integrated with the mobility model.

87



Chapter 6: Free-Carrier Absorption in Thin-Film GaAs Solar Cells D’Rozario

depending on the thicknesses of each layer are simulated to determine the variation in FCA.

The total reflectance (R), absorptance (A), and transmittance (T ) between 350 nm - 900 nm

at normal incidence are computed as follows:

RAT = reflectance + transmittance + AGaAs + ABL, (6.3)

where AGaAs and ABL present the absorptance in the GaAs and back layer based on their

absorption coefficients, respectively. The fractional R, T, AGaAs and ABL are determined

separately by normalizing each parameter to the total RAT computation. Additionally, the

summation of each fractional parameter always equals unity. In the ideal case where FCA is

not present, ABL is ignored so that all absorption occurs within the GaAs solar cell. Initially,

the ideal conditions are computed without including FCA in the back layer. By introducing the

αFCA to find ABL in the back layer, the total RAT changes where some level of FCA occurs in

the back layer. This absorption takes away from potential photogenerated current in the GaAs

absorbing region. The fractional free carrier absorption (FFCA) in the back layer is extracted

by normalizing ABL to the RAT computation and is used to describe the loss in current and

voltage output compared to ideal conditions, as discussed in Section 6.3.

Due to the three-dimensional nature of the cylindrical gratings, convergence tests were

conducted to find accuracy in the RCWA computation. The number of Fourier orders increased

in the xy plane of the grating layer, and the two main responses including the JSC and FFCA

in the back layer converge at higher Fourier orders. The maximum deviation for JSC and

FFCA between 169 orders and 225 orders is less than 0.01% and 0.05%, respectively. To

accommodate for computation time, 169 Fourier orders was used, resulting in nearly a 3x

reduction in computation time. The convergence results are shown in Appendix A.
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6.3 Results and Discussion

6.3.1 Current Loss due to Free-Carrier Absorption with a Planar BSR

An example of the reduction in absorptance in a 300 nm-thick GaAs solar cell with a planar

BSR, as depicted in Figure 6.1(a), when FCA is present in a 800 nm-thick back AlGaAs layer

is shown in Figure 6.3. Specifically, Figure 6.3(a)shows the reduction in AGaAs and increase

in ABL as NBL increases in the non-active back layer. Focusing on Figure 6.3(a), the shortest

wavelengths are easily absorbed towards the front of the optically thin GaAs solar cell (blue

curves) during the first pass. Around 500 nm in wavelength, the absorption drops in the GaAs

solar cell and the thin-film interference patterns are observed in the GaAs absorber and the

back layer due to reflection from the mirror. As NBL increases in the back layer, the photon

absorption by free carriers in the back layer increases, too (green curves). This absorption in

the back layer is especially noticeable towards the longer wavelengths as NBL increases. This

increased FCA is especially limiting to the absorption of near band-edge photons not easily

absorbed during the first pass in the GaAs solar cell. In Figure 6.3(b), the reduction in R from

the planar BSR is observed as NBL increases in the back layer and is more pronounced at longer

wavelengths. In the ideal case where FCA is not present, the backside reflectance is above 98%

near 900 nm in wavelength (dark brown curve) and the reflected photons experience a twofold

path length enhancement through the GaAs absorber. The photons that reflect off the mirror

will experience a path length enhancement in the back layer before reaching the GaAs region

again. Therefore, when NBL and the associated FCA is considered, this immediate path length

enhancement in the back layer will reduce the measured R as photons parasitically absorb in

the back layer. For example, at NBL equal to 4x1019 cm−3, the backside R is measured to be

86% near 900 nm in wavelength (light pink curve), indicating a significant loss of photons due
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to the absorption by free carriers. This observation is especially detrimental not only to the

JSC , but also the VOC , as discussed in Section 6.3.2.

Figure 6.3: The plots above show the change in absorptance in a 300 nm-thick GaAs solar cell
(AGaAs) and in a 800 nm-thick back layer (ABL) along with the change in backside reflectance
(R) of a planar Ag mirror as a function of NBL. Specifically, plot (a) shows the reduced
absorption in the GaAs solar cell (blue curves) and the increased absorption in the back layer
(green curves) as NBL increases. Plot (b) shows reduction in backside reflectance as NBL

increases in the back layer.

The example explained above provides a glimpse of the negative impacts due to FCA.

However, there are various combinations of the tGaAs, tBL, and NBL available to explore. First,

the ideal absorption for the three GaAs solar cells with tGaAs of 100 nm, 300 nm, and 500 nm

are determined without including FCA in the back layer. The solar cells are modeled in the

radiative limit and AGaAs is used to determine the EQE where AGaAs(λ) = EQE(λ). From

this absorption, the ideal JSC (JSC
ideal) is found by integrating the GaAs absorption against

AM1.5G reference spectrum, E(λ),

J ideal
SC = q

hc

∫ λ2

λ1
λEAM1.5G (λ) EQE (λ) dλ, (6.4)

where q is the electronic charge, h is Planck’s constant, and c is the speed of light. Across
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the wavelength range from 350 nm to 900 nm, the J ideal
SC for the 100 nm, 300 nm, and 500 nm-

thick GaAs solar cells with the planar geometry are 16.2, 24.8, and 27.8 mA·cm-2, respectively.

When the αFCA is included in the back layer, ABL will reduce absorption in the GaAs region

depending on the back layer thickness and doping concentration. The FFCA determines the

loss in JSC in the GaAs absorber as shown by,

J loss
SC = J ideal

SC · FFCA. (6.5)

This computation is performed for various combinations of tBL and NBL, and contour maps

of the J loss
SC for the three ultrathin GaAs solar cells are shown in Figure 6.4(a)-(c). The NBL

between 5x1018 cm-3 and 4x1019 cm-3 and the tBL between 0.2 µm to 3 µm are investigated.

These ranges are common for sufficient carrier transport and texturing capabilities as reported

in literature [52–54,66].

The scale bar to the right displays the J loss
SC and the contour lines display the FFCA at

the specified conditions. In all cases, the most detrimental current loss occurs as the back

layer thickness and doping concentration increase. Intuitively, this is expected to occur as the

attenuation of photons in the back layer increases at high doping levels. Comparing the FFCA

contour lines in plots a, b, and c, the rise in J loss
SC is more prominent in the 100 nm-thick GaAs

absorber since the transmitted photons after the first pass through GaAs have a higher intensity

compared to the thicker absorbers. At the maximum values investigated for tBL and NBL, the

FFCA over 25% results in nearly 5 mA/cm2 current loss for the 100 nm-thick GaAs device. Any

transmitted photons that survive the first pass through the back layer and reflect off the planar

mirror experience a twofold increase in OPL through the back layer. Figure 6.4(d) displays the

reduction in JSC with increasing back layer thickness at three specific doping concentrations

for the three GaAs solar cells under investigation. For each doping concentration, the slope is
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Figure 6.4: Contour maps displaying the J loss
SC in GaAs solar cells with a planar BSR at various

combinations between the back layer doping concentration (NBL) and back layer thickness
(tBL). Specifically, plot (a) represents tGaAs = 100 nm, (b) tGaAs = 300 nm, and (c) tGaAs =
500 nm. The contour lines display the FFCA corresponding to specific back layer conditions.
Plot (d) displays the reduction in JSC in the GaAs solar cells from ideal conditions vs. tBL at
three doping concentrations.

greater in the 100 nm-thick GaAs solar cell as tBL increases from 0 µm to 2.5 µm. This trend

illustrates the significance of GaAs absorber thickness with the loss of photons due to FCA

after the first pass.

6.3.2 Voltage Loss due to Free-Carrier Absorption with a Planar BSR

Along with improved current output, light trapping structures in ultrathin GaAs solar

cells allow an enhancement in the VOC to occur and numerous studies have shown increased

voltage output by introducing highly reflective mirrors [60,66,68]. The voltage enhancement is
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especially noticeable in high-quality ultrathin GaAs solar cells where radiative recombination

dominates and the internal luminescent efficiency (ηint) is close to or at unity [125]. The ηint

is represented by,

ηint = Urad

Urad + Unr
, (6.6)

where Urad and Unr are the radiative and nonradiative recombination rates, respectively.

For GaAs solar cells operating in the radiative limit, an ideal reflector allows internally emitted

photons to cycle within the active region and increase the external luminescent efficiency (ηext),

which in return, increases VOC . Embedded in ηext are optical properties, which can be changed

according to the efficacy of the light trapping geometry. VOC can be expressed in terms of the

ideal open-circuit voltage, (V ideal
OC ), as calculated using detailed-balance [60,64,68,125], and ηext

as

VOC = V ideal
OC + kT

q
ln(ηext). (6.7)

In this equation, ηext is determined by the ηint and the photons probability of escape (P esc)

and absorption (P abs):

ηext = ηintP esc

1 − ηintP abs
. (6.8)

These probabilities depend on the front (Rf ) and backside reflectance (Rb) and their ex-

pressions are further explained by Steiner et al. [68]. In these probabilities, Rf is calculated

from the solar cell escape cone and Rb is calculated from the backside reflectance. In an ideal

design, both ηint and Rb are equal to 1, which allows ηext to reach unity and sets the measured

VOC to equal the ideal VOC in Equation 6.7.
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Figure 6.5: Contour maps displaying V loss
OC in GaAs solar cells with a planar BSR at various

combinations between the back layer doping concentration (NBL) and back layer thickness
(tBL). Specifically, plot (a) represents tGaAs = 100 nm, (b) tGaAs = 300 nm, and (c) tGaAs

= 500 nm. The contour lines display the Radj corresponding to specific back layer conditions.
Plot (d) displays the reduction in VOC from ideal conditions in the GaAs solar cells vs. tBL at
three doping concentrations.

When FCA is considered in the back layer, the ideal conditions diminish as Rb reduces.

Building on the work of Steiner et al., an adjusted back reflectance (Radj) that now considers

the FFCA in the back layer is introduced into the model. The Radj is calculated by,

Radj = Rb − FFCA, (6.9)

where Rb is set to 1 to represent an ideal reflector and FFCA is determined using the same

methods described in Section 6.2.2. For all combinations of NBL and tBL, the Radj determines

the loss in VOC using Equations (6.7)-(6.8). In all calculations, the ηint is set to unity to model
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the GaAs cell operating in the radiative limit. The Rf is set to 96% which considers the escape

cone in GaAs [69]. Under the detailed-balance limit for a 3 µm-thick GaAs cell, 1.12 V is used

for V ideal
OC in Equation 6.7 [64].

The contour maps in Figure 6.5(a)-(c) display the loss in voltage from V ideal
OC for GaAs solar

cells with tGaAs equal to (a) 100 nm, (b) 300 nm, and (c) 500 nm. The contour lines display

the Radj at the specified back layer parameters to represent the reduced reflectance from the

ideal Rb. The scale bar represents the voltage loss from V ideal
OC , where a thicker and highly

doped back layer results in a larger voltage drop from ideal conditions. The voltage loss is

less extreme in the 500 nm-thick GaAs solar cell since there are less transmitted photons after

the first pass through the absorbing region. For the 100 nm-thick GaAs solar cell, the higher

amount of transmitted photons result in a larger voltage loss as more photons are parasitically

absorbed by free carriers in the back layer. At the maximum conditions explored for tBL and

NBL, the voltage loss approaches 60 mV in the 100 nm-thick design. For each solar cell, the

reduction in VOC as the back layer thickness increases at three values of NBL are seen Figure

6.5(d). The decay in voltage is greater in the 100 nm-thick GaAs solar cell as tBL increases

from 0 µm to 3 µm. Across all solar cells, the drop in VOC is more prominent at higher doping

concentrations. The three ultrathin absorbers require near 100% reflected photons at the band

edge for maximum voltage benefits to occur, and the parasitic FFCA in the back layer removes

any chance of achieving V ideal
OC . In realistic planar BSR designs, achieving a backside reflectance

equal to 100% is complex, and experimental results found in literature have shown mirrors

performing with a 98-99% peak reflectance [114,116,117]. The realistic peak mirror reflectance

reduces Rb in Equation 6.9, ultimately dropping Radj even further. Therefore, the expected Rb

for specific BSR designs must be accounted for when measuring the adjusted reflectance.
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6.3.3 Free-Carrier Absorption in Back Cylindrical Gratings

Besides the planar BSR design, cylindrical gratings consisting of AlGaAs embedded in

SiO2, as shown in Figure 6.1(d), are also considered in this study. This geometry is quite

attractive for light trapping in ultrathin GaAs solar cells given the contrast in index of refraction

between the two materials, making it suitable to enhance resonance modes and photogenerated

current. Recently, Buencuerpo et al. demonstrated strategies to obtain an optically thick, but

physically thin 300 nm-thick GaAs solar cell using these materials in a backside nanostructured

layer [58]. In experimental designs, some method of backside carrier transport and collection

is required and one approach includes using a top-bottom contact design with highly doped

AlGaAs cylinders to serve as ohmic pathways, or vias, to the metal mirror. Based on the

promising results in Buencuerpo’s optimized nanostructured design, three similar designs are

investigated for a 300 nm-thick GaAs solar cell operating in the radiative limit while considering

different doping concentrations in the AlGaAs cylinders. In this design, the SiO2 spacer above

the Ag mirror reduces parasitic absorption in the mirror, but blocks carrier transport. To

explore similar designs to Buencuerpo et al. with maximum reflectance from the backside

metal, the SiO2 spacer remains in these simulations. In realistic design, a top-top contact

approach with the TTC layer allows the SiO2 space to remain intact, but will increase FCA

as the TTC requires a high doping concentration and its thickness must scale with increasing

solar cell active area to reduce sheet resistance [52]. For researchers interested in using the

top-top contact design with light trapping structures, optimization must be made between the

thickness and doping concentration in the TTC to minimize FCA while providing sufficient

carrier transport.

In the top-bottom contact design, highly doped AlGaAs cylinders with larger radii may

provide adequate carrier transport, but also increase FCA as the doped semiconductor coverage
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Table 6.1: Cylindrical grating unit cell specifications and J ideal
SC without FCA

Grating label t (nm) r (nm) a (nm) AlGaAs coverage (%) SiO2 coverage (%) J ideal
SC (mA/cm2)

A 200 105 300 38.5 61.5 27.8
B 350 200 520 46.5 53.5 28.7
C 500 250 550 64.9 35.1 27.9

scales up. Grating B refers to the optimized light trapping structure while Grating A and C

look at a low and higher AlGaAs coverage, respectively. For each grating, the AlGaAs percent

coverage varied across the unit cell by adjusting the radius of the cylinder and changing the

pitch, as shown in Figure 6.1(d). Each grating achieves J ideal
SC that is 3-4 mA above the planar

BSR design (refer to Section 6.3.1). Table 6.1 shows the grating specifications labeled A, B,

and C, with percent coverage and J ideal
SC where FCA is not considered.

An example of the absorptance in the 300 nm-thick GaAs solar cell with Grating B is

shown in Figure 6.6(a) where ABL now represents the absorption in the AlGaAs cylinders

within Grating B. Similar trends to the planar BSR design show that higher values of NBL

reduces the overall absorption in the GaAs solar cell. At wavelengths below 500 nm, AGaAs at

Figure 6.6: The plots above show the change in absorptance in a 300 nm-thick GaAs solar
cell (AGaAs) and the in AlGaAs regions of Grating B (ABL) along with the change in backside
reflectance (R) as a function of NBL. Specifically, plot (a) shows the reduced AGaAs (blue
curves) and the increased ABL (green curves) as NBL increases. Plot (b) shows reduction in R
as NBL increases in the AlGaAs regions in Grating B.
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the different NBL remains the same. After this point, transmitted photons interact with the

nanostructured layer and as the doping concentration increases, the AGaAs decreases. Due to

the nature of propagating light in nanostructured designs, the FCA can be higher at specific

wavelengths and a dramatic spike in ABL is evident near 900 nm in wavelength, near the band

edge of GaAs. Figure 6.6(b) displays the reduction in backside reflectance as the NBL increases

in Grating B. At NBL equal to 4x1019 cm−3, the backside reflectance dramatically drops below

85% from the peak reflectance in the ideal case.

Each grating is tested in the ideal case where no FCA is present in the AlGaAs regions,

and again for AlGaAs at the same doping concentrations modeled with the planar BSR. The

ideal JSC values are recorded in Table 6.1. Figure 6.7(a) shows the reduction in JSC from the

ideal geometry in each grating design as NBL increases. When FCA is not considered, Grating

C outperforms Grating A in terms of JSC . However, once the FCA is included in the model,

Grating C significantly reduces the amount of photogenerated current in the GaAs solar cell

at NBL greater than 1x1019 cm−3 due to the increased AlGaAs coverage. The normalized JSC

plot in Figure 6.7(b) highlights the significant reduction in photogenerated current as AlGaAs

coverage increases across the designs. As a result, Grating A becomes more effective as a light

trapping structure than Grating C at doping concentrations greater than 1x1019 cm−3.

The same method to determine the reduction in VOC as described in Section 6.3.2 is done

for the grating geometries by changing Radj based on the FFCA. As shown in Figure 6.7(c),

similar trends to the loss in JSC are observed, and Grating C results in the largest voltage

loss. The solar cell efficiency is calculated using AM1.5 conditions with a total irradiance

of 100 mW/cm2, and a realistic fill factor of 84% for GaAs solar cells [108]. Figure 6.7(d)

shows the drop in efficiency as NBL increases in each grating geometry. Noticeably, Grating

A degrades the least as NBL increases since it has the lowest doped semiconductor coverage.
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At low doping concentrations, Grating B remains as the optimized light trapping design. At

doping concentrations greater than 2.7x1019 cm−3, Grating A outperforms Gratings B and C

due to its steady decline in efficiency, allowing it to become the favored light trapping design.

