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Abstract

Ultra-thin photovoltaics (<100 nm) have shown an intrinsic tolerance to radiation-induced
damage which makes them a potentially advantageous power source for spacecraft which
need to withstand harsh environments outside Earth’s atmosphere. In the ultra-thin regime,
high transmission losses can be mitigated by integrating light management structures with
nanoscale features. A new type of ultra-thin single-junction GaAs solar cell was designed
using drift-diffusion simulations with an 80 nm absorber layer thickness and optimised
passivation layers. In particular, the use of InGaP as the front surface passivation layer,
instead of the more widely used AlGaAs, produced optimal front surface passivation and
performance despite being a direct band-gap semiconductor. The annealed n-type contact
was optimised using a transmission line measurement study to minimise series resistance
at the metal-semiconductor interface while avoiding excess diffusion of Au into the active
layers of the device which degrades shunt resistance.

Periodic metal-dielectric nanostructures were simulated and optimised for light man-
agement in 80 nm devices using rigorous coupled-wave analysis. Displacement Talbot
lithography (DTL) was used for the first time in a photovoltaic application to produce these
nanostructures. DTL is a non-contact, wafer-scale interference lithography technique that
produces periodic features with excellent uniformity over significant topography in a single
exposure. A hexagonal array of Ag pillars in a SiN layer was patterned on the back surface
of the ultra-thin devices to increase the optical path length of photons through the active
layers. A wafer lift-off process using an epoxy bond and substrate etch back technique was
developed to remove the devices from their growth wafers. This lifted-off design produced
an AMO short circuit current of 15.35 mA/cm? and an AMO efficiency of 9.08%, a 68%
increase over the planar on-wafer equivalent. Optical simulations confirmed the contributions
of Fabry-Perot and waveguide modes to this current increase. Simulated fabrication and
design improvements showed a feasible pathway to 16% AMO efficiency.

Planar on and off-wafer 80 nm ultra-thin devices were then exposed to 68 MeV and 3
MeV proton radiation to test their resilience in the space environment. Irradiation results for
on-wafer devices have shown boosted absorption of light compared to previous 80 nm on-

wafer ultra-thin designs in the literature. Maximum power values for off-wafer devices with
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integrated back surface planar mirror also exceeded cells that are two orders of magnitude
thicker from 3x 10!! p*/cm?, the lowest 3 MeV proton fluence that was tested. Devices with
3500 nm thickness produced just 53% of pre-exposure short circuit current at an equivalent
fluence of 7.21x10!2 p+/cm2. However, there was no degradation in short-circuit current

for 80 nm devices up to 2x10'* p*/cm?

. Time-resolved cathodoluminescence analysis
was carried out on radiation damaged devices and was used to correlate the onset of short
circuit current degradation with the point when extrapolated carrier lifetime drops below the
calculated time for carriers to traverse the junction. This is the first evidence in the literature
that suggests the intrinsic radiation tolerance of ultra-thin cells is due to carrier lifetimes
remaining long in relation to junction traverse time even after radiation-induced defects are

introduced.
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Chapter 1

Introduction to ultra-thin solar cells for
space power applications

The Sun continuously releases a huge amount of energy from the fusion reaction of hydrogen
nuclei into helium. Approximately 3.4 million EJ of energy from the sun makes it to the
Earth’s surface every year [12]. The sun’s energy can be captured by photovoltaic (PV)
cells and converted into usable electricity. PV technologies are important for a range of
applications including residential rooftop power generation, providing grid scale electricity
and, as will be the focus of this thesis, powering the electronics of satellites and spacecraft.
Satellite-enabled technologies span a huge range of industries from communication to climate

monitoring and are predicted to continue growing in importance in the coming years [13].

1.1 The solar spectrum

The sun’s radiation is primarily in the visible and near infra-red portions of the electromag-
netic spectrum. Its spectrum is estimated well by modelling the sun as a blackbody emitter at
a temperature of 5800 K. The standard spectrum used to test terrestrial PV is the standardised
Air Mass 1.5 (AM1.5) spectrum. Figure 1.1 shows the AM1.5G and 5800K blackbody
emission spectra for comparison along with the AMO spectrum which is used for testing
space PV. AM notation is used to signify the spectra that results after attenuation by the
Earth’s atmosphere (AM1.5G) or without any attenuation (AMO). G stands for global which
means the diffuse component is included. The integrated power density of AM1.5G solar
spectrum is 1000 W/m? while for AMO it is 1353 W/m?. While the solar constant of AMO is
higher than that of the AM1.5 spectrum, the efficiency of solar cells tested under AMO is

lower than that under AM1.5 because the Earth’s atmosphere attenuates large portions of
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the lower wavelength, near ultra-violet region and the below bandgap near IR region where

typical solar cells do not perform well.
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Fig. 1.1 AMO, AM1.5G and 5800 K blackbody radiation spectra, data from ASTM standards
[1].