At 4x1019 cm−3, Grating B and C lose an absolute efficiency of 1.8% (6.9% relative) and

2.9% (11.5% relative), respectively, while grating A losses an absolute efficiency less than 0.6%

(2.2% relative), making it the better light trapping structure at higher doping concentrations.

This study suggests that when designing nanostructured geometries for light trapping, the

doped semiconductor regions should lean towards smaller unit cell dimensions to reduce the

absorption by free carriers. While increased doped semiconductor coverage leads to improved

carrier transport in a top-bottom contact design, the optical benefits of the light trapping

structure will reduce at high doping concentrations. Therefore, an optimal point between

sufficient carrier transport and effective light trapping must be found in device-specific designs

as research aims to improve the efficiency in ultrathin III-V solar cells.

Figure 6.7: Plot (a) displays the reduction in JSC and increase in FFCA and plot (b) displays
the normalized JSC as NBL increases in the AlGaAs regions of the three gratings behind a
300 nm-thick GaAs solar cell. Plot (c) displays the voltage loss from VOC

ideal with associated
FFCA and plot (d) displays the decrease in efficiency as NBL increases.

99



6.4 Chapter Summary

This research focuses on the optical modeling of FCA in non-active layers behind ultrathin

GaAs solar cells with planar and nanostructured grating designs. The results show that FCA

increases as the thickness and doping concentration of the back layer increase. The FCA is more

noticeable as the GaAs absorber thickness reduces since more transmitted photons after the

first pass interact with free carriers. The FCA optical loss reduces the light trapping benefits

in terms of reduced JSC and VOC from ideal conditions, and in return, reduces the device

efficiency. When designing nanostructured gratings, the doped semiconductor region must

be optimized to balance minimal FCA and sufficient carrier transport to external electrodes.

Recognizing the potential optical loss by FCA in non-active layers will help set guidelines

for careful material selection when designing ultrathin III-V solar cells with light trapping

structures and will support these devices in reaching their maximum efficiency based on the

detailed-balance limit.
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Chapter 7

Thin-Film Dual-Junction Solar Cells with Light

Management

7.1 Introduction

This chapter involves the development of inverted DJ solar cells with novel texturing ap-

proaches. The first texturing approach uses reactive-ion etching (RIE) to damage the last

non-active epitaxial layer physically. When a wide Eg material is regrown on its surface, the

epi material inherently grows roughened. The second texturing approach renders a promising

new technique to texture the last epitaxial layer grown in the MOVPE reactor directly after

solar cell growth. The RIE and in situ etch are integrated into the inverted DJ solar cells. The

DJ design is optimized first by focusing on the bottom GaAs subcell, and design changes to

the FSF and PN junction are made to improve the device’s photon absorption and electrical

performance, respectively. The device results indicate that the in situ BSR can improve base

collection in the thinned bottom subcell and achieve 100% diffuse scattering near 700 nm in

wavelength. In addition, the base collection in the 800 nm-thick GaAs subcell matches the cur-

rent output in the control device, indicating a 4-fold increase in the OPL. Finally, this chapter

discusses future work for the inverted DJ design, growth, and fabrication, to achieve highly
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efficient and thin-film solar cells with the RIE and in situ textured BSRs.

7.2 Optimized GaAs Subcell Design

Modeling the FCA in non-active textured layers, as described in Chapter 6, guides the

textured layer design for the inverted DJ solar cell. The bottom GaAs subcell is also optimized

to target higher voltage output and maintain photon absorption as expected in an optically

thick design. This goal is accomplished by changing the material selection and growth and

utilizing the heterojunction design. First, the dopants used in the PN junction were carefully

considered. The p-type Zn dopant used in the GaAs base has a high diffusion coefficient, so

during epitaxial growth, it diffuses outside of the base region and creates a gradual doping profile

rather than an abrupt profile at the PN junction interface. This reduced doping concentration

will limit the voltage output at open-circuit conditions and was previously determined to be

less than 1.0 V. Another p-type dopant source available is carbon using the precursor carbon

tetrachloride (CCl4). CCl4 has a significantly lower diffusion coefficient than Zn and allows

an abrupt profile to form at the PN junction [126]. Before experimenting with a solar cell,

numerous calibrations were performed to understand the growth rate, surface morphology, and

carbon incorporation in GaAs. These test structures were characterized through microscopic

imaging and Hall measurements. Once the growth conditions were established to target a doping

concentration of 5x1016 cm−3, different upright GaAs solar cells were grown and fabricated to

analyze the improved device performance. Different front surface windows were investigated

with the switch to using carbon in the p-type base to improve front surface collection. The

devices grown and tested are shown in Figure 7.1(a)-(c).
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Figure 7.1: Diagrams of the optimized GaAs solar cells with (a) InGaP FSF and Zn base, (b)

AlInP FSF and C base, and (c) AlInP FSF and a heterojunction with an InGaP emitter and

GaAs:C base.

The electrical results for the GaAs solar cells with different front surface windows and base

dopants are shown in Figure 7.2(a)-(b) where plot (a) shows the illuminated J-V curves and

plot (b) shows the EQE curves. In the J-V curves, nearly 5 mA of current is recovered replacing

the InGaP window with a wider Eg semiconductor. Also, the VOC increases over 20 mV, and

the FF increases by an absolute 5%. These figures of merit lead to an absolute 4% increase in

efficiency. Plot (b) displays the EQE where the collection at the front of the device with the

AlInP FSF is significantly higher.
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Figure 7.2: Diagrams of the optimized GaAs solar cells (without an ARC) to investigate impacts

using carbon as the p-type dopant in the base and different front surface windows.

Next, the homojunction was replaced with a heterojunction design where two semiconduc-

tors with dissimilar Eg are used to form the PN junction. The emitter was changed to InGaP,

which has a wider Eg than GaAs and promoted an increase in VOC from the bottom subcell.

Changing the FSF and the p-type dopant concentration in the GaAs base resulted in signifi-

cant improvement in JSC and VOC for the single-junction GaAs solar cell without degrading

fill factor.

7.3 Dual-Junction Solar Cell Design

The DJ design includes the bottom heterojunction GaAs subcell described above and a

standard top InGaP subcell. The InGaP top subcell is based on previous research and was

used for the solar cell structures in this work. The diagram of the design is shown in Figure

7.1(c), and the growth design is shown in Table 7.1 where layers marked with "top" refer to the

top InGaP subcell and layers marked with "bottom" refer to the bottom GaAs subcell. The
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Table 7.1: Growth design for the upright DJ solar cell.
Layer Material Thickness (nm) Doping (cm−3)
Top Contact n-GaAs 50 2x1019 (Te)
Top Contact n-GaAs 100 5x1018 (Si)
Top Window n-AlInP 20 8x1017 (Si)
Top Emitter n-InGaP 70 2x1018 (Si)
Top Intrinsic InGaP 10 UID
Top Base p-InGaP 390 5x1016 (Zn)
Top Window p-AlGaInP 100 2x1018 (Zn)
Tunnel p-Al0.3Ga0.7As 10 2x1019 (C)
Tunnel n-GaAs 10 2x1019 (Te)
Bottom Window n-AlInP 25 8x1017 (Si)
Bottom Emitter n-InGaP 50 2x1018 (Si)
Bottom Intrinsic GaAs 200 UID
Bottom Base p-GaAs 3500 1x1017 (C)
Bottom Window p-InGaP 50 2x1018 (Zn)
Substrate GaAs 350 µm 5x1018 (Zn)

averaged J-V measurement figures of merit across twelve samples for this device are reported

in Table 7.2. The VOC is the summation of the top and bottom subcells and leads to AM0

efficiency equal to 18.3%. Additionally, the current output is near 12 mA/cm2 due to the

dual-junction design where current is limited by the subcell producing the smaller amount of

current. This current output is reasonable for a DJ design and is the new target to match in

the thin-film bottom heterojunction solar cells, indicating increased photon path length from

the textured BSRs.

The solar cells shown above are all upright and attached to the host substrate. With

textured BSRs, the substrate is removed, and the solar cell is grown inverted, as discussed in

Chapter 4. Figure 7.3(a) shows the inverted growth of the DJ solar cell, and Figure 7.3(b)

shows the completed DJ solar cell detached from the substrate and with the textured BSR.

Table 7.3 displays the layer structure for the inverted DJ solar cell, which is the same as the

upright device other than the switch in the growth sequence. The following section discusses

two new light trapping structures and their application in the DJ solar cell.
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Table 7.2: Figures of Merit for the original and optimized DJ solar cell
Device JSC (mA·cm-2) VOC (V) FF (%) η (%)
DJ solar cell 12.13 ± 0.33 2.352 ± 0.011 87.7 ± 0.9 18.3 ± 0.4

Table 7.3: Growth design for the inverted thin-film DJ solar cell.
Layer Material Thickness (nm) Doping (cm−3)
TTC p-Al0.3Ga0.7As 1500 2x1019 (C)
Bottom Window p-InGaP 50 2x1018 (Zn)
Bottom Base p-GaAs 390-3500 1x1017 (C)
Bottom Intrinsic GaAs 100 UID
Bottom Emitter n-InGaP 50 2x1018 (Si)
Bottom Window n-AlInP 25 8x1017 (Si)
Tunnel n-GaAs 10 2x1019 (Te)
Tunnel p-Al0.3Ga0.7As 10 2x1019 (C)
Top Window p-AlGaInP 100 2x1018 (Zn)
Top Base p-InGaP 390 5x1016 (Zn)
Top Intrinsic InGaP 10 UID
Top Emitter n-InGaP 70 2x1018 (Si)
Top Window n-AlInP 20 8x1017 (Si)
Top Contact n-GaAs 100 5x1018 (Si)
Top Contact n-GaAs 50 2x1019 (Te)
Barrier n-GaAs 10 3x1018 (Si)
Etch Stop n-InGaP 150 3x1018 (Si)
Substrate GaAs 350 µm UID

Figure 7.3: Diagram of (a) inverted DJ after growth and (b) completed DJ solar cell with

textured layer and Au mirror.
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7.4 Texture Development

7.4.1 Surface Treatment using Reactive-Ion Etching

The previous solution-based textures in Chapter 5 display promising results using the mask-

less etch and I-MacEtch to achieve three-dimensional structures and recover photogenerated

current in the thin-film GaAs solar cell. While these approaches show promising results as

textured BSRs, new texturing approaches that do not require additional time associated with

lab bench processing were investigated. The RIE surface treatment involves exposing the last

non-active epitaxial layer to a fluorine-based plasma to damage the crystal without removing

the III-V material. The carbon tetrafluoride (CF4) was generated with the inductively-coupled

plasma (ICP) power and directed towards the III-V solar cell at a controlled forward bias (RF).

These conditions allowed the ions from the plasma to bombard the top non-active III-V layer

without etching the material. The process is shown in Figure 7.4(a)-(b).

Figure 7.4: Flow sequence using the RIE surface treatment for epitaxial texturing where (a)

presents the RIE treatment using ICP-RIE and (b) presents the regrowth of a wide bandgap

Al0.7Ga0.3As layer once the RIE-treated solar cell is back in the MOVPE reactor.
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This treatment has a wide processing window where conditions such as the RF and ICP

power, chamber pressure, etch duration, and gases used for plasma generation. Adjusting these

conditions and testing the electrical performance between the overgrown textured semiconduc-

tor and the metal contacts can determine a target range between roughened textured surface

and effective electrical properties, which otherwise are degraded at the textured semiconduc-

tor/metal interface. The RIE process in this work used CF4 at 50 sccm, an ICP power equal

to 100 W, RF power equal to 50 W, and a chamber pressure of 35 mTorr. After the RIE treat-

ment, the wafers were placed back into the MOVPE reactor to overgrow the wide Eg p-type

Al0.7Ga0.3As layer. For the DJ solar cell with the thinned bottom GaAs subcell, high Al com-

position is required for unabsorbed photons to interact with the textured region rather than

parasitically absorb, as discussed in Chapter 3. The deposited epitaxial material grew rough

as the crystal surface was no longer atomically smooth.

Figure 7.5(a)-(b) displays the RIE-roughened Al0.7Ga0.3As layer through (a) AFM and (b)

SEM. The final AlGaAs:C layer was nearly 500 nm thick, and Figure 7.5(a) shows the increased

surface roughness above 60 nm due to the RIE process and roughened surface morphology. The

surface is more than six times rougher than the pre-textured solar cell.
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Figure 7.5: Surface characterization on RIE treated and regrowth of Al0.7Ga0.3As showing (a)

10x10 µm AFM scan and (b) 10 µm top-down SEM scan.

The haze in reflectance measurements, as described in Chapter 5, are performed on the RIE

treated Al0.7Ga0.3As structures. The structures use InGaP as a transparent material, which

is also suitable for substrate removal. Substrate removal is required on the test structures to

remove the parasitic absorption in the GaAs substrate. After the RIE treatment and regrowth,

the Au mirror was evaporated on the semiconductor, and the structure was bonded to a silicon

handle for substrate removal. An ARC consisting of ZnS and MgF2 was deposited to suppress

front surface reflection.
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Figure 7.6: Reflectance measurements on the RIE BSR with and without a SiO2 interlayer,

namely the (a) total and diffuse reflectance and (b) haze in reflectance.

Figure 7.6(a)-(b) shows the total and diffuse reflectance measurements and haze in re-

flectance. In Figure 7.6(a), the RIE texture increases the diffuse reflectance up to 40% for

wavelengths near the GaAs band edge at 870 nm. For wavelengths beyond 900 nm, the dif-

fuse reflectance drops by 20%. This drop in diffuse scattering is especially noticeable near the

InGaAs band edge at 1240 nm in wavelength. The reason is mainly because there is minimal

interaction between the longer wavelengths and the textured surface. Surface dimensions on
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the same order as the wavelength are required to promote angular photon scattering. Figure

7.6(b) shows the haze in reflectance for the RIE-textured BSR. For this particular texture, the

haze is limited since the diffuse reflectance is below 50%. The surface roughness and haze in

reflectance can be improved by changing the process conditions during the RIE step as well as

by changing the growth conditions of the regrowth material.

7.4.2 In Situ Etching using Halomethane Compounds

In III-V semiconductors, halomethane compounds are mainly used as a p-type dopant rather

than a tool for semiconductor texturing. Throughout literature, CCl4 has been known to reduce

the growth rate of III-V materials as the Cl atoms replace surface sites available for group III

elements, such as Al, Ga, and In, to bond with [127–129]. This research investigates a method of

texturing III-V semiconductors using halomethane compounds by MOVPE in a semiconductor

light absorbing device structure for improved photon absorption. The texturing method is

described using CCl4 but can be achieved using other halomethane gas sources such as carbon

tetrabromide (CBr4). The texturing method does not rely on a pre-existing surface texture or

roughness for textured epitaxial overgrowth. Instead, the in situ texturing method relies on the

etching mechanism of group III elements (such as Al, Ga, and In).
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Figure 7.7: Process flow of in situ etching where (a) displays the grow of the last layer for

texturing, (b) displays the etch-back and (c) displays the final structure once the etch-back is

complete.

Figure 7.7(a)-(c) displays the in situ texturing method where (a) presents the first step

growing a transparent III-V material for texturing. Figure 7.7(b) displays the etch-back where

during this process, thermally decomposed chlorine radicals from the CCl4 gas react with the

group III elements in the top-most layer and creates volatile byproducts released from the

semiconductor surface. The texturing method is achieved by flowing CCl4 with an overpressure

consisting of arsine (AsH3) or phosphine (PH3), depending on the group V element in the

top-most epitaxial layer to exploit volatile Cl-III byproducts [126]. This step continues until

the desired thickness and surface roughness are met, as shown in Figure 7.7(c). The texturing

method can be applied at the surface, interfaces, or a combination thereof during the epitaxial

growth of the III-V device structure. The etch-back is monitored with an in situ metrology

system where etch rates are determined according to the epitaxial growth parameters, including
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reactor pressure, molar flow, V/III ratio, and sample temperature. In return, the amount of

material etched away is controlled to target specific surface roughness of the pseudo-random

surface morphology and layer thickness.

Figure 7.8: epiTT during the in situ etching of 70% AlGaAs.

This process was conducted on multiple samples to target a slow etch rate. The in situ

texturing method in Al0.7Ga0.3As requires an AsH3 overpressure with a partial pressure equal

to 0.826 mbar. The reactor pressure was 100 mbar, and the AsH3 and H2 carrier gas molar

flows are 1.02x10−3 mol/min and 1.22x10−1 mol/min, respectively. An internal metrology

system to monitor the etch rate and reduction in surface reflectance is beneficial for calibrating

the texturing process for specific III-V materials. Monitoring the drop in surface reflectance

during the etch-back step seen in Figure 7.8 indicates increased surface roughness and photon

scattering. Promisingly, the surface reflectance drops below 7% at the end of the growth. The
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curvature also shows a gradual evolution of stress during the etch-back. This step continues to

meet the desired thickness of the transparent textured layer. Finally, the AFM shows a surface

roughness of 126 nm, over 100 times greater than the pre-textured semiconductor with surface

roughness less than 10 nm. The SEM in Figure 7.9(b) displays the three-dimensional pyramidal

structure across the AlGaAs layer.

Figure 7.9: Surface characterization of the in situ textured AlGaAs showing (a) AFM and (b)

top-down SEM.

Figure 7.9(a)-(b) shows the surface characterization on the in situ textured Al0.7Ga0.3As

using (a) AFM and (b) top-down SEM. The height of the pyramidal structures extracted from

the AFM is near 1200 nm, and the surface roughness is greater than 120 nm. This surface

roughness is the greatest achieved across all textures developed in this research. The top-down

SEM in plot (b) shows the pyramidal structures, and the sides were determined to be the (111)

crystal planes. The sides of the pyramids rise at an angle much greater than 8°, making this

texture suitable to promote TIR after the second and third pass through the solar cell, as

discussed in Chapter 3.
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Figure 7.10: Reflectance measurements on the in situ BSR with and without a SiO2 interlayer,

namely (a) total and diffuse reflectance and (b) haze in reflectance.

Haze in reflectance measurements were performed for the in situ textured BSR. One of the

test structures includes a 500 nm-thick TIR layer of SiO2, which is deposited before the Au

mirror. The purpose of the TIR interlayer to improve reflection at the textured interface is

discussed in detail in Chapter 3 and Chapter 5. Figure 7.10(a) displays the total and diffuse
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reflectance from the in situ BSR with and without the SiO2 interlayer. The addition of the SiO2

interlayer increases the total reflectance by about 10%, and the diffuse reflectance increases at

wavelengths between 800 nm and 950 nm. Interestingly, the SiO2 structure drops in diffuse

reflectance at wavelengths longer than 1000 nm. This reduction in diffuse reflectance may be

due to the thickness of the TIR layer, which may need to increase to remove frustrated TIR

associated with the longer wavelengths [72]. Figure 7.10(b) shows the haze in reflectance for

both in situ BSR structures. Promisingly, the in situ BSR with the SiO2 interlayer achieves

haze in reflectance equal to 100% at 700 nm in wavelength. This result indicates complete

diffuse scattering at this wavelength since it equals the total reflectance. Since these pyramidal

structures are wavelength specific according to their base and height dimensions, the diffuse

reflectance drops as the wavelength increases. The haze in reflectance also decreases to 75% at

wavelengths beyond 1200 nm. Overall, both in situ test structures achieve the greatest haze in

reflectance out of the different textures developed in this research, indicating a high degree of

angular photon scattering and effective at improving photon absorption in sub-µm thick solar

cells.

7.5 Design, Growth and Fabrication

The DJ solar cells were grown following the same growth conditions as discussed in Chapter

4. The upright control DJ solar cell consists of the optically thick top and bottom subcells to

ensure total photon absorption. In the control device, the bottom GaAs subcell is 3.6 µm thick.

In the inverted thin-film designs, the bottom GaAs subcell base thickness equals 800 nm and is

nearly four times thinner than the optically thick design. These devices were designed without

including a low-index TIR layer to confirm if beneficial light trapping can occur without the

additional fabrication steps associated with the low-index layer. For this reason, a top-bottom
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contact design was used. The first step for the thin-film solar cells was to develop the BSR using

the RIE and in situ texturing approaches discussed above. Then, the backside Au mirror, which

also serves as the contact, was evaporated. Substrate removal and fabrication were performed

using the processes discussed in Chapter 4.

7.6 Electrical Device Results and Discussion

Illuminated J-V measurements were taken across the various inverted DJ solar cells and

compared to the upright DJ solar cell design. Figure 7.11 displays the illuminated J-V curves

from the solar cells. First, the inverted DJ solar cells (blue) do not perform at the same level as

the upright DJ solar cells design (red). Specifically, the loss in VOC by nearly 300 mV provides

evidence of material degradation in the active region of the solar cell. The JSC is limited to

approximately 9 mA/cm2. Since this device is optically thick, the JSC should be near 12.5

mA/cm2. The fact that it is nearly 3.5 mA lower than the upright DJ solar cell validates

material degradation most likely due to the inverted growth. As discussed previously, the

inverted growth and removing the substrate from the epitaxial layers brings forward complex

processing challenges. One main issue is the growth sequence between P and As-based layers,

which is opposite between the upright and the inverted growths [130–132]. The growth sequence

was not optimized in this research and resulted in negative impacts on the device performance.

Therefore, progress on the device performance depends on future work to optimize the DJ

inverted growth.
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Figure 7.11: Illuminated J-V measurements comparing the optically thick upright and inverted

DJ solar cells.

While it is important to optimize the inverted growth of the control sample in future work,

the textured BSRs were integrated into similar structures as the inverted control to provide

a glimpse into the potential light trapping benefits using the current inverted DJ solar cell

design. Therefore, EQE measurements are compared between the inverted DJ solar cell and

the inverted thin-film solar cells with the RIE and in situ BSRs. Figure 7.12 displays the EQE

measurements on the inverted control and BSR devices. The three BSR devices include a flat,

RIE, and in situ texture. These three devices have an active region thickness of 800 nm, which

is over 4 times thinner than the optically thick design. The EQE in the top InGaP subcell

varies across the different devices. Promisingly, the bottom GaAs subcell with the in situ BSR

has the same base collection as the control. This result indicates complete photon collection in
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the 800 nm thick base, highlighting that the increased diffuse reflectance from the in situ BSR

can improve photon absorption and the photon path length near 4 passes provided it is four

times thinner than the control.

Figure 7.12: EQE measurements on the control DJ solar cell and the inverted DJ solar cell with

various BSRs.

Figure 7.13 shows the EQE on the bottom GaAs subcell. The integrated JSC under the

curve describes the base region collection between 750 nm to 920 nm in wavelength. The FP

fringes from the flat BSR start in the emitter range near 650 nm in wavelength. These fringes

become more pronounced towards the band edge, highlighting the optical performance of the

flat mirror. Designing the textured layers to be less than 500 nm in thickness with p-type doping

concentration less than 1x1019 cm−3 confirms that the absorption by free carriers is negligible

and does not affect the back reflectance. The RIE BSR achieves a slightly lower current output
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than the planar mirror, indicating that the surface treatment must be optimized to promote

increased surface roughness. This low current output aligns with the low degree of haze in

reflectance for this specific RIE-textured BSR.

Figure 7.13: EQE measurements on the bottom GaAs subcells with various BSRs.

The in situ BSR performs the best out of the different light trapping geometries and shows a

higher base current collection than the control. This result is due to interface enhancement, also

known as Urbach tailing effects, where absorption occurs past the band edge of the GaAs solar

cell. The thin-film solar cell with the in situ BSR achieves numerous passes, indicating multiple

chances for interface enhancement. Additionally, the current output in the in situ BSR design

indicates a path length enhancement greater than 4 passes. The collapsed FP cavity, increase
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in RMS roughness from AFM, and haze in reflectance near unity all support the enhancement

base current collection from the in situ texture.

7.7 Chapter Summary

This chapter presents promising results using the RIE surface treatment and the in situ

texturing processes for BSR development in thin-film DJ solar cells. The in situ texturing

method can produce highly diffuse light scattering surfaces without adding multiple processing

steps, applicable for a wide range of optoelectronic device applications that require textured

interfaces or surfaces for angular photon scattering. The pyramidal structures’ dimensions are

similar to the wavelengths near the GaAs band edge, making the diffuse reflectance greater

than 80% in the GaAs base wavelength absorbing region. The haze in reflectance for the in

situ texture is near unity at 700 nm in wavelength and signifies complete diffuse scattering and

dampened specular reflectance of incident photons interacting with the BSR. Additionally, the

surface roughness from the in situ textured AlGaAs extracted from AFM is above 120 nm,

which is the best result from the textured semiconductors developed in this work. The three-

dimensional pyramids are much like the Si-based KOH texture discussed in Chapter 3, are a

favored feature to achieve high OPL, and can be integrated into various thin-film MJSC designs.

While the inverted growth and fabrication require optimization to produce highly efficient solar

cells, the EQE measurements display enough information to support using the RIE and in situ

textured BSRs in future multijunction solar cells. Specifically, the in situ BSR achieves a higher

current output in the base region than the optically thick baseline. The RIE texture has room

for improvement as many variables in the ICP-RIE processing and the epitaxial regrowth can

induce a higher degree of surface roughening. These textured BSRs are further investigated in

a thin-film IMM design, as discussed in Chapter 8.
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Chapter 8

Thin-Film Inverted Metamorphic Solar Cells with

Light Management

8.1 Introduction

This chapter involves the integration of the RIE and in situ BSRs in thin-film IMM solar

cells. The first approach was to demonstrate improved JSC in SJ InGaAs solar cells experi-

mentally compared to the thin-film geometries with no light trapping. The surface roughness

extracted from AFM shows increased diffuse scattering properties for the textured layers com-

pared to the planar geometry. These devices maintain VOC and improve JSC , which merits

further characterization of the triple-junction IMM design with the RIE and in situ BSRs to

study light trapping properties and radiation tolerance experimentally. Thin-film IMM devices

with base thicknesses of 600 nm and 1200 nm were compared to the control device with base

thickness equal to 3000 nm. The highlighted results show that all BSR devices improve photon

absorption and current output compared to the thin-film geometries with no light management

or a planar BSR. The EQE shows base and band edge photon collection within 1 mA of the

control, which suggests considerable path length enhancement from sufficient light trapping in
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the thin-film devices. By using a well-established damage displacement dose model, the re-

maining factor provided trends in the reduced current and efficiency as these devices become

damaged from 1 MeV electrons. The trends show that, for both current and efficiency, the base-

line device has the largest reduction in performance. Three of the four BSR devices surpass

the IMM control in terms of JSC . Specifically, the 1300 nm + RIE BSR device outperforms

the control at the lowest electron fluence equal to 1.5x1014 e−/cm2, the 700 nm + in situ BSR

surpasses the control at 6x1014 e−/cm2, and the 1300 nm + in situ BSR device surpasses the

control near 9x1014 e−/cm2. In terms of mass-specific power, since the 700 nm-thick devices

are much lighter in weight, their mass-dependent efficiency surpasses the control beyond an

electron fluence of 4x1014 e−/cm2. As well, at 2x1015 e−/cm2, the 700 nm + in situ device

achieves a mass-specific power that is 157 W/kg greater than the baseline. This is a significant

result as it indicates that the 700 nm-thick device is radiation tolerant, and the textured BSRs

can produce higher mass-specific power compared to the conventional design. These results

validate the use of the RIE and in situ processing for space PV manufacturing and matches the

light trapping goals outlined in this research.

8.1.1 Texture Development

The two texturing methods reported in Chapter 7 resulted in favorable light trapping in the

thinned GaAs bottom subcell and encouraged the use of the simple texturing approaches for the

IMM devices. The first approach uses the RIE surface treatment to damage the top epitaxial

layer where the subsequent overgrowth of a wide Eg material inherently grows roughened due

to the RIE treatment. The second approach is an in situ etching process on the last non-active

epitaxial layer directly after the growth of the solar cell. For both treatments, GaAs was chosen

as the material for texture development since its Eg is wider than the 1-eV InGaAs solar cell.
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These textures were initially investigated with SJ 1-eV InGaAs solar cells to reduce the material

and growth costs associated with the triple-junction IMM device.

Figure 8.1: Absorption in a 600 nm-thick InGaAs solar cell according to different doping con-

centrations in a 2 µm thick backside GaAs layer. Behind the GaAs layer is a planar Au mirror.

The study on FCA in the backside textured layer, as discussed in Chapter 8, led to the

first design optimization for the InGaAs solar cells. Modeling the FCA in the p-type GaAs

textured layer helped guide the design and reduced the parasitic absorption by free carriers.

In particular, various p-type doping concentrations were modeled in the bottom GaAs layer to

predict the absorption loss due to FCA and target a feasible doping concentration. The photons

that transmit through the InGaAs absorbing region will have an immediate 2-fold increase in

the OPL in the textured back layer as they reflect from the mirror. Therefore, the first two

passes are crucial to reducing parasitic absorption by free carriers. Originally, the GaAs layer

had a doping concentration equal to 2x1019 cm−3 and a thickness equal to 2 µm for proper

texture development. Figure 8.1 displays the absorption in the 600 nm-thick InGaAs solar cell
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and the textured GaAs back layer with doping concentrations of 7x1018 cm−3, 9x1018 cm−3,

and 2x1019 cm−3. As the doping concentration increases, the absorption by free carriers of near-

band edge photons does, too. This absorption loss reduces the number of reflected photons from

the Au mirror and degrades the absorption in the InGaAs solar cell. This result is observed as

the thin-film interference patterns reduce with increasing doping concentration. At the doping

concentration of 1x1019 cm−3, the layer must be no more than 500 nm in thickness to achieve

sufficient carrier transport while minimizing FCA.

The same RIE process described in Chapter 7 was used at a controlled forward bias to

bombard the last-grown GaAs layer without etching the material. After the RIE treatment,

the treated wafers were brought back to the MOVPE reactor to overgrow the wide Eg p-type

GaAs layer. The deposited epitaxial material grew rough as the crystal was no longer atomically

smooth. The GaAs layer was monitored using a LayTec EpicurveTT metrology system until

the 405 nm surface reflectance dropped below 20%, as displayed in Figure 8.2.

Figure 8.2: EpiTT curvature and surface reflectance (405 nm) during the regrowth of GaAs:C
on the RIE-treated InGaAs solar cell.

Figure 8.3(a) presents the AFM scan from the pre-textured InGaAs solar cell with extracted

surface roughness before the texture development to use as a baseline. The surface roughness

125



Chapter 8: Thin-Film Inverted Metamorphic Solar Cells with Light Management D’Rozario

around 7 nm is slightly rougher than an epi-ready surface because of the metamorphic grade

in these devices. However, it is still low enough not to produce a high diffuse reflectance

without additional texture development. Figure 8.3(b) displays the RIE-roughened GaAs layer,

highlighting nearly a 3-fold increase in surface roughness compared to the pre-textured InGaAs

solar cell.

Figure 8.3: AFM with surface roughness on (a) pre-textured InGaAs solar cell, (b) RIE textured
GaAs and (c) in situ textured GaAs.

The in situ texturing process shown in Figure 8.4 used the same etch-back conditions in

Chapter 7 to slowly remove and texture the GaAs layer. Calibration runs were developed to

achieve high surface roughness and low in situ surface reflectance while targeting a GaAs layer

less than 500 nm in thickness. The final process starts with the growth of a 1500 nm-thick GaAs

layer, and the etch-back with an etch rate near 3 nm/min is performed until approximately 300

nm of textured GaAs is left.

From the in situ process, the final GaAs:C layer was 500 nm thick and Figure 8.3(c) shows

the increased surface roughness from the in situ process and roughened surface morphology.

The surface roughness is more than six times that of the pre-textured solar cell. The drop

in surface reflectance during the etch-back step is seen in Figure 8.5 and indicates a higher

degree of photon scattering and is related to the increased RMS characterized by AFM. The

curvature shows an increase in film stress during the etching procedure and is likely associated
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Figure 8.4: The in situ texturing process where (a) displays the growth step of the Gaas:C
layer, (b) displays the etch back using CCl4, and (c) displays the final textured GaAs layer on
the inverted SJ InGaAs solar cell.

Figure 8.5: EpiTT surface reflectance and curvature during the growth of 1500 nm thick GaAs
(orange region) and the in situ etch-back of the GaAs layer (yellow region).

with breaking crystalline bonds as the group III elements are removed from the surface.
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8.2 Single-Junction 1-eV InGaAs Solar Cells

8.2.1 Device Characterization

The four BSR designs include an absorbing mirror with a Cr interlayer, a planar mirror, the

RIE-roughened texture, and the in situ texture. All BSRs use a reflective Au mirror, which also

serves as the backside contact. The Au was thermally evaporated with a final thickness of 500

nm. The 1-eV InGaAs solar cells were grown by MicroLink Devices and fabricated using ELO,

as dsicussed in Chapter 4. An ARC consisting of MgF2/ZnS was deposited on the completed

devices, followed by characterization and analysis. The final devices are shown in Figure 8.6.

The InGaAs solar cells have an n-type 100 nm emitter and a p-type 500 nm-thick base, resulting

in a total active region thickness of 600 nm. This thickness is nearly five times thinner than its

optically thick counterpart.

Figure 8.6: Diagrams of the thin-film 1-eV InGaAs solar cells with (a) planar Au BSR, (b)

absorbing BSR, (c) RIE-textured BSR, and (d) in situ textured BSR.

Illuminated J-V measurements were taken on the ARC-coated, optically thin 1-eV InGaAs

solar cells with the absorbing, planar, RIE, and in situ BSR designs. For each device, ten

samples were measured at 25°C using a TS Space Systems dual-source 18 kW solar simulator

filtered for the AM0 spectrum. Figure 8.7 displays the J-V curve from the best-performing
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Figure 8.7: Illuminated J-V results with an ARC for the 1-eV InGaAs solar cells with various
back surface reflectors.

cells. The first improvement was made by removing the Cr adhesion layer, which recovered 3.5

mA of the current collection between the absorbing BSR device (green) and planar BSR device

(black). Promisingly, the InGaAs solar cells with the RIE and in situ BSR enhance the JSC by

more than 25% compared to the planar BSR. The RIE and in situ BSR devices have a band

gap voltage offset, WOC , equal to 431 mV and 422 mV, respectively. These values are similar

to the voltage offset reported by NREL for a 1-eV solar cell, which was reported to be 400 mV

[134]. The texture procedures do not appear to interfere with backside carrier collection, as

seen from the maintained VOC and FF while enforcing angular photon scattering within the cell

to improve the JSC . Both textured BSR devices improve the JSC compared to the absorbing

and planar mirror.

The EQE and reflectance results from the BSR devices are displayed in Figure 8.8, and the

integrated JSC results are reported in a bar chart in Figure 8.9. Similar to the illuminated
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J-V, the current output in the textured BSRs is greater than the planar mirror, and the Cr

adhesion layer significantly reduces the photon absorption across the entire solar cell. The RIE

and in situ BSRs demonstrate a 20% and 28% increase in the integrated JSC , respectively,

compared to the planar BSR. Additionally, the reflectance drops after the InGaAs band edge

in the textured BSR designs, indicating a higher degree of photon scattering. The FP thin-film

oscillations are evident in the planar BSR device starting around 900 nm in wavelength but

dampen in the RIE BSR and disappear in the in situ BSR designs.

Figure 8.8: EQE and reflectance ARC for the 1-eV InGaAs solar cells with various back surface

reflectors.