1.2 Photovoltaics

Typically, PV cells are semiconductor devices that make use of the photovoltaic effect to
convert the energy of light incident on their surface to usable electricity. Upon absorption of
a photon with an energy greater than or equal to the semiconductor material’s bandgap, an
electron-hole pair is generated which can be extracted as useful current. The efficiency with
which a solar cell converts incident energy from photons into usable electricity is limited by
various loss processes. The theoretical limit of efficiency for a solar cell material is dictated
by its material bandgap and is known as the Shockley-Queisser limit [14]. The theory behind
solar cell operation, in relation to this work, is described in detail in Chapter 2.
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1.2.1 Solar cell materials

Solar cells made from crystalline silicon are the current industry standard for terrestrial
PV. This is due to the low cost and mature manufacturing infrastructure of silicon wafers
which was spurred by the rise of the electronics industry. Silicon is not the ideal solar cell
material but it is more economical to produce for large-scale solar deployment than other
semiconductor materials that are more efficient per unit area. One such material that is more
efficient than silicon is gallium arsenide, referred to as GaAs from here onwards. GaAs
performs better than silicon as a PV absorber layer due to its direct and near-ideal bandgap
of 1.42 eV. GaAs is a III-V semiconductor meaning it is made up of elements from group I1I
and group V of the periodic table. Since GaAs is much more expensive to produce than Si, it
has found targeted applications in concentrator PV and spacecraft solar power where costs
per cell are small in comparison to overall project costs. Furthermore II1-V materials offer
a radiatively limited material system in which extrinsic losses can be eliminated, making
it an appropriate platform for the study and development of next generation solar cells and
emerging concepts such as hot carrier solar cells (HCSC) [15, 16] that could overcome the

Shockley-Queisser limit.

1.3 Space power systems

The invention and initial development of PV, well before grid-scale solar energy generation
was considered, was spurred on by their applications in the space industry [17]. PV technolo-
gies have many advantages when it comes to space power generation. Other power systems
that have been considered for spacecraft include batteries and radioisotope thermoelectric
generators (RTG). However, batteries can be heavy and have finite lifetimes and there is an
insufficient amount of radioisotope fuel to supply the fleets of satellites in use today. More-
over, proliferation of nuclear materials remains a concern. This leaves solar arrays as the
best technology for most spacecraft except for deep-space missions where solar irradiance is
significantly reduced due to the large distances from the sun. For these deep-space missions,
RTGs have been used [18].

The first solar-powered satellite to be launched into space was the Vanguard I in 1958
and it was powered by silicon solar cells [19] with an efficiency of approximately 10% at
beginning of life (BOL). It still orbits the Earth to this day although it stopped transmitting
in 1964. Space PV technologies have come a long way since this first launch of a solar cell
into space. The current industry standard for space power systems are highly-efficient, multi-
junction, ITI-V PV technologies [20, 21]. They are significantly more costly per unit area to

produce than silicon but are more efficient. They have been developed for space applications
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since launch costs per kilogram of mass are high which means the cost of the array is a less
significant portion of overall costs. Multi-junction cells hold the current world records for
power conversion efficiency [22]. The drawbacks of these multi-junction designs are that
they are rigid and require protective coverglass when exposed to the damaging radiation
present in space. Progress towards making satellite solar arrays flexible and reducing the

need for heavy coverglass would be hugely beneficial for the satellite industry.

1.3.1 Space radiation environment

Outside of the Earth’s atmosphere there are regions with high levels of damaging radiation
that satellites must pass through when in certain orbits [23]. These areas are called the Van
Allen belts and they are visually represented in Fig. 1.2. These belts are made up of energetic
charged particles, mainly protons and electrons, that have become trapped due to the Earth’s
magnetosphere. Models of the radiation profiles of the Van Allen belts have improved over
the years from data collected from spacecraft travelling through them including the Van Allen
Probes launched in 2012 [24]. The low altitude belt is mainly made up of protons while the
high altitude belt is primarily electrons.

When a high energy proton or electron is incident on a crystalline solar cell in space,
defects can form in the lattice structure of the absorber layer that degrade the performance of
the solar cell. During many years on orbit these stable defects build up in the solar arrays of
satellites and they put a limit on satellites” mission lifetimes. Protective coverglass is often
used to shield solar arrays from this radiation but the added weight that coverglass adds is a

major cost to the overall mission.

1.3.2 Trends and challenges

Satellite technologies have grown in importance and now touch many aspects of modern
life from communication and weather forecasting to security and defense [25]. Large-scale
satellite constellations such as those launched by SpaceX and OneWeb show the importance
of optimised space power systems that can last for many years as more and more satellites
are launched into Earth orbit [13] and issues of space debris become significant.

A review of the future of space PV by the US Air Force Research Laboratory [26]
identified four major challenges that need to be addressed: power system cost reduction,
volumetric specific power, solar array reliability and solar array development schedule.
Further attributes identified by the space PV industry as crucial for future development

include: tolerance to damaging radiation and flexible form factors.
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Fig. 1.2 Diagram of the Earth’s Van Allen belts alongside the magnetic and rotational axes of
the planet, image from the European Space Agency [2].

Flexible form factors have been partially achieved with rigid cells by using individual
hinged sections such as the Roll-Out Solar Array (ROSA) designed by Redwire [27]. How-
ever this is still a work-around that involves a complicated mechanism with many components
and many potential failure modes during deployment. A PV technology that could be flex-
ible at the cell scale has been identified as a key goal of the space PV industry as it could
significantly reduce the stowed volume of the solar array during launch.

1.3.3 Opportunities

Since every kilogram of mass launched into space is expensive, there is an opportunity for a
new space PV technology, with a higher specific power, to disrupt the industry. Solar arrays
on a spacecraft need to maximise the watts produced per kilogram. The PV power systems
of satellites are also a large part of the overall mass which makes their specific power even
more important [28]. Specific power can be looked at in terms of mass (W/kg) or stowed
volume (W/m?). Both are important metrics to consider for space applications. This differs

from the requirements of terrestrial PV for residential roofs or grid-scale power generation
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where module cost and power conversion efficiency per unit area are often more important
than W/kg of the PV system.

A further opportunity within the space PV industry is designing solar arrays that can
facilitate the use of hostile orbits. Currently, there are gaps in the capabilities of satellites
when it comes to imaging the Earth’s surface. For instance, the polar regions of the Earth
do not get regular satellite coverage despite being of huge interest for imaging as our planet
warms [29, 30]. Molniya orbits are an example of missions that are strategically advantageous
for coverage of high latitudes but satellites are exposed to more damaging radiation because
they have to pass repeatedly through the Earth’s Van Allen radiation belts [31].

Other missions of interest that are currently beyond the capabilities of today’s space PV
include Jupiter’s moon Europa. It is seen as one of the best candidates for finding evidence
of extra-terrestrial life in our solar system. Thus far, Europa has only been imaged with brief
flybys from Jovian orbiting spacecraft in order to minimise radiation damage to on-board
solar arrays [32]. Missions to the surface of Europa to investigate have been stymied by its
harsh radiation environments.

Extending the end of life (EOL) performance of space solar cells could also extend
the mission lifetimes of Earth orbiting spacecraft in crowded orbits and reduce the need
for launching replacement satellites that contribute to space debris. There is significant
opportunity for new types of radiation tolerant, high specific power and flexible solar cells in

the space PV industry.

1.4 Ultra-thin GaAs solar cells for space applications

Ultra-thin GaAs solar cells are proposed for use as space PV due to their potential for high
specific power, intrinsic radiation tolerance [6, 33] and flexible form factors. In order to
exploit these characteristics, the high transmission losses inherent in the ultra-thin regime
need to be mitigated, particularly in the longer wavelength region of the incident spectrum.
In order for ultra-thin cells to compete with the thicker multi-junction cells used in space
applications, "light management" layers can be used to increase the path length of light
through the absorber layer. This increases the likelihood that an incident photon will be
absorbed and produce an electron hole pair. The term "light management" is used in this
thesis to refer to any structure or reflector that is integrated into the design of a solar cell to
increase optical path length through the device active layers or reduce reflection at the front

surface.
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1.4.1 Intrinsic radiation tolerance