Based on the FP cavity behavior and using the LEF analysis [52], the extended photon

lifetime inside the solar cell is calculated to determine the photon path length. The planar

and RIE BSR result in a LEF of 2.4 and 3.6, respectively. The LEF near two for the planar

BSR is expected as a planar mirror can only improve the path length by two passes. The LEF
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is slightly higher than two in the planar BSR device, most likely due to the inherently rough

properties of the metamorphic material. The increased LEF from the RIE BSR demonstrates

an enhanced path length inside the solar cell, corresponding to the improved JSC and low

specular reflectance after the InGaAs band edge. The in situ BSR does not show FP cavity

behavior, so the LEF analysis cannot be applied. However, due to the in situ processing, the

collapsed FP cavity is promising since it indicates a high degree of photon scattering.

Figure 8.9: Integrated AM0 JSC measured from the BSR devices, full-spectrum and expected

JSC when integrated into a full IMM device.

The difference in EQE at the front side of the planar and textured BSRs is due to the

different thicknesses of the GaAs contact layer. The optically thick InGaAs subcell in an IMM

design achieves a current output of 16.7 mA/cm2 [83,135], and results show that both textured

BSRs have JSC greater than this value. This result is because the SJ InGaAs solar cell can

convert the high-energy photons into a photogenerated current since the middle GaAs subcell
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is not present. For this reason, the integrated AM0 JSC between 870 nm and 1240 nm was also

determined provided that in the triple-junction device, the middle GaAs subcell will absorb

photons up to its band edge near 870 nm. The expected JSC for the RIE and in situ BSR

are calculated as 13.03 mA/cm2 and 14.16 mA/cm2, respectively. The in situ BSR device

results in a JSC that is nearly 2.5 mA lower than the optically thick design, potentially due to

other parasitic absorption mechanisms such as absorption in the mirror. Incorporating a low-

index interlayer, as shown with the SJ GaAs solar cell results in Chapter 5, will help improve

the backside reflectance but also introduces a more complex fabrication process since a top-

top contact design or backside vias are required for carrier transport. This approach was not

experimentally realized in this work. Instead, the triple-junction IMM devices with slightly

thicker absorbing regions were developed. The goal of slightly increasing the base thickness in

the bottom InGaAs subcell is to reduce the current loss and reach the photogenerated current

output expected from the IMM control while achieving a higher mass-specific power. The

following section involves the experimental results and discussion of this approach.

8.3 Triple-Junction Inverted Metamorphic Solar Cells

8.3.1 Device Characterization

The promising experimental results using the RIE treatment and the in situ texturing

approaches in the SJ 600 nm-thick InGaAs solar cells projected the integration of these light

trapping structures into the triple-junction IMM solar cell with the thinned bottom InGaAs

subcell. The IMM devices were grown by collaborators at MicroLink Devices using the inverted

growth and ELO process explained in Chapter 4. Figure 8.10 is a diagram of the IMM device

with a top InGaP subcell, middle GaAs subcell, and thin-film InGaAs subcell. As mentioned
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above, instead of developing a more complicated fabrication process by incorporating a low-

index interlayer, the bottom InGaAs subcell base region thickness was increased to help improve

the current output. Originally, the SJ solar cell base region thickness was 500 nm. Two new

base thicknesses were explored for the triple-junction devices, namely 600 nm and 1200 nm, to

improve the current output and mass-specific power. The top and middle subcell have the same

design across all devices and are based on MicroLink Devices solar cell structure. These triple-

junction solar cells were combined with another research project studying multiple quantum

wells (MQW) and a DBR between the middle and bottom subcells. The MQWs are embedded

in the middle GaAs subcell and do not impact the photon collection in the base of the bottom

subcell. The DBR consists of an alternating material stack between AlInP and InGaP and is

based on previous work [136, 137]. Four thin-film designs with combinations of the RIE or in

situ texture are paired with the Au reflective mirror. All devices have a 100 nm-thick emitter.

Therefore, the active region thicknesses for the control and thin-film devices are 3100 nm, 1300

nm, and 700 nm, respectively. These devices are referenced according to the InGaAs active

region thickness and the BSR. For example, the 600 nm thick InGaAs base design with the

RIE texture is denoted as "700 nm + RIE," while the 1200 nm thick base design with the in

situ texture is referred to as "1300 nm + in situ." The names of the four light trapping devices

include, "700 nm + RIE", "1300 nm + RIE," "700 nm + in situ," and "1300 nm + in situ." These

four devices are compared to the optically thick design, which has a 3000 nm-thick InGaAs base

region and is referred to as the "IMM Control."
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Figure 8.10: Diagram of the triple-junction IMM device with a top InGaP cell, middle GaAs

cell, and the thin-film InGaAs cell with a textured mirror.

Illuminated J-V measurements were taken on ten different samples across each BSR device.

Out of the ten samples, one cell has an active region of 1 cm2, while the rest have a smaller active

region of 0.25 cm2. The best-performing J-V measurements across the four BSR devices are

shown in Figure 8.11. The VOC in all devices is about 250 mV less than the IMM control device

reported in literature. This voltage loss may be associated with the nanostructured MQW

region in the middle GaAs subcell, which is known to increase nonradiative recombination in

solar cells [138]. To understand this loss in VOC , devices without the MQW are required.

Overall, all samples have a BoL efficiency greater than 24% along with JSC that is 1.5-2 mA

greater than the SJ InGaAs solar cells reported in Section 8.2.
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Figure 8.11: Illuminated J-V measurements for IMM device with various BSR designs and

InGaAs base thicknesses.

Figure 8.12 displays the measured EQE from the BSR devices compared to the IMM control.

Across all samples, the top InGaP cell has the same photon collection and indicates high

uniformity in growth and fabrication. The middle GaAs cell has oscillation peaks due to the

reflectance between the DBR and the top of the cell, with similar JSC across all BSR devices.

Compared to the control (black), the base collection in the GaAs middle subcells and the

front side collection in the InGaAs bottom subcells are slightly low. This result is explained

when considering the DBR reflectance as shown by the black dotted line. The DBR aims

to reflect high-energy photons into the middle subcell but parasitically absorbs photons near
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the reflectance peak at 900 nm in wavelength. Therefore, the collection in the bottom InGaAs

subcells between 870 nm and 975 nm is lower for the BSR devices. The full spectrum integrated

JSC is reported for the bottom subcells, and the 2 mA difference in JSC can be explained by the

DBR reflectance. The influence from the light trapping structures is evident in the base region

and near the band edge of the bottom InGaAs subcells. The thin-film interference patterns

differ across each sample due to the difference in absorbing thickness and light trapping effects.

Figure 8.12: EQE on the IMM devices with different BSRs and InGaAs base thicknesses.

The bottom InGaAs subcell is plotted separately in Figure 8.13. The bottom InGaAs

subcell has numerous oscillations due to the change in photon incidence from the top and

middle subcells, the thin-film nature of the bottom cell, and the backside reflectance from the

BSR. A better comparison between the IMM control and the BSR devices considering the

reflectance loss from the DBR is shown in this plot, and the integrated JSC between 975 nm

to 1300 nm in wavelength is reported. The IMM control achieves the most significant base and
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band edge photon collection. The 1300 nm + RIE (green) and 700 nm + in situ (yellow) curves

show the greatest improvement in the JSC and are within 1 mA of the control sample.

Figure 8.13: EQE on the bottom InGaAs subcell across all BSR devices.

The thin-film IMM devices with light trapping structures show that the current output is

greater than the designs without light management. However, the best-performing BSRs are

within 1 mA of the control device. These figures of merit are true at BoL performance before

exposure to radiative particles. Therefore, damage displacement modeling using TCAD Sen-

taurus Device and established material coefficients for the InGaP, GaAs, and InGaAs subcells,

as discussed in Chapter 2, is performed on these samples. First, the remaining factor was deter-

mined for the InGaAs devices with a base thickness of 3000 nm (control), 1200 nm (thin-film),

and 600 nm (thin-film, sub-µm regime). Figure 8.14(a) shows the remaining factor for these
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three thicknesses where the control (black) reduces its current collection to 91% at an elec-

tron fluence equal to 2x1015 e−/cm2. This value is significant since it represents the radiation

damage after a 15-year mission in Geosynchronous Earth orbit (GEO). Notably, the remaining

factor for the 600 nm-thick base device is 99% of its BoL current output at EoL. These trends

are used to calculate the remaining factor using the experimentally measured JSC across the

BSR devices. Specifically, the BoL JSC from the best-performing devices, as shown in Figure

8.11, are used for the thin-film IMM devices. For the IMM control, the reported BoL JSC value

equal to 16.7 mA/cm2 is used [135]. Figure 8.14(b) displays the calculated JSC vs. electron

fluence for the BSR devices compared to the IMM control. At BoL, the BSR devices achieve

a lower JSC than the IMM control. Promisingly, the 1300 nm + RIE BSR device produces a

current within 0.2 mA of the IMM control. Since the IMM control has poor radiation tolerance,

this device loses more than 1.5 mA of current at EoL conditions. Promisingly, three out of the

four BSR devices surpass the IMM control in terms of JSC . Specifically, the 1300 nm + RIE

BSR device outperforms the control at the lowest electron fluence equal to 1.5x1014 e−/cm2,

the 700 nm + in situ BSR surpasses the control 6x1014 e−/cm2, and the 1300 nm + in situ

BSR device surpasses the control near 9x1014 e−/cm2.
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Figure 8.14: Radiation modeling based on the experimental JSC from the thin-film IMM device

with the in situ BSR (a) remaining factor in JSC and (b) trend in JSC based on measured

values.

Rather than considering the JSC vs. electron fluence alone, the AM0 efficiency extracted

from the BSR devices is also investigated in terms of the remaining factor at EoL. The same

method described for the remaining factor in JSC is performed using the AM0 efficiency from

the best-performing devices. For reference, the BoL efficiency values are displayed in Figure

8.11. Figure 8.15(a) displays the remaining factor in efficiency across the three InGaAs solar

cells with different base thicknesses. In particular, the IMM control shows the highest efficiency

degradation and can maintain only 67% of its BoL efficiency. At the same time, the thin-film

device has less degradation and can maintain 78% of the BoL efficiency at EoL conditions.

Figure 8.15(b) shows the calculated AM0 efficiency across the IMM + BSR devices and IMM

control. At EoL, the IMM control achieves the highest efficiency, equivalent to 20.4%. The 700

nm + in situ BSR device achieves the second highest efficiency, equivalent to 19.8%.
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Figure 8.15: Plot (a) displays radiation modeling of the AM0 efficiency of the IMM devices with

three base thickness of 3000 nm (black), 1200 nm (blue), and 600 nm (red). Plot (b) displays

the AM0 efficiency vs. electron fluence using the experimentally measured BoL efficiency and

trends in the remaining factor from plot (a).

While the thin-film BSR devices do not surpass the efficiency of the IMM control at EoL

conditions, there are further observations to examine. The first is the trend in efficiency. If

the model continued past 2x1015 e−/cm2, there is a clear cross-over point in efficiency between

the BSR devices and the IMM control. This is applicable for deep-space missions where the

electron fluence is higher than 2x1015 e−/cm2. Secondly, it is important to consider the mass-

specific power vs. electron fluence for each of these designs. As discussed in Chapter 2, the

mass-specific power of the solar cell is its efficiency normalized to its weight. This metric can be

calculated at the cell or array scale. For the cell size, the material densities of each subcell and

the thickness of the overall device are considered. The cell-size mass-specific power is considered

and calculated using the material densities for InGaP, GaAs, and InGaAs as 4.47, 5.317, and
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5.68 g/cm3, respectively. The total thickness of triple-junction device varies according to the

thickness of the bottom InGaAs subcell. The control, thin, and ultrathin IMM devices lead

to weight/area values of 2.04x10−5 kg/cm2, 1.75x10−5 kg/cm2, 1.7x10−5 kg/cm2, respectively.

Using these values as the weight of the device and the calculated efficiencies reported in Figure

8.15(b), the mass-specific power vs. electron fluence is determined.

Figure 8.16: Plot of the calculated mass-specific power for the BSR devices and IMM control.

Figure 8.16 displays the calculated mass-specific power for the IMM + BSR devices com-

pared to the IMM control. The mass-specific power for the IMM control reduces over 670 W/kg

at EoL due to its radiation intolerance. Since both of the 1300 nm + BSR devices have similar

trends in the remaining factor of efficiency, the mass-specific power trends are also similar.

Although all BSR devices have a lower BoL efficiency than the IMM control, they outperform

the control after electron radiation. In particular, all thin-film BSR devices surpass the IMM
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control before 5x1014 e−/cm2. The 700 nm + RIE BSR device and the 700 nm + in situ BSR

device achieve a mass-specific power at EoL that is 195 W/kg and 269 W/kg greater than the

IMM control, respectively. The 600 nm-thick IMM devices achieve the greatest mass-specific

power at EoL due to their maintained collection of photogenerated carriers, even after radiation

damage. This result is significant since, at BoL, the 600 nm-thick + BSR devices are not the

favored candidate, provided their absolute efficiency is approximately 4% less than the IMM

control. However, their resilience to radiation damage allows them to prevail in the harsh space

environment and makes them a better candidate for EoL conditions. Through careful material

selection, texture development, modeling, and characterization, the goal to increase radiation

hardness and mass-specific power was accomplished in this work. These light trapping results

support the use of the RIE and in situ textured BSRs in space PV technology and provide the

opportunity to extend the mission lifetime for space vehicles.

8.4 Chapter Summary

The RIE-surface treatment and in situ processing techniques provide inexpensive methods

for texturing III-V semiconductors applicable at the backside of thin-film MJSC for space appli-

cations. The first approach was to demonstrate improved JSC in SJ InGaAs solar cells compared

to the thin-film devices with no light trapping structures. The surface roughness extracted from

AFM shows increased diffuse scattering properties from the textured layers compared to the

planar geometry. The textured BSR devices maintained VOC and improved JSC , which mer-

its further investigation in the triple-junction IMM device. The highlighted results from the

triple-junction IMM devices show that all BSR devices improve photon absorption and current

output compared to the thin-film geometries with no light management or a planar BSR. The
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EQE shows base and band edge photon collection within 1 mA of the IMM control, which sug-

gests path length enhancement from adequate light trapping in the thin-film devices. Since the

700 nm-thick devices are much lighter in weight, their mass-dependent efficiency surpasses the

baseline after an electron fluence of 4x1014 e−/cm2. This is a significant result as it indicates

the 700 nm-thick devices are radiation tolerant, and the in situ BSR is capable of maintaining

current and producing higher mass-specific power compared to the conventional design. These

results validate using this simple processed texture for space PV manufacturing and match the

goals outlined in this research.
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Chapter 9

Conclusions and Future Work

The first part of this dissertation describes the work investigating the integration of light

trapping structures in the form of BSRs behind thin-film III-V photovoltaics. The goal is to

realize optically thick but physically thin device architectures capable of improving radiation

tolerance while maintaining device efficiency at EoL conditions. Various techniques were de-

veloped to texture III-V semiconductors and achieve highly diffuse scattering surfaces through

simple processes. Simple processing is vital to reduce the time and cost of the III-V solar cell

system and make the texturing methods adaptable to already-established PV manufacturing.

The bulk of the texture development is performed in SJ solar cells, namely the GaAs and 1-eV

InGaAs solar cells, before integrating them into their respective multijunction designs. The

texture development was developed in transparent semiconductors with band gaps wider than

the solar cell. A top-top contact design was also developed to characterize the optical benefits

of the BSRs with low-index interlayers without the use of localized contacts. The favorable

candidates for texture development include the solution-based maskless etch, I-MacEtch, RIE,

and in situ texturing. Using RIE as a surface treatment introduced a broad parameter space for

semiconductor texturing, which can be expanded to other III-V materials. The in situ etching

of III-V semiconductors using halomethane compounds became the leading texturing process

due to its ability to create three-dimensional structures directly after solar cell growth. The
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in situ method removes the additional steps required with the other texturing processes and

immediately allows for solar cell fabrication once removed from the MOVPE reactor.

Novel methods and approaches to characterize the textured BSRs and thin-film devices

were developed in this work. First, the haze in reflectance measurements using a transpar-

ent semiconductor and substrate removal presented the opportunity to experimentally observe

the interaction of incident photons with the textured BSRs. The total and diffuse reflectance

measurements provided detail behind the scattering properties. The best-performing textured

BSRs present highly diffuse reflectance, indicating a reduction in the specular reflectance and

a high degree of photon scattering. The in situ BSR with the TIR layer achieved 100% haze

in reflectance at 700 nm in wavelength, and the SEM images revealed pyramidal structures

developed in Al0.7Ga0.3As from this in situ etch-back technique. These results demonstrate a

Lambertian scattering surface near the GaAs band edge as the angular dimensions of the pyra-

mids improve the path length enhancement beyond three passes. At the GaAs band edge, the in

situ BSR achieves the highest haze in reflectance near 90%. The second novel characterization

technique relies on experimentally measured EQE from the thin-film solar cells to extract the

quality factor and the photon lifetime. By comparing the extended photon lifetime, based on

the measured quality factor, and comparing it to the single-pass photon lifetime, the increased

lifetime due to effective light trapping is determined [52]. This analysis is valuable when quan-

titatively representing the path length enhancement in thin-film solar cells. Additionally, a

unique modeling analysis focusing on the FCA in non-active backside layers has progressed the

understanding of light interaction with semiconductor layers due to optical enhancement from

light trapping. The FCA analysis shows that careful material selection and design must be

considered to reduce the absorption by free carriers while maintaining sufficient carrier trans-

port through doping concentration and layer thickness. This analysis investigates a well-known
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mechanism that occurs in semiconductors, but one that is often overlooked when modeling the

performance of solar cells [139].

These analyses are carried through the device design for the SJ GaAs, thin-film DJ, and

IMM solar cells. The experimental results show that all textured BSRs promote photogenerated

current in the base of the bottom subcell as a direct impact of increased LEF and OPL. For

the SJ GaAs solar cells, the textured BSR devices demonstrate a significant improvement in

JSC and path length enhancement compared to the devices with no light management or a

planar BSR. The main result from the DJ solar cells shows that the in situ textured BSR is

capable of maintaining the base and near band edge photon collection as the trends in EQE

aligned with the optically thick control. Since the DJ solar cell with the in situ BSR is 4-times

thinner than the control, the similarities in EQE provide evidence that the in situ texture

enhanced the OPL up to 4 passes. The IMM solar cells with the in situ and RIE textured

BSRs showed minimal degradation to the VOC and FF across the IMM solar cells with texture

development. The radiation modeling of the IMM devices shows that, although the BoL JSC is

slightly lower than the optically thick IMM devices, they achieve 99% of photogenerated current

at EoL performance. Namely, for 1 MeV electrons, the thin-film IMM device with the in situ

BSR outperforms the baseline with a mass-specific power of 269 W/kg greater than the IMM

control. The novel and compelling results, both through device modeling and experimental

measurements, promote the direction of incorporating these textured BSRs into thin-film space

PV and meet the overall goal of achieving high radiation tolerance and EoL device performance.
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Chapter 10

Introduction

10.1 LED Technology and Applications

The LED is a light source consisting of semiconducting materials that emit photons through

current injection. The photon emission from the LED depends on the direct Eg of the semi-

conductor and has allowed them to emerge in various applications, including the arts, sensing,

medical therapy, automotive parts, indoor lighting, and display technology [2,140–144]. In the

ultraviolet and blue-wavelength range, LEDs are used in biomedical devices [144]. The develop-

ment of short-wavelength LEDs progressed antimicrobial research, including the demonstration

of inactivating pathogens that absorb and react with the emitted visible violet and blue light

[144]. Additional research in short-wavelength LEDs has demonstrated the potential application

to produce Vitamin D3 in the human skin, water sterilization, and immunotherapy [141, 145].

On the other hand, infrared (IR)-wavelength LEDs are used for communications, sensing, and

monitoring. These LEDs have emerged in applications for motion sensors where the emitted

light reflects from an object and is detected using a photosensor, which is valuable in portable

device applications [146].
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Figure 10.1: Display of the scale of µLEDs embedded into single pixels as red, green, and blue

light sources.

LEDs have many benefits in display technology due to their low power consumption, long

lifetime, high brightness, and contrast ratio. Current advancements in modern display technol-

ogy include virtual reality (VR), augmented reality (AR), smart glasses, and other wearable

products. These products provide a new form of connection and interaction between people

worldwide. The main characteristic of these displays is their close proximity to the human

eye. This distance requires more pixels within a unit cell area to achieve a higher resolution

in the digital display. The millimeter-sized LED pixel limits the resolution depending on its

size. Therefore, small-area µLEDs less than 100 micrometers are required to achieve this goal.

There are many benefits using these devices compared to conventional organic LEDs and liquid

crystal displays (LCD) [140, 147]. One main benefit of using µLEDs in displays is integrating

multiple self-emitting light sources into a single pixel, as seen in Figure 10.1. This kind of

display is known as a self-emitting display, and its development is crucial to the VR/AR and

other wearable device applications to obtain a high resolution with miniature pixel size [2,147].
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10.2 Red-Emitting AlGaInP Micro-LEDs

With self-emitting technology, the µm-scale pixels are addressed separately to improve the

quality and contrast of the picture. In 2000, the first blue-emitting µLED array was demon-

strated and consisted of gallium nitride (GaN) with indium gallium nitride (InGaN) QWs

[147, 148]. The success of this display projected research to improve blue and explore green

LED technology using the same material system. For proper color contrast and image qual-

ity, red-green-blue (RGB) displays are required, which launched new exploration using GaN

structures for red-emitting LEDs. However, many complications surfaced in the development

of red-emitting GaN LEDs due to the increased non-radiative recombination with increasing

indium composition in the QWs, which is necessary to red-shift the emission [149]. Developing

red light emission has been challenging in nitride-based LEDs and compelled new investigations

with other material sources. On the other hand, the mm-sized AlGaInP LED has demonstrated

controllable red light emission, driving research to explore this material system rather than

GaN-based µLEDs [147,150,151].

Figure 10.2: Structure of the AlGaInP LED with confinement and active layers.
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Figure 10.2 displays the red-emitting AlGaInP LED, consisting of a PN junction and In-

GaP QWs between the different doped AlGaInP confinement regions. The intrinsic region is

not doped with excess carriers. Instead, the narrow Eg material compared to AlGaInP is in-

troduced to increase carrier concentration and radiative recombination, as discussed in more

detail in Chapter 11. The AlGaInP barriers have a wide Eg and are lattice matched to the QW

region, which reduces threading dislocations throughout the active region. The diode voltage is

equivalent to the Eg of the QWs, which is near 2.0 eV. This energy is equivalent to 620 nm, the

targeted emission wavelength. The band structure near the active region of the AlGaInP LED

is shown in Figure 10.3. The active region refers to the intrinsic region at the junction where

five repeating InGaP QWs are placed to promote carrier confinement under a positive bias.

Figure 10.3: The band diagram of a MQW structure.

As the size of the AlGaInP LED continues to reduce, the sidewall perimeter-to-area ratio

increases, and the device efficiency dramatically depends on the etched sidewall quality. The

low efficiency in AlGaInP µLEDs can be attributed to the sidewall damage from dry etching.

The etched sidewalls lead to increased roughness and dangling bonds that trap charge carriers,
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allowing non-radiative recombination to increase. Since the LED depends on radiative recom-

bination of electron-hole pairs in the active region, sidewall treatments must be included to

passivate the sidewalls to combat parasitic carrier loss.

10.3 Light Management in AlGaInP Micro-LEDs

Ideal LED operation occurs when electrons and holes in the semiconductor recombine radia-

tively, accompanied by the emission of a photon according to the semiconductor Eg. Preferably,

all electron-hole pairs emit a photon, but in practical device operation, several scenarios will

increase non-radiative recombination events. For example, deep-level traps from native defects

within the crystal lattice allow liberated electrons to fall to lower energy levels between the

conduction and valence bands. High-quality semiconductor materials and proper device design

mitigate native defects. However, one main non-radiative recombination site that is unavoid-

able as the LED continues to shrink in size is the surface recombination at the sidewalls of

the LED. Any surface of a semiconductor device disrupts the periodicity of the crystal lattice,

and the dangling bonds increase the electronic energy states in the forbidden gap [140]. The

significance of surface states on radiative recombination as a function of LED size is shown in

Figure 10.4. At the surfaces, carriers rapidly recombine in forbidden energy levels and are lost

in parasitic recombination events. Minimizing surface states is crucial in maximizing radiative

recombination to achieve high optical power output.

Figure 10.4: Representation of surface states reducing radiative recombination events.
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Light management in LEDs comes in several forms, and this research focuses on improving

light emission by reducing non-radiative recombination at the sidewalls of the µLED. The dry

etch process required to isolate the µLEDs leads to dangling bonds at the surface and forms

trapping centers. One approach is to deposit a transparent dielectric material on the sidewalls

to passivate dangling bonds [152]. Usually, atomic layer deposition (ALD) or PECVD is used

to deposit a dielectric material that is not electrically active. One issue with Al-containing

semiconductors is the oxidation of Al when exposed to air, which occurs between the dry

etch and passivation processing steps. This is a crucial parameter for Al-containing materials

since Al slowly reacts with oxygen over time [153, 154]. An intermediate step includes wet-

chemical etching to slightly remove the damaged and oxidized regions at the LED sidewalls

[155–158]. After the wet-chemical treatment, the LEDs are exposed to air before the sidewalls

are protected by depositing a non-active material. Another approach to passivate the sides of

the LED is by overgrowing wide Eg semiconductors through MOVPE. This passivation is similar

to conventional methods of depositing dielectric materials via ALD or PECVD. The benefit to

MOVPE overgrowth is that the III-V material growth morphology can be controlled according

to the growth parameters. Furthermore, the use of halomethane compounds that slowly etch III-

V materials during MOVPE can be used to slightly remove the sidewall material before regrowth

of the passivation layer. This approach can improve sidewall morphology and passivation. This

research focuses on engineering proper sidewall treatments through wet-chemical etching and

in situ etching, along with the overgrowth of non-active wide Eg materials through MOVPE

to improve the sidewall quality and the radiative recombination inside the active region of the

red-emitting µLEDs. With passivated µLEDs, the light output power (LOP) will significantly

improve and result in high quality displays with high resolution, color contrast, and brightness.
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Chapter 11

Light Management and LED Operation

11.1 Introduction

This chapter is dedicated to the concepts of light management and its impact on the device

operation of AlGaInP µLEDs. Specifically, sidewall treatments promote radiative recombina-

tion in the active region by reducing sidewall damage and midgap energy states, which are

essential for high optical power output. The sidewall cleaning treatments include wet chemical

and in situ etching to remove nanometers of material from the sidewalls. The wide Eg regrowth

and surface cleaning techniques are characterized through SEM to determine suitable combina-

tions that result in uniform coverage and smooth LED mesa profiles. The fabrication process

is outlined along with approaches to improve the LOP at the front side of the LEDs.

11.2 LED Operation and Light Management

11.2.1 LED Design and Radiative Recombination

Much like the solar cell described in Chapter 3, the LED is a two-terminal diode that

allows current to flow in one direction. The LED utilizes a heterojunction design to promote

radiative recombination of electron-hole pairs. The heterojunction design introduces a narrow
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Eg material between the wide Eg material, and as the width of the narrow Eg material reduces,

charge carrier movement becomes restricted and discrete energy levels form where carriers may

exist [140]. The carrier confinement in the QW leads to a high concentration in the active

region, increasing the radiative recombination process between electron-hole pairs in the QW.

The difference in carrier concentration is shown in Figure 11.1(a)-(b), where the homojunction

in (a) uses a semiconductor with the same Eg on each side of the junction with dissimilar

dopants and concentrations. When the homojunction operates in forward bias, carriers diffuse

to the bordering side of the junction and result in a wide distribution of carriers across both

sides of the junction. The minority carriers can radiatively recombine but are limited by their

diffusion length. In the heterojunction design shown in 11.1(b), carriers are confined in the

QWs, and as long as the barrier heights are much higher than the thermal energy kT, carrier

escape will be low and allow them to radiatively recombine at a faster rate due to a higher

concentration in the QWs [140]. Furthermore, the multiple QW structure requires thin barriers

such that carrier transport will be sufficient between the QWs.

Figure 11.1: Charge carrier distribution in the (a) homojunction and a (b) heterojunction under

forward bias conditions.

In an ideal structure, every injected electron leads to an emitted photon according to the Eg

of the QW. For the InGaP QW, the turn-on voltage is near 2.0 eV, equivalent to 620 nm, the
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wavelength of red light. In the forward bias regime, radiative recombination of every electron-

hole pair will lead to a quantum efficiency of unity. The internal quantum efficiency (ηIQE) is

defined as,

ηIQE = Pint/hv

I/e
, (11.1)

where Pint is the internal optical power from emitted photons in the active region, hv is

the photon energy at the emission frequency, I is the injection current, and e is the electron

charge. Ideally, the ηIQE would sum to unity provided that every electron-hole recombination

event would lead to the emission of a photon according to the Eg of the QWs.

In mm-scale LEDs, the surface states at the mesa-etched sidewalls are several diffusion

lengths away from the active region. As the size of the LED reduces, the surface energy states are

within the diffusion length of charge carriers, which increases the non-radiative recombination

of electron-hole pairs. Surface recombination plays a significant role in radiative and internal

quantum efficiency. The efficiency decreases as the µLED size reduces due to an increase of

midgap energy states at the etched sidewalls. The recombination events can be defined by

their lifetime, where the sum of the radiative lifetime, τr, and the non-radiative lifetime, τnr,

describes the total probability of recombination events in the LED:

τ−1 = τ−1
r + τ−1

nr . (11.2)

Since radiative recombination is the desired process in LEDs, the ratio between the radiative

lifetime and all recombination events is described by,

ηIQE = τ−1
r

τ−1
r + τ−1

nr
. (11.3)
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These expressions show that the radiative lifetime should be the limiting process for the

LED to operate within the radiative limit.

11.2.2 Reducing Non-Radiative Recombination by Sidewall Treatments

The practical fabrication of µLEDs includes an etching mechanism to establish and iso-

late devices across the host wafer. Dry etching is the favored method as it allows for a high

anisotropic profile and resolution, and numerous efforts have shown controlled etch profiles

with high anisotropy and low surface damage [159–165]. Inductively-coupled plasma reactive-

ion etching (ICP-RIE) is a favored dry etch process that uses chemically reactive plasma to

remove exposed material by accelerating energized ions towards the material. In ICP-RIE, two

radio frequency sources individually control the plasma generation (ICP) and the forward bias

of accelerated ions towards the wafer (RF). Decoupling the ICP and RF powers creates a large

processing window where the density of the energized ions in the plasma and their acceleration

towards the wafer is controlled separately. Chlorine (Cl)-based plasma is used to remove the

III-V materials in the AlGaInP epitaxial LED structure.

Figure 11.2: Dry etching procedure and sidewall damage where (a) displays the epitaxial layer

structure on the host GaAs substrate, (b) displays the dry etch isolation step, and (c) zooms

in on the roughened sidewalls due to the dry etch.

Figure 11.2(a)-(c) outlines the process of isolating LEDs according to a specific area through
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photolithography and dry etching, where (a) presents the host wafer with the epitaxial structure,

(b) presents the isolation of individual LEDs through dry etching and (c) shows the disruption

in crystal periodicity at the roughened sidewalls. The damage during the dry etching process

leads to defects at the sidewalls of the µLED, inducing surface recombination when the device

is in operation. Wide Eg semiconductor regrowth is the primary passivation technique used

in this work. Through process development, the top of the LED is protected by a dielectric

material, so under the right growth conditions, the III-V material will not grow on top of the

dielectric material and cover the top of the LED. This approach provides an avenue for in situ

etching of the sidewalls immediately before sidewall regrowth, which avoids the complication

of the sidewalls being exposed to air before passivation. Specifically, the in situ etching is

accomplished using precursors with halomethane compounds that etch away III-V material

under the right reactor conditions. During the process, chlorine radicals etch back nanometers

of material at the sidewalls and remove the oxidized material. The etch is performed with a

phosphine (PH3) overpressure to etch back the PH3-based layers.

Figure 11.3: Diagram showing (a) LED with sidewall damage, (b) surface cleaning via wet-

chemical etching or in situ etching and (c) sidewall regrowth of wide Eg semicondcutor.

The surface cleaning processes are shown in Figure 11.3(a)-(c) where the reactants consist

158



Chapter 11: Light Management and LED Operation D’Rozario

of wet chemistry or precursor to slightly remove material at the sides of the LED. This process

is intended to reduce sidewall damage, as depicted in Figure 11.3(a). The overgrowth material

must have a Eg that is wider than the QWs so that any lateral photon emission from the QWs

does not parasitically absorb in the sidewall material. Two candidates are explored in this

research, namely InGaP and AlInP, as the sidewall material. Although InGaP has the same Eg

as the QWs, it was still explored to investigate the quality of sidewall coverage. Additionally,

the sidewall material is less than 100 nm thick, which is optically thin and is expected not

completely to absorb all internally emitted photons. Figure 11.3(c) displays the overgrowth

of a wide Eg material with thickness, t. This thickness is targeted at less than 100 nm and

uniformly coats all LED surfaces.

11.2.3 Light Extraction and Optical Power Output

The light extraction efficiency (ηLEE) describes the efficacy of internal radiative processing

and depends on the design and quality of the active region and the ηIQE . Ideally, every emitted

photon would exit the LED to be used as a useful light source. However, that is not the

case in real LED structures. Practical loss mechanisms may occur, such as the absorption of

spontaneously emitted photons into the substrate, absorption at the front metal contact, or

total internal reflection. The ηLEE can be expressed by,

ηLEE = Pout/hv

Pint/hv
, (11.4)

where Pout is the optical power emitted into space. One main loss mechanism is the TIR of

spontaneously emitted photons from the active region as they strike the internal front surface

of the LED. The TIR depends on the escape cone angle, as described in Chapter 3. The escape

cone is restricted by the dramatic change in the index of refraction between the semiconductor
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and air [140]. The escape cone can be broadened using a low-index transparent layer deposited

on the LED. Increasing the ηLEE enhances the optical power output, which is desired in LED

display technology. Related to the optical power output and the ηLEE is the external quantum

efficiency (ηEQE), which is the product of the IQE and extraction efficiency can be expressed

as,

ηEQE = Pout/hv

I/e
. (11.5)

The ηEQE represents the ratio of the number of useful emitted photons to the number of

injected electrons and is dependent on both the ηIQE and ηLEE . The ηEQE in practical LEDs

begins to drop from its maximum point in a high current injection regime. This is known

as efficiency droop and there are many mechanisms to explain this behavior, including Auger

recombination, carrier leakage, defects, and the quantum-confined Stark effect [166–168]. The

efficiency droop in LEDs refers to the reduction in efficiency with increasing current densities

and can be expressed as,

droop = EQEMax − EQEJ

EQEMax
. (11.6)

The EQEMax and EQEJ represent the maximum EQE value and the EQE at a given

current density. Suppressing the slope in which the EQE reduces at a high injection current

directly results from effective sidewall passivation and light extraction. Other methods such

as front surface texturing are employed in µLED research to improve ηLEE . However, these

methods require careful engineering to reduce surface recombination at the front of the LED.

This work uses a low-index layer on top of the LEDs due to feasible processing without needing

surface texturing.
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11.3 Chapter Summary

Light management at the surfaces of LEDs is critical to increasing radiative recombination

and light extraction efficiency, especially as the device area enters the sub-µm scale. Specifically,

surface treatments at the sidewalls along with sidewall passivization through regrowth have

the potential to significantly improve the radiative lifetime and recombination in µm-scale

LEDs. Wet chemistry and in situ etching aim to remove thin sidewall layers while keeping the

anisotropic profile determined by dry etching. These cleaning techniques can be used together

or separately. The in situ etch allows immediate overgrowth of a wide Eg material to cover the

sidewalls of the LED. This removes the impact of oxidation in Al-containing materials. The

overgrowth requires thorough investigation to achieve uniform coverage across the sidewalls.