An explanation for why ultra-thin solar cells exhibit intrinsic radiation tolerance has been
proposed in previous work [6] and is investigated further in this thesis. This proposed
explanation is that when the absorber layer of a single-junction solar cell is thinned down
to the ultra-thin regime (100 nm or less), the distance from the junction to the contacts is
also significantly reduced which means carriers are still likely to be collected at the contacts
even when radiation-induced defects are introduced. For standard space PV cells which have
length scales of tens to hundreds of microns, there is a substantial distance for the carriers
to travel before being collected at the contacts which means that at high defect densities,
carriers are likely to encounter a defect along the way and recombine. For the ultra-thin
regime on the other hand, the distance to the contacts is much shorter. As a result, carriers are
less likely to encounter defects, and are more likely to be available as current. In summary,
in the ultra-thin regime the short-circuit current does not degrade until extremely high defect
densities are reached.

1.4.2 Progress and state-of-the-art

Maximising the performance of thinned GaAs solar cells centres on increasing absorption
of photons from 600 nm up to the bandgap of GaAs which is 870 nm. This is because
shorter wavelengths are fully absorbed in thinned GaAs absorber layers, due to the high
absorption coefficient in the short wavelength range. Thick single-junction GaAs devices that
have long optical path lengths have achieved excellent efficiencies. Alta Devices presented
27.6% efficient cells [34] in 2011. They currently hold the efficiency world record for single
junction GaAs cells.

Ultra-thin GaAs cells have seen exciting advancements in recent years [35]. Certified
19.9% efficiency has been achieved [36] with a GaAs absorber layer of 205 nm (330 nm
including passivation layers). Table 1.1 compares recent progress in the performance of GaAs
solar cells near the ultra-thin regime. This thesis will present ultra-thin GaAs cells with 80
nm absorber layers and explore their potential use in a space radiation environment. The final
row of Table 1.1 denotes the light management structure used to improve the performance of
the ultra-thin devices.

Planar mirrors on the back surface of a solar cell can increase optical path length up to
a factor of 2. Randomised texturing such as surface roughening on the front or rear of a
solar cell can increase optical path length at most by a factor of 4n> where n is the refractive
index of the film. This is often referred to as the Lambertian or Yablonovitch limit [37, 38].

Periodic nanostructures such as photonic crystals can couple incident light to discrete guided
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modes, which can be tuned to maximise total internal reflection in the film. Optimised
quasi-random structures can scatter light into a tuned range between the evanescent limit and
the escape cone with a broad engineering tolerance [39]. Photonic crystal and quasi-random

structures can surpass the Lambertian limit.
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1.5 Structure of the thesis

Chapter 2 will detail the theory underpinning this investigation. The methods used to simulate
device performance and design light management structures will be presented. The theory
of radiation tolerance testing for PV will also be explained, as well as the modelling of the
space radiation environment, so ground testing of space solar cells can be extrapolated to
actual spacecraft mission conditions.

Chapter 3 will present the design and optimisation of a novel ultra-thin solar cell layer
structure. This layer structure is then used in the solar cell devices presented in Chapters 4,
5 and 6. Simulations of band structure, layer thicknesses and electrical performance will
be detailed. The optimisation of contact metalisation, contact layers and anneals will be
presented.

Chapter 4 will present an ultra-thin solar cell with integrated nanophotonic light-trapping
structures patterned with Displacement Talbot Lithography. Optimisation of fabrication
methods, the results of detailed characterisation and correlation with simulations will be
detailed.

Chapter 5 will present the radiation tolerance testing carried out on planar on and off-
wafer ultra-thin devices and will give detailed analysis of performance parameter degradation.
The chapter will also consider the application of these devices for scientifically interesting
but hostile orbits such as Highly Elliptical Earth Orbits (HEO) and orbits around Jupiter.

In Chapter 6, further optimisation of the ultra-thin device design is discussed, including a
detailed loss analysis and path to improvement. Avenues for potentially improving beginning
and end of life performance for ultra-thin solar cells used in space applications will be
presented.

Chapter 7 will discuss the outcomes and future perspectives that can be taken from this
work.



Chapter 2

Theory of ultra-thin solar cell design and
characterisation

2.1 Introduction

Fundamental theory and techniques used for simulation, design and the analysis of data are
explained in this chapter. First, the physics of solar cells is presented with specific attention
to the special case of the ultra-thin regime. This is followed by an explanation of the device
fabrication and metal contact quality testing techniques used in subsequent chapters. Methods
for boosting light absorption in the ultra-thin regime are then explored. Finally, the theory
behind radiation tolerance testing of solar cells and how those results are extrapolated to
on-orbit