Improving the ηLEE is accomplished in many ways, with the simplest being the addition of a

transparent, low-index layer situated on top of the LED. This layer will add a step to the index

of refraction and increase the internal escape cone of spontaneously emitted photons that strike

the front surface of the LED. The process development of the µLEDs and the surface cleaning,

regrowth, and low-index layer are discussed in the next chapter.
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Process Development of AlGaInP Micro-LEDs

12.1 Introduction

This chapter involves the process development of the red-emitting µLEDs, including LED

chip design, ultraviolet photolithography, dry etching, surface cleaning, and regrowth. The

processing steps are optimized through multiple process runs and material characterization.

Microscopic imaging helps guide the experiments and relates the effective process parameters

with LED quality. Numerous ICP-RIE dry etch recipes led to the optimal conditions capable

of achieving vertical and smooth LED profiles. This set the basis for minimizing structural

defects. Additional approaches using wet-chemical etching at the sidewalls were explored, and

the promising candidate using a buffered oxide etch was identified. As well, in situ etching

experiments developed a slow etch recipe using CCl4 to remove nanometers of material at the

sidewalls. The regrowth experiments are based on pre-existing high-quality growth conditions

for the ternaries InGaP and AlInP. Microscopic imaging on the regrowth material determined

which conditions lead toward uniform sidewall coverage.
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12.2 Hard Mask Development and Photolithography

The µLEDs investigated in this work require a photolithography process that achieves a

high resolution in sub-µm thick features. The features of the LEDs range between 5 µm, 10

µm, 15 µm, 25 µm, and 50 µm. The dry etching of the LEDs includes Cl-based plasma, so

an inert material is chosen as the hard mask to protect the regions of the LEDs. The hard

mask materials include SiO2 and silicon nitride (SiNx) since both have a slow etch rate in the

Cl-based plasma. The flow in Figure 12.1 outlines the process of isolating the LEDs. This

figure shows an example of 15 µm x 15 µm square LEDs with 10 µm pitch. Plot (a) represents

a top-down diagram of some features on the mask, which is transferred to the hard physical

mask, as shown in Appendix A. Figures 12.1(b)-(c) display the exposed photoresist using the

patterned mask and the transfer of the pattern through the photoresist once exposed to UV

light and developed.
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Figure 12.1: Process flow using hard contact lithography where (a) displays a top-view diagram

of the hard mask, (b) displays the UV exposure of the mask on the coated wafer, (c) displays

the patterned photoresist after exposure and development, (d) displays the dry etched hard

mask and (e) displays the dry etched LED, which ideally follows the same shape as the original

hard mask pattern.

The III-V mesa development depends on a repeatable lithography process that patterns

the hard mask before the III-V dry etching. A positive photoresist, AZ MIR 701, is used

due to its high resolution at the µm-scale. Figure 12.2 displays the photoresist profile using a

Suss MicroTec MJB4 hard contact mask aligner with a broadband exposure dose equal to 132

mJ/cm2. The profile has smooth sidewalls with an inclination of less than 10° and is near 1.1

µm thick. Ideally, the mask pattern will be transferred to the hard mask and LED through

dry etching. However, optimization is required in the etch conditions to achieve this goal.

Therefore, the dry etching conditions for the hard mask and the LEDs are optimized to realize
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the highest resolution features using hard contact lithography.

Figure 12.2: AZ MIR 701 photoresist profile using hard contact alignment with an exposure

dose of 132 mJ/cm2.

The hard mask (green) is dry etched using a CF4-based environment and takes on the

same profile as the photoresist under the proper dry etching conditions, as illustrated in Figure

12.1(d). The SiNx and SiO2 are deposited using PECVD, and the target thickness is 500 nm

to ensure complete protection at the tops of the LEDs during III-V dry etching. Figure 12.1(e)

displays the completed LEDs with similar dimensions as the hard patterned mask. The 500

nm-thick Si-based films serve as the hard mask during III-V dry etching as the Cl-based plasma

offers a highly selective etch to the III-V material. The Si-based masks are dry etched using

the ICP-RIE system using fluorine-based plasma. Both hard masks required multiple dry etch

recipes and SEM images to determine a recipe that achieves an anisotropic profile with high

selectivity.
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Figure 12.3: Best condition hard mask profile for (a) SiO2 and (b) SiNx based on the dry etch

recipes in this work.

Figure 12.3 displays tilted SEM images for the best condition hard mask profiles of (a) SiO2

and (b) SiNx. The SiO2 etching determined that the sidewall angle increases with high ICP

power and low pressure. However, the selectivity reduces between the SiO2 and photoresist,

and the SiO2 profile has a sidewall inclination of around 60°. The low selectivity resulted in

incomplete etching of the SiO2 layer before the photoresist was completely removed. On the

other hand, the SiNx profile has a sidewall inclination between 80-90° with selectivity greater

than 1, so the photoresist completely protects the respective regions throughout the dry etch.

The process parameters for the hard masks are reported Table A.2 in Appendix A.
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12.3 Dry Etch Processing of Micro-LEDs

The epitaxial LED structure is dry etched once the wafer has been patterned using the

process described above. Due to the broad process window available when performing ICP-RIE,

several dry etch recipes were performed on the LED wafers. The dry etching was performed

in a PlasmaTherm Apex ICP-RIE tool. Initially, the LED wafers were held at 20°C using

chlorine (Cl2), boron trichloride (BCl3), and argon (Ar). The recipes explore a combination of

conditions based on the tool parameter space. These conditions include the three gases listed

above, the ICP power ranging from 0-800 W, the RIE power ranging from 0-200 W, and the

pressure ranging from 5-25 mTorr.

Figure 12.4: Initial ICP-RIE recipes using Plasmatherm at RIT on a type I epi wafer with etch

conditions listed in Table 12.1 (a) recipe 1, (b) recipe 2, (c) recipe 3, (d) recipe 4 and (e) recipe

5.

Figure 12.4 displays the AFM and SEM images for the dry etch recipes as reported in Table

12.1 tested on the LED wafer with a SiO2 hard mask. The surface roughness extracted from

AFM correlates to the induced roughness and a high ICP power in runs 2 and 5. Additionally,
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the etch rate significantly increases along with a higher ICP and forward bias. Promisingly,

etch recipe 5 demonstrated quasi-vertical sidewalls using a BCl3/Cl2 plasma with a high ICP

and RF power. The trade-off with increasing RF power is that anisotropic profiles are achieved,

but surface roughness increases as the ion bombardment at the wafer increases. Therefore, the

conditions used in recipe 5 were expanded to optimize the LED profile further.

Table 12.1: ICP-RIE dry etch conditions at 25°C
Parameter Run 1 Run 2 Run 3 Run 4 Run 5
BCl3 (sccm) 10 0 20 0 20
Cl2 (sccm) 0 20 20 0 10
Ar (sccm) 0 10 20 20 0
ICP (W) 50 800 50 425 800
Bias (W) 50 50 150 250 250
Pressure (mTorr) 5 5 5 5 5
RMS (nm) 0.57 7.05 2.34 0.24 10.98
Etch rate (nm/min) 0 113 234 68 2513

Figure 12.5 displays the AFM and SEM for a second dataset of etch conditions and each

recipe is associated with etch conditions in Table 12.2. According to the results from Figure

12.5(a)-(c), the surface roughness reduces with increasing pressure (runs 6-8). Additionally,

the anisotropy is low for all recipes with a forward bias of less than 100 W. High anisotropy

is linked to increased forward bias and ICP power, while a smooth surface may be achieved

by increasing pressure. Increasing the pressure will reduce the mean free path of ions in the

plasma, slightly reduce the etch rate, and reduce ion bombardment-induced physical damage

to the III-V surface.

Based on the ICP-RIE results above, the recipes achieving low surface roughness and high

anisotropic profiles were employed on the LED wafer using a patterned SiO2 hard mask. The

ICP-RIE recipes were performed at elevated temperatures to improve surface roughness through
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Figure 12.5: ICP-RIE results with conditions listed in Table 12.2 (a) recipe 6, (b) recipe 7, (c)
recipe 8, (d) recipe 9, (e) recipe 10, (f) recipe 11, (g) recipe 12 and (h) recipe 13.
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Table 12.2: ICP-RIE conditions associated with Figure 12.2 at 25°C
Parameter Run 6 Run 7 Run 8 Run 9 Run 10 Run 11 Run 12 Run 13
BCl3 (sccm) 15 15 15 15 0 0 0 10
Cl2 (sccm) 0 0 0 0 15 15 20 10
Ar (sccm) 5 5 5 5 5 5 0 8
ICP (W) 450 450 450 450 450 450 300 550
RF (W) 15 15 15 35 15 35 250 130
Pressure (mTorr) 3 5 10 5 5 5 5 5
RMS (nm) 3.68 0.77 0.39 2.37 0.57 1.11 2.84 3.50
Etch rate (nm/min) 20 20 20 76 35 70 459 283

desorption of involatile InClx byproducts [169, 170]. A temperature dot study determined the

difference in temperature between the heater set point and the carrier wafers resting on the

electrode. The Corning glass carrier used in this work has a low thermal conductivity and did

not show any change in temperature with a set point of 100°C. For this reason, a 6” Si carrier

wafer was used for elevated temperature recipes, which has a higher thermal conductivity. At

a set point of 100°C, the temperature dots on the Si wafer confirmed a temperature between

77-82°C. Based on the temperature dot study, a 6-minute temperature stabilization step was

added at the beginning of the elevated temperature etch recipes to confirm that the wafers

were heated to the appropriate temperature. Figure 12.6 highlights the ICP-RIE etch recipe

that demonstrates quasi-vertical and smooth sidewalls for the LEDs using a SiO2 hard mask.

The SEM images are taken at various angles where (a) is a cross-sectional (90° tilt), (b) is

a 5° back-tilt from the cross-sectional position (95° tilt), and (c) is a 10° back-tilt from the

cross-sectional position (105° tilt). The SiO2 hard mask was not removed for the SEM images,

and it can be seen in the angled region at the top of the mesas.

Numerous ICP-RIE dry etch recipes were conducted on the LED wafers using the SiO2 hard

mask using the PlasmaTherm tool using mid-range ICP and RIE power appears to result in

high anisotropy when using a BCl3/Cl2 plasma. Increasing pressure and electrode tempera-

ture successfully reduce the surface roughness and sidewall damage. The final dry etch recipe
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Figure 12.6: ICP-RIE quasi-vertical etch recipe to etch LED structures with different sizes and
shapes including (a) 5 µm x 5 µm square (tilted 95°), (b) cross-sectional of 5 µm x 5 µm square
and (c) 5 µm circular LED (tilted 95°).

BCl3 (sccm) 20
Cl2 (sccm) 10
Ar (sccm) 5
ICP (W) 500
RIE (W) 200
Sample T (°C) 80 ± 3
RMS (nm) 6.1
Etch rate (nm/min) 750
Anisotropy 0.8
Pressure (mTorr) 10

Table 12.3: Quasi-vertical etch recipe

achieving quasi-vertical and smooth sidewalls for the µLEDs is shown in Figure 12.6 and is used

the isolate the LEDs throughout this work.

12.4 Surface Cleaning

During the dry etch processing of the LEDs, a slow-etch recipe resulted in an angled mesa

profile. This profile is shown in 12.7. Although this recipe is far from the goal of achieving
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Figure 12.7: SEM image of the LED profile using a slow dry etch recipe.

anisotropic and smooth sidewalls, the particular profile was beneficial when testing different wet

chemistries and extracting lateral etch rates (LER). The different regions in the LED structure

can easily be distinguished from the SEM, making it suitable to calculate the etch rates and

selectivity during wet etching. The wet-etch chemistries explored here include hydrochloric acid

(HCl), phosphoric acid (Hl3PO4), and hydrofluoric acid (HF), diluted in DI water to investigate

the change in etch rate and selectivity. Recently, surface treatment using diluted HF on 12 µm

x 12 µm AlGaInP red LEDs showed a 35% boost in EQE after the chemical treatment [171].

Diluted HCl was initially investigated on the LED structures. Figure 12.8(a)-(c) displays

results of HCl:H2O with SEM images (b) 1:20 ratio and (c) 1:40 ratio. Figure 12.8(a) is a chart

showing the LER measured from the SEM images taken from Figure 12.8(b)-(c). Figure 12.8(b)

highlights smoothed sidewalls compared to the post-dry etch profile. However, a fast LER in

the p-type region below the SiO2 hard mask (top-most layer) is evident. The LER reduces

as the H2O concentration increases. However, the sidewalls do not appear to become smooth,

as shown in Figure 12.8(c). The trade-off between smooth profiles and a fast LER makes the

diluted HCl wet chemistry an inadequate cleaning procedure before sidewall regrowth.

Two different ratios using HCl:H3PO4:H2O were explored on the dry etched LED mesas to
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Figure 12.8: Wet etching LED structure for 20 seconds using the chemistry HCl:H2O with two
different ratios of (a) 1:20 and (b) 1:40.

Figure 12.9: Wet etching LED mesa structure for 20 seconds using the chemistry
HCl:H3PO4:H2O with two different ratios of (a) 1:1:10 and (b) 1:1:20.

173



Chapter 12: Process Development of AlGaInP Micro-LEDs D’Rozario

determine LER and sidewall morphology with increasing water concentration. The SEM images

in Figure 12.9(a)-(b) show a 1:1 ratio between HCl:H3PO4 with increasing H2O concentration,

highlighting smooth sidewalls compared to the post-dry etch profile. For each case, reliable

LER measurements determined from the SEM images were unattainable due to a significantly

slow etch rate compared to the HCl:H2O chemistry. With increasing H2O concentration, this

wet chemistry may be suitable for removing less than 100 nm and reducing damage at the

sidewalls.

Figure 12.10: (a) SEM image post dry etch on a wagon wheel structure, (b) SEM on the wagon

wheel structure in BOE for 5 minutes and (c) zoomed in SEM image (b).

The BOE treatment used in this work consists of a 1:10 ratio HF:H2O to investigate the

improvement in the sidewalls. Figure 12.10(b)-(c) displays the result of a 5 min BOE etch,

while Figure 12.10(b)-(c) displays the post-dry etch profile. The BOE significantly reduces the

sidewall roughness and removes material build-up along the edges. The SiO2 hard mask etches

away, as seen in Figure 12.10(b). However, a SiNx hard mask has a slower etch rate in BOE

and is a better candidate when using BOE as a surface clean prior to sidewall overgrowth. The

AlInP layer appears to have a faster LER than the other layers, but this can be reduced with

174



Chapter 12: Process Development of AlGaInP Micro-LEDs D’Rozario

a shorter BOE clean in less than 5 minutes.

12.5 Wide Bandgap Overgrowth

The wide Eg overgrowth material for sidewall passivation investigated in this work includes

the In0.49Ga0.51P and Al0.52In0.48P, both lattice matched to GaAs. In total, eleven combina-

tions of surface treatments and sidewall growth were investigated and labeled according to the

alphabet, as seen in Table 12.5. Initially, various surface treatments, including the BOE wet

chemical etch and the in situ etch, where combined with the same overgrown material, as seen

for conditions A through F. This initial study was followed by surface characterization, as shown

below, along with photoluminescence, which is discussed in Chapter 13. The conclusions from

the first study trajected the second study following the conditions shown in G through K.

Sample Material Thickness(nm) V/III GT (°C) BOE(min) insitu(min)
A InGaP 60 110.3 675 N/A Y

B InGaP 60 110.3 675 N/A N

C InGaP 60 110.3 675 1 N

D InGaP 60 110.3 675 3 N

E InGaP 60 110.3 675 1 Y

F InGaP 20 110.3 675 3 Y

G InGaP 20 110.3 675 5 Y

H InGaP 20 110.3 700 5 Y

I InGaP 20 198.8 700 5 Y

J AlInP 60 56.5 650 5 Y

K AlInP 60 56.5 700 5 Y

Table 12.4: Overgrowth and surface treatment conditions

Conditions A-F follow the same InGaP passivation growth, which is based on established

growth conditions for high-quality InGaP. Samples A and B did not receive a BOE surface

treatment after ICP-RIE etch and before loading into the MOVPE reactor. Samples E and C

were etched in BOE for 1 minute, while samples F and D were etched for 3 minutes. Samples

175



Chapter 12: Process Development of AlGaInP Micro-LEDs D’Rozario

Figure 12.11: SEM images of InGaP overgrown sidewalls of Type II epi material under indicated
etch/cleaning regimens for samples A-F.

A, E, and F also received the in situ etch before overgrowth, while samples B, C, and D did

not. The in situ etch conditions are consistent across all samples and include the introduction

of CCl4 with a PH3 overpressure. Samples A, E, and F received a CCl4 etch after the sample

was cooled to 650°C but before the InGaP growth. The etch used a molar ratio of 1.2×10-4

for 143 seconds, targeting 10 nm of sidewall removal. For MOVPE growth, the samples were

brought to a bake temperature of 700°C under a PH3 overpressure and held for 5 minutes. The

temperature was lowered to 650°C, where 20 nm of InGaP was grown at 3.12 µm/hr with a

V/III ratio of 110. After growth, the sample was cooled under a PH3 ambient.

The SEM images in Figure 12.11 show sidewall morphology post-overgrowth. In samples

with the CCl4 etch, cracks in the SiO2 film can be seen, which propagate through into the

epi. This cracking was due to the aggressive nature of the Cl-based etching and was eliminated
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Figure 12.12: SEM images on wagon wheel structures (major flat to the left) on conditions
G-K.

by switching to SiNx. Sidewall morphology of the InGaP in all cases looked somewhat non-

continuous and island-like. The island-like nucleation of InGaP may result from both sidewall

damage and the nature of the exposed crystal planes. While the overgrowth will require further

investigation, the current sample set was still investigated for the efficacy of the passivation

using InGaP, as discussed next.

The second set of samples, denoted G-K, was prepared similar to the A-F set. The main

change was that SiNx was used as a hard mask instead of SiO2. The test conditions centered on

the best conditions from the previous set, sample F, which used a 3-minute BOE clean coupled

with a CCl4 etch. Three samples continued with InGaP overgrowth, first repeating condition

F (G), then increasing growth temperature (H), and both growth temperature and V/III. Two

additional samples used AlInP as the overgrowth material, targeting 60 nm of growth using

previously developed conditions with a temperature of 650°C (J) and 700° (K).

SEM images of sidewalls from samples G-K are shown in Figure 12.12. Despite all samples

receiving a CCl4 etch, there is no apparent cracking in the SiNx hard mask as was observed

in the SiO2 hard mask, suggesting the SiNx is better suited to protecting the red epi during

this cleaning and overgrowth process. Additionally, the sidewalls overgrown with AlInP (J,

K) appear much smoother than the InGaP samples, indicating complete wetting and two-

dimensional growth on the sidewall. Figure 12.13(a)-(c) compare the SiO2 and SiNx hard mask
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Figure 12.13: Wagon wheel SEM images of (a) SiO2 mask with cracks from CCl4 in situ etch
and roughened InGaP regrowth (condition F) and (b) SiNx mask without cracks from CCl4 in
situ etch and smooth sidewalls from AlInP regrowth (condition K). Plot (c) displays the wagon
wheel notation.

after the in situ etching. In particular, Figure 12.13(a) shows the roughened InGaP regrowth

of condition F with cracking in the SiO2 caused by the in situ etch. Figure 12.13(b) shows the

smooth AlInP regrowth from condition K with a smooth SiNx mask, confirming the robustness

of the SiNx when exposed to the in situ etch. Figure 12.13(c) displays the wagon wheel notation

for reference.

12.6 Micro-LED Fabrication

The processing of the LED wafers shown in Figure 12.1 describes the photolithography and

dry etching of the hard mask and LEDs. The size of the LEDs depends on the dimensions of

the hard physical mask, which consists of circular and square mesa sizes with spacings ranging

from 5 µm, 10 µm, 15 µm, 25 µm, and 50 µm. There is much research that focuses on the use

of a transparent conductive oxide (TCO) such as indium tin oxide (ITO), but many challenges

surface relating to the high resistivity in ITO and GaP as the top contact layer [172]. Initially, a

simple process using ITO top contacts was attempted, but a couple of issues made this approach

unsuccessful. Mainly, the poor contact between GaP and ITO and the incomplete passivation
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between the ITO and the substrate, which provided an alternative pathway for current to travel,

put this top contact scheme at a halt. A more successful and direct approach using lithography

and metal deposition allowed the µLEDs to be measured electrically, as discussed in Chapter

13. The design is shown in Figure 12.14(a), where each material is denoted in the key. The

contrast between the index of refraction at the top semiconductor and air leads to the TIR

of photons that spontaneously emit after radiative recombination in the active region of the

LED. Using a low-index layer that is also transparent at the top of the LED will improve light

extraction at the top of the LED. Since the LED requires back and top contact for electrical

transport, the top grid finger design is often used [173]. Like in solar cells, top metal grids lead

to some shadowing loss as photons are blocked from leaving the LED. This leads to a grid finger

shadowing percentage loss. Since this is a top-down diagram, the SiNx hard mask on top of

the LED is not drawn. It is important to note that this SiNx mask remains intact in this top

contact design, and a small pocket in the SiNx is exposed so that a single metal grid finger can

contact the top GaP layer. Figure 12.14(b) is a tilted SEM image (10° backward tilt using a

cross-sectional stage) that displays the completed fabrication on a 25 µm square LED. In this

image, the metal grid finger fills the dry etched pocket in the SiNx, making electrical contact

with the GaP contact layer. The metal grid finger and busbar are completely isolated from the

sidewalls and the field (substrate) using a second SiNx isolating layer. The SiNx isolating layer

is to confirm full passivation of the sidewalls and field in case there are regions of non-uniform

III-P growth.

This design consists of two lithography levels: (1) SiNx pocket dry etch and (2) metal

deposition (Figure 12.15(c)). Before starting lithography, 100 nm of SiNx was deposited via

PECVD to completely cover the sidewalls and field on each chip. Level 1 exposes a small

triangular region on the tops of the LEDs to dry etch away the SiNx hard mask. Notably, the
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Figure 12.14: Plot (a) is a top-down cartoon diagram displaying the LED design to contact the
top GaP contact layer, and plot (b) is a tilted SEM image of a completely fabricated 25 µm
LED using the design in the plot (a).

entire SiNx mask was not removed due to previous studies showing increased damage to the III-

V materials when exposed to CF4 plasma. The exposed region (black triangles) is shown in the

GDS image in Figure 12.15(a), and Figure 12.15(b) is a microscope image showing the pocket

exposing the GaP layer after dry etching. The second layer exposes regions for patterning

the grid fingers and metal grid, as shown in Figure 12.15(c). The grid finger overlays the

exposed pocket in the SiNx mask for a single LED. Figure 12.15(d) offers a microscope image

of the developed pattern before evaporating the metal for a square 25x15 µm LED array. For

the metal, a 3 nm Ti adhesion layer was thermally evaporated, then the Au (20 nm)/Zn (20

nm)/Au (850 nm) stack was evaporated. The metal was lifted off using an ultrasonic NMP bath

heated to 35°C for 25 minutes. The backside contact consists of Ge (20 nm)/Au (20 nm)/Ni (5

nm)/Au (400 nm) stack, and the metal layers were annealed in N2 for 6 mins at 407°C.

Some images contacting the LEDs are shown in Figure 12.16(a)-(b) where the plot (a) is a
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Figure 12.15: Plot (a) is a GDS image of the first lithography layer showing a 25x15 µm square
LED array where the small triangles are the pockets to dry etch through the SiNx. Plot (b) is
a microscope image of the square 25x15 µm LED after the SiNx pocket etch. Plot (c) is a GDS
image of the second lithography layer showing a 25x15 µm square LED array where the grid
fingers and busbars expose regions for metal evaporation. Plot (d) is a microscope image after
layer 2 was developed to show the metal grid design.
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Figure 12.16: Plot (a) is a picture contacting a 25 µm LED on a chip and plot (b) is a Keyence
microscope image contacting a 3x3 array of 15 µm square LEDs.

picture when a single 25 µm LED is in contact and (b) is a microscope image contacting a 3x3

array of 15 µm square LEDs.

While this fabrication process allowed the LEDs to be measured electrically, the metal

shadowing reduced the optical power output. Also, current crowding around the metal grid

finger is evident and most likely due to the thin GaP contact layer. Future work to update the

fabrication process to use transparent conductive oxides while achieving adhesion at the GaP

contact layer is required to improve the LOP of the devices.

12.7 Chapter Summary

This chapter involves processing AlGaInP µLEDs to achieve a quasi-vertical profile and

smooth sidewalls by optimizing lithography and the dry etching process. The LED dry etching

relies on a repeatable hard mask lithography process, developed for both SiO2 and SiNx hard

masks. The best known dry etching conditions for SiO2 were developed initially, and later the

SiNx due to its anisotropic and smooth profile, high selectivity, and slow etch rate in BOE. Many

iterations of the BCl3/Cl2 dry etch performed on the mesas resulted in a quasi-vertical profile

with smooth sidewalls. This was accomplished using a mid-range ICP and RIE power. The
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elevated electrode temperature allowed the InClx byproducts to be completely removed from the

surface without redepositing, which led to increased surface roughness. Surface cleaning using

both wet-chemical and in situ etching was explored. Specifically, the BOE wet etch resulted in

the smoothest profile post-dry etch compared to the diluted HCl:H3PO4:H2O mixtures. The in

situ etching allows for small amount of the sidewall material to be removed immediately before

overgrowing the wide bandgap semiconductor. Through SEM, the sidewall overgrowth profiles

were explored, and the in situ etching using CCl4 resulted in the SiO2 cracking. Switching to

SiNx removed this issue and any impacts from regrowth material growing on the tops of the

LEDs. Overall, the InGaP sidewall morphology was not as smooth as the AlInP. The AlInP

growth condition K also has the most uniform coverage according to the crystalline direction.

These results give insight into the sidewall coverage according to the growth conditions.
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Chapter 13

Micro-LED Characterization

13.1 Introduction

This chapter involves the optoelectronic analysis of the LEDs with different active region

thicknesses. The LEDs undergo various sidewall treatments as described in the previous chap-

ter. These treatments include combinations of BOE sidewall etch and regrowth conditions. The

power-dependent photoluminescence (PDPL) measurements provide evidence of the recombi-

nation events as higher photoexcitation of carriers saturates the trap-related defects. From this

analysis, the slope in PL suggests what combination of sidewall treatments effectively reduces

sidewall defects. These PDPL measurements are expanded to a generation rate analysis where

the internal quantum efficiency, relative to the material parameters, is modeled. Both analyses

show that BOE, in situ etching, and AlInP regrowth are effective at passivating the sidewalls.

The InGaP regrowth leads to incomplete sidewall coverage and reduces the optical performance

of the LEDs. This result is confirmed when four conditions, including the untreated, A, F, and

K, are fabricated into LEDs with top and bottom contacts. Finally, the electroluminescence

analysis suggests that the InGaP regrowth is parasitically reducing the LOP potentially due to

its narrow bandgap energy relative to the quantum wells and the incomplete passivation.
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13.2 Power-Dependent Photoluminescence

PDPL is a valuable tool providing evidence of the recombination events in direct bandgap

semiconductor devices. The generation of photoexcited carriers changes according to the laser

power density. At low injection, the recombination in the active region of the LED is dominated

by mid-gap trapping centers or defects. As the injection level increases, the traps are saturated

with carriers, and radiative recombination begins to dominate. The LED that reaches a higher

PL intensity at any laser power density indicates a smaller amount of trapping centers, which

is dependent on the sidewall passivation.

Figure 13.1: Top-down view of the 532 nm laser saturating the LED under test.

PDPL measurements were taken on single 50µm x 50 µm LEDs with conditions A-F using

a Horiba micoOS PL system and a 532 nm excitation laser. The laser power density incident

on the LED is controlled using neutral density filters and keeping the laser spot size consistent

across all measurements. The LED spot size of 70 µm in diameter overfilled the LEDs to avoid

the complication in the analysis due to carrier diffusion, which occurs when the excitation spot is

smaller than the LED area. The procedure for the PDPL analysis to extract the recombination

regimes has been described previously by Walker et al. [174] where PL measurements are

taken at different laser intensities, and the integrated PL signal normalized to the incident laser
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intensity generates profiles to exhibit recombination regimes. The top-down diagram of the

laser saturating the LED is shown in Figure 13.1. The 532 nm laser power is held constant at

380 mW/cm2 and the neutral density filters reduce the incident power density on the LEDs.

Figure 13.2: For conditions A-F, Plot (a) is the normalized integrated PDPL vs. laser power

density and plot (b) is the effective radiative efficiency slope in Regime II for each condition.

Within the 50 µm x 50 µm circular mesa array, five mesas were selected along the diagonal

of the array, and PDPL measurements were taken. The non-radiative recombination centers

dominate at low excitation levels, and the PL begins to plateau in Regime I, as shown in Figure

13.2(a). The increased excitation level in Regime II increases the PL signal from each LED

as the trapping centers become saturated and radiative recombination dominates. Notably,

the PL signal at any given laser power density increases for the LEDs with improved sidewall

passivation, which is directly related to the sidewall treatments. This is true for all conditions

A-F when compared to the dry etched LED with no sidewall treatments (black curve). Condi-

tions E and F saturate at lower injection levels, resulting in the greatest PL signal compared

to the other conditions. The slopes extracted from the PL signal trends reveal which sidewall

conditions reach the radiative recombination regime faster. The slopes in Regime II for each
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condition are shown in Figure 13.2(b), where conditions E and F display the highest slopes.

Interestingly, conditions A-D behave similarly and indicate that wet etching alone is not suf-

ficient in reducing sidewall damage before regrowth. Since conditions A-D represent sidewall

treatment with either BOE or in situ etching, E and F indicate that some combination of the

two treatments is necessary before regrowth to reduce non-radiative recombination events at

the sidewalls.

The first round of conditions labeled A-F focused on InGaP regrowth and combinations

between BOE and in situ etching to passivate the sidewalls. One consideration is that the

sidewall material has the same bandgap energy as the QWs, which may parasitically absorb

any radiatively emitted photons at the sidewalls. The results from conditions A-F show that

some combination of BOE and in situ etching treatments are crucial to enhancing the PL

signal. These results projected another study to explore the use of AlInP in a new set of

regrowth samples denoted as conditions G-K. To recall, condition G is a repeat of the best-

known condition from the original dataset, condition F. Using AlInP as the regrowth material

has benefits beyond InGaP, including its indirect bandgap, which makes it transparent at the

QW emission. Single point PL measurements initially gauged the efficacy of the new conditions.

The 15 µm x 15 µm LEDs are saturated with the laser in all measurements. Figure 13.3(a)

presents the PL signal from one 15 um LED for each condition and plot (b) presents the

average and standard deviation across six LEDs for each condition. Both plots show that the

AlInP regrowth samples J and K achieve the highest PL signal and condition I is the lowest.

Interestingly, the higher growth temperature InGaP conditions (H and I) did not show a higher

PL intensity than the standard condition G. The high V/III ratio in condition I led to a film

that has a higher group V-rich condition, which red-shifted the PL peak. This may be due to

a higher degree of hillock density in the InGaP film due to dislocation [175].
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Figure 13.3: Plot (a) is the PL spectra for conditions G-K on a single circular 15 µm x 15 µm

LEDs and plot (b) is the average and standard deviation of PL intensity across six LEDs.

PDPL measurements were taken on the six 15 µm x 15 µm LEDs from conditions G-K, and

an IQE analysis was conducted on the average PL signal across the six LEDs as a function of

laser power density. Based on the PDPL measurements, the IQE can be modeled according to

the generation rate, G, and carrier concentration, n [176]. In this analysis, the IQE is expressed

in terms of the carrier generation rate, which is based on the recombination events, as shown

in Equations (13.1)-(13.2).

G = Rtotal = An + Bn2, (13.1)

IQE = Bn2

An + Bn2 = Bn2

G
, (13.2)

The generation rate is theoretically expressed in terms of fitting parameters, P1 (Equation

13.5) and P2 (Equation 13.6). In these expressions, η is a constant determined by the total
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collection efficiency and volume of the active region. The measured integrated PL intensity, IP L,

is determined from the PDPL measurements as seen in Equation 13.3. The fitting parameters

and modeled generation rate are found in Equations (13.4)-(13.6).

IP L = ηBn2, (13.3)

G = A√
Bη

√
IP L + 1

η
IP L, (13.4)

P1 = A√
Bη

, (13.5)

P2 = A

η
, (13.6)

Experimentally, the generation rate can be determined based on the excitation laser source

shown in Equation 13.7, where α is the absorption coefficient of the InGaP quantum wells at 532

nm, Plaser is the power of the laser with no neutral density filter, R is the front side reflection

of the LED, Aspot is the excitation area, and hv is the energy of the photon at 532 nm.

G = αPlaser(1 − R)
Aspothv

= P1
√

η
√

Bn2 + (
√

Bn)2. (13.7)
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Figure 13.4: Generation rate (G) vs. integrated PL intensity (IP L) for conditions G-K based

on PDPL measurements and fitted curves.

Figure 13.4 displays the fitted (dotted curves, Equation 13.4) and experimental (solid curve,

Equation 13.7) generation rate versus the measured integrated PL intensity for conditions G-K.

The modeled generation curves agree with the experimental curves, and the fitted parameters

are listed below in Table 13.2. This plot shows that the AlInP conditions J and K achieve the

highest integrated PL signal at any given generation rate. From the fitted results, the radiative

recombination coefficient can be solved by manipulating Equation 13.4, which can then be input

into Equation 13.2 to solve for the IQE and carrier concentration.
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Sample P1 P2 Bn2 IQE

G 7.4x1020 6.4x1018 4.3x1023 49.1

H 1.1x1021 7.8x1018 3.2x1023 36.3

I 2.1x1021 1.5x1019 1.9x1023 21.5

J 4.5x1020 6.4x1018 5.9x1024 66.5

K 3.0x1020 6.0x1018 6.7x1024 76.0

Table 13.1: Fitting parameters and extracted IQE at 9x1023 cm−3

The IQE vs. carrier concentration is shown in Figure 13.5 for conditions G-K. As discovered

in the generation rate vs. integrated PL intensity, the AlInP-based regrowth conditions J and

K achieve the highest IQE at any given carrier concentration. Specifically, J and K conditions

achieve IQE above 50% at a carrier concentration equal to 5x1016 cm−3. This result is consistent

with the high PL intensity in Figure 13.3 and the smooth sidewalls shown in the SEM image

in Figure 12.13. The best-known InGaP-regrowth condition is G, which includes both BOE

and in situ etching at a low growth temperature. Condition I achieves the lowest IQE, and its

carrier concentration is below 5x1016 cm−3 due to a low integrated PL intensity as the sidewall

passivation is inadequate.
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Figure 13.5: Internal quantum efficiency as a function of carrier concentration for conditions

G-K.

Using Equation 13.1, the non-radiative SRH recombination coefficient is determined at a

given generation rate. Figure 13.6 displays the extracted SRH coefficient at a generation rate

equal to 9x1023 cm−3s−1. Condition I results in the highest SRH recombination due to the low-

level integrated PL signal and reduced carrier concentration at any given laser power density.

Condition K also has the lowest SRH coefficient, indicating the best-known sidewall passivation

across the treatments explored. SRH coefficients for AlInP reported in literature are between

1x106-1x108 s−1, and the values reported in this research are within this range [176,177]. It is

worth noting that the values extracted for IQE and SRH depend on the fitting parameters and
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result in some open-ended quantitative interpretation, but the trends and comparison across

each sample are accurate.

Figure 13.6: SRH recombination coefficient, A, according to different sidewall treatments. B is

equal to 1x10−10 cm3/s.

Overall, the PDPL analyses conducted on the LEDs with various sidewall conditions show

that both the BOE and in situ etching in conjunction with AlInP passivation are more effective,

provided by the higher PL signal, than no treatment. The AlInP regrowth may be better than

the InGaP regrowth since it has more conformal and complete coverage along the sidewalls and

omit parasitic absorption due to its indirect bandgap. Based on these results, µLEDs of various

sizes from 15x15 µm to 50x50 µm were fabricated using the process described in the previous

chapter.

13.3 Electrical Analysis

The fabrication process outlined in Chapter 12 was conducted on a range of LED with

different sidewall conditions to investigate the electrical performance. These conditions include

dry etched (untreated), InGaP and AlInP regrowth. One InGaP regrowth sample did not have

surface cleaning, as denoted by condition A. The second InGaP overgrowth sample (condition
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Figure 13.7: Forward bias J-V measurements on 15 µm LEDs with condition A, F, anf K,
compared to the untreated LED.

F) and the AlInP overgrowth sample (condition K) received the BOE treatment and in situ

sidewall etch before regrowth. Figure 13.7 compares the forward bias IV measurements across

each sample. The untreated LED exhibits diode-like behavior at the lowest turn-on voltage

near 2.2 V, while condition K and F turn-on voltage are near 2.5 V. This suggests some level of

added resistance at the sidewalls from either the sidewall treatments, the regrowth processes,

or a combination thereof, and requires additional investigation. Condition A has the lowest

turn-on voltage near 4 V, which suggests high parasitic resistance losses for this particular LED

under test. A new fabrication approach to reduce the series resistance and measure individual

LEDs with different active areas more efficiently is required to understand the influence of

regrowth and the impact sidewall treatments have on the resistive properties.

Trends in the reverse bias regime for the untreated and best-known condition K were com-

pared next. Figure 13.8(a)-(b) shows the IV measurements on the untreated and condition K
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LEDs as a function of LED size. Specifically, Figure 13.8(a) displays the ln(I) vs. V and as the

LED size reduces from 50 µm x 50 µm to 15 µm x 15 µm, the current density increases in the

reverse bias regime. This increase in current indicates higher surface defects and dependency on

the sidewall quality. For the smallest LEDs with size 15 µm x 15 µm, condition K has a lower

leakage current in reverse bias compared to the untreated sample. Figure 13.8(b) displays the

forward bias IV measurements where the reduction in volume as the LED size reduces results

in a higher current density at lower voltage bias. Also, condition K shows a smaller range in

voltage as the LED size reduces compared to the untreated sample, indicating control over the

quality across various sized LEDs and resistance due to sidewall passivation.

Figure 13.8: Plot (a) reverse bias of the untreated and condition K LED and plot (b) forward

bias of the untreated and condition K with various sizes.

To measure the optical power output, an integrating sphere collected photon emission from

the µLEDs. A small contact probe is connected to the top grid fingers on the LEDs, causing a

mm-sized gap between the window and the surface of the LED. This is displayed in Figure 13.9.

The small gap remained consistent across all samples. However, complete photon collection is

not possible in this apparatus. This setup allows for fast measuring without the need for wire
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bonding.

Figure 13.9: Integrating sphere set up to measure EL and optical power output.

Figure 13.10 shows the radiant flux measurements taken on the untreated 25 µm x 25 µm

LED at various injection currents and focusing on the emission wavelength at 620 nm. The peak

signal is near the characteristic emission wavelength at low injection currents and is measured

between 626-628 nm. At high injection currents, the emission becomes broader, and the peak

wavelength redshifts. This shift and broadening in emission is due to the internal thermal

increase due to excess carriers and continuous current injection.
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Figure 13.10: Collected radiant flux vs. wavelength for the post dry-etched 25 µm x 25 µm

LED.

The optical power output is calculated by integrating the area under the EL emission curves

at each injection current within a wavelength range of 550 nm to 700 nm. Figure 13.11 displays

the normalized optical power output from low to high injection currents. The signal continues

to increase until thermal mechanisms dominate where the signal plateaus near high injection

levels above 800 A/cm2, which is beyond the point of LED operation in display technology.

Focusing on the 15 µm x 15 µm LEDs, Figure 13.12 displays the calculated EQE and

efficiency droop for the four LEDs with different surface treatments. Condition K surpasses

the other conditions with the highest EQE at low injection current, as determined from the

LOP. After this point, the efficiency droop begins to climb as the EQE reduces. At an injection

current equal to 1 mA, the droop in EQE is 38% for condition K and over 50% for the other
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Figure 13.11: Normalized light output power vs. injection current calculated between 550 nm
and 700 nm in wavelength.

198



Chapter 13: Micro-LED Characterization D’Rozario

conditions. Regarding conditions A and F, the LOP and therefore, the EQE, is low potentially

due to the parasitic absorption at the sidewalls since InGaP has the same bandgap as the QWs.

Additionally, the SEM shown above provides evidence of nonuniform and coalesced growth at

the sidewalls, indicating insufficient passivation.

Figure 13.12: Calculated EQE and efficiency droop at the same injection current.

13.4 Chapter Summary

The multiple sidewall treatments presented in this chapter were diagnosed by analyzing

the LED material as a function of the active area and determining the efficacy of the sur-

face treatments when compared to each other. The photoluminescence analyses were based on

well-established methods reported in literature and allowed the LEDs to be analyzed without
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finishing the top and bottom metallization. The best-performing conditions utilized some com-

bination of BOE and in situ etching from these measurements. Moreover, the wide and indirect

bandgap AlInP regrowth progressed the PL intensity and, in return, the carrier generation and

internal quantum efficiency. Moreover, the SRH coefficient was the lowest on condition K, which

supports the previous observations through sidewall quality in SEM and high PL intensity. The

PDPL analysis projected a complete fabrication study comparing the best-known conditions

to an LED with untreated sidewalls. The electrical measurements indicate that condition K

demonstrates the highest optical power output as LED area reduces, which supports the BOE

wet etch, the in situ etch, and using AlInP as an overgrowth material rather than InGaP. This

is most pronounced in the 15 µm x 15 µm where the sidewalls play a more significant role

in recombination. Further, the InGaP overgrowth conditions result in reduced optical power,

most likely due to parasitic absorption of laterally emitted photons in the InGaP sidewall and

insufficient sidewall passivation. Future work includes repeating these results and designing a

new mask outline to address the individual LEDs mounted on a chip efficiently. Further inves-

tigation in wide Eg regrowth layers and testing various combinations of the BOE and in situ

etch will confirm repeatability. Overall, the outcomes in this research provide evidence that a

combination of sidewall treatments is required and provides a promising pathway to continue

reducing the non-radiative recombination and improve the µLEDs optical performance.
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Conclusions

Part II of this dissertation involves the design, process development, fabrication, and char-

acterization of red-emitting AlGaInP-based µLEDs with dimensions less than or equal to 50 µm

x 50 µm. The challenges with LEDs as the area-to-perimeter ratio increases include disrupting

the crystal lattice due to the dry etching required to isolate the devices. Enhanced light emis-

sion requires sufficient sidewall passivation to mitigate the midgap energy states and improve

radiative recombination. This was achieved by optimizing a fabrication process to result in

smooth and anisotropic LED profiles. In particular, the photolithography, hard mask, and III-

V dry etching processes were optimized by multiple processing runs and microscopic imaging

to examine the profile and material quality. The wet-chemical sidewall treatments show the

slow etch rate using a buffered oxide etch, promising to remove less than 100 nm of sidewall

material before passivating with a non-active material. The in situ etch technique also provides

new combinations of sidewall treatment and allows for wide Eg regrowth without exposing the

sidewalls to air. From PDPL, the reduced slope in EQE from condition K, which includes the

BOE and in situ etch along with AlIInP regrowth, suggests effective sidewall passivation as

the perimeter-to-area increases. Condition K led to the highest PL intensity and lowest SRH

recombination coefficient, which relates to the complete and uniform sidewall coverage depicted

through microscopic imaging. After PDPL measurements determined that some combination
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between BOE and in situ etching was required to passivate the LED sidewalls before regrowth,

selective conditions were used to electrically characterize the optical power output using an

integrating sphere setup. The fabrication process using single grid fingers was developed to

measure the LEDs electrically. The reverse bias current was lower for the smallest LEDs us-

ing condition K compared to the untreated sample. This result relates to the increased optical

power output and EQE from condition K, indicating effective sidewall passivation. Future work

includes investigating more combinations of the BOE and in situ etch and new regrowth condi-

tions for the wide Eg AlInP overgrowth layer. A new LED chip design and fabrication process

using ITO as a transparent contact will also progress the electrical measurements across the

LEDs and determine the best conditions for effective sidewall passivation. The work presented

in this research sets a pathway for future investigation to improve the optical performance of

red-emitting AlGaInP µLEDs.
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Appendix A

A.1 Solar Cell Process Development

Figure A.1: Mask layout for the top-top contact design. The active solar cell areas are (a)
0.2025 cm2, (b) 0.06 cm2, and (c) 0.0125 cm2.

The top-top contact design mask was made with various cell areas, with the largest being

the 1 cm2 area. The three layers consist of top metal, solar cell isolation, and backside metal, as

shown in Figure A.1 (expanded portion). A different color represents each layer: the top metal

206



Chapter A: Appendix A D’Rozario

is blue, the solar cell isolation is green, and the back metal is red. The cell sizes vary from 0.06

cm2 , 0.2025 cm2, and 1 cm2. Figure A.2(a)-(b) displays the tilted SEM on a fabricated solar

cell using a top-top contact design with and without color correction to denote the different

regions. The backside metal, shown by the region marked as (1) in A.2(b), is completely isolated

from the active region of the solar cell, as shown by region (3). The green region marked as

(2) is the exposed TTC layer, which carriers laterally travel through and are collected at the

backside contact.

Figure A.2: Tilted 35° SEM of a thin-film GaAs solar cell with the top-top contact design with
(a) as taken SEM image and (b) color SEM with color correction to denote the back Au contact
(1), TTC layer (2), GaAs cell (3), and top Au contact (4). SEM was taken at 20 kV and the
scale bar represents 100 µm.

This mask includes transfer length measurement (TLM) pads patterned on the TTC layer

so that the contact and sheet resistivity can be measured for the back contact. The TLM

measurement uses a four-point probe system where two probes measure current, and the other

two probes for voltage across metal squares deposited on the semiconductor surface. The metal

area for the different pads remains the same, while the distance between each pad reduces. The

distances vary from 35 µm to 10 µm, as shown in Figure A.3. The total resistance between the

two metal pads is,
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RT = 2RC + RS
W

L (A.1)

where RC is the resistance at the metal/semiconductor interface, and the semiconductor

resistance is the second term. For the case where the distance between the two pads is zero, the

total resistance would be equal to twice the contact resistance. Thus, the contact resistance can

be determined by extrapolating to L = 0. Moreover, the sheet resistance can be determined by

taking the slope from the fitted data.

Figure A.3: Microscope image of the electroplated Au TLM pad (left) and a cartoon diagram

showing the reduction in spacing between pads 1 through 9 (right). The white scale bar in the

microscope image is 100 µm.

Figure A.4(a) displays the parameters extracted from the TLM measurement performed on

the (a) front side n-type contact and the (b) backside p-type contact for the top-top contact

design. The contact resistivity is within the range of low resistance for 1-sun illuminated J-V

measurements.
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Figure A.4: TLM results from the (a) n-type top contact and (b) p-type bottom contact on the

TTC layer for the top-top contact design.

A.2 Free-Carrier Absorption Modeling

The optical modeling performed in Chapter 6 relies on appropriate optical data to represent

the different semiconductor and dielectric materials used in the GaAs solar cell and back surface

reflector. Figure A.5(a)-(b) displays the measured materials used in the solar cell structure.

These measurements were performed using a spectroscopic ellipsometer (RC2, J.A. Woollam

Co., Inc.). The GaAs optical data was taken directly from the CompleteEase Software.
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Figure A.5: Optical constants (a) index of refraction, n and (b) extinction coefficient, k mea-

sured using an RC2 spectroscopic ellipsometer from J.A. Woollam Co.

Using the open-source Python 3 extension, Rayflare, the Pol method established in the Stan-

ford Stratified Structure Solver (S4) was used [118, 124] and convergence tests were conducted

for a series of Fourier orders in the XY plane of the grating layer. The number of Fourier com-

ponents used in the calculation was specified through a convergence test to maximize accuracy

while maintaining decent computation time.

Figure A.6 compares the GaAs absorption from 650 nm to 920 nm and the absorption in

the back layer, using Fourier orders from 100 through 225. The absorption converges at higher

Fourier orders, highlighting the maximum deviation less than 2% between 169 and 225 orders at

880 nm near the GaAs band edge. Furthermore, the maximum deviation across all wavelengths

less than 0.5% shows stability in the optical measurements when using 169 orders.
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Figure A.6: GaAs absorption and Grating B absorption near the GaAs band edge using Fourier

orders of 100 through 225 in the grating layer.

The two primary responses, the JSC and FCA in the back layer, are shown in Figure

A.7, highlighting the convergence at higher Fourier orders. The maximum deviation for JSC

and FCA between 169 and 225 orders was less than 0.01% and 0.05%, respectively. These

convergence tests validate the use of 169 orders, which resulted in nearly a 3-fold reduction in

the computation time for the simulations conducted in this research.
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Figure A.7: JSC and normalized FFCA in Grating B for Fourier orders 60 through 225 in the

grating layer.

A.3 Micro-LED Process Development

Hard masks were created for patterning SiO2 or SiNx on the epi wafers for ICP-RIE and

overgrowth experiments. The mask is designed for the 100 mm red-emitting LED structures.

In this mask, the features shown in Figure A.8 present the set of mesas sizes and spacings

condensed into 2 cm x 2 cm chips for individual experiments in etching and overgrowth. The

feature set is comprised of circular and square mesas in grids of 25 by 25 with sizes of 5 µm,

10 µm, 15 µm, 25 µm, and 50 µm, and spacings of 5 µm to 15 µm with 5 µm steps, and again

with 25 µm and 50 µm. Figure A.8(a) displays four of the 25 total square mesa arrangements

with different sizes and spacing. Finally, Figure A.8(b) displays a wagon wheel structure with

continuously varying lines and spaces from 5 µm to 50 µm with a total inner radius of 100 µm
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and outer diameter of 1000 µm. In each cardinal direction, two features extend from the circle,

and the two that extend the farthest (shown on the right) are always aligned pointing towards

the major flat of the wafer for consistent orientation in imaging. The wagon wheel structure

is intended to allow observation of crystallographic growth along varying planes from the host

substrate.

Figure A.8: GDS mask layout of (a) various sized square mesas and (b) wagon wheel structure.

A photograph of this mask is shown in Figure A.9(a) and Figure A.9(c) are Nomarski

micrographs of the hard masks to show square mesas of different sizes and spacing and the

wagon wheel structure.
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Figure A.9: Pictures of physical hard masks for (a) ICP-RIE mesa etching and (b) Nomarski

images on square mesa features and a wagon wheel structure.

A.4 Hard Mask Processing

In Part II of this dissertation, the LED mesa development depends on a repeatable lithogra-

phy process that patterns the hard mask (namely, SiO2 or SiNx) prior to the III-V dry etching.

Chapter 12 discusses the optimized photoresist profile using a Suss MicroTec MJB4 hard con-

tact mask aligner with a broad band exposure dose equal to 132 mJ/cm2. The positive AZ

MIR 701 photoresist profile has smooth sidewalls with an inclination of less than 10° and is

near 1.1 µm in thickness. The lithography process, including photoresist bake temperatures, is

shown in Table A.1.

Both hard masks required multiple dry etch recipes and SEM images to determine a recipe

that achieves an anisotropic profile with high selectivity. The dry etch recipes are included in
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Table A.1: Process parameters for patterning the hard mask with AZ MIR 701 photoresist.
Process Parameter Time (sec)
Spin coat 2500 rpm 40
Soft bake 95 °C 60
Exposure 132 mJ/cm2 (broad band)
Post-exposure bake 115 °C 60
Develop Microposit MF CD-26 60
Post-develop hard bake 120 °C 60

Table A.2. From the SiO2 etching, it was determined that the sidewall angle increases with

high ICP power and low pressure. However, the selectivity reduces between the SiO2 and

photoresist. The SiNx profile has a sidewall inclination between 80-90° with selectivity greater

than 1, whereas the SiO2 profile has a sidewall inclination around 60° and etches slower than

the photoresist. In both profiles, the photoresist etches in the fluorine-based plasma and results

in an angled profile. The angled photoresist profile is not a concern since it will be removed

prior to III-V dry etching. Lastly, the wet-etch rates in 10:1 BOE for SiO2 and SiNx are 90

nm/min and 20 nm/min, respectively. The slow BOE etch rate in SiNx is useful for sidewall

cleaning, as discussed in Chapter 12.
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Table A.2: Dry etch process parameters for patterning the hard masks.

Hard mask SiO2 SiNx

CF4 (sccm) 50 45
O2 (sccm) 0 5
ICP (W) 500 350
RIE (W) 100 50
Pressure (mTorr) 35 50
Material etch rate (nm/min) 75 155
Photoresist etch rate (nm/min) 150 112
Selectivity (material/photoresist) 0.5 1.4
Material etch rate (nm/min) 60-65 80-90
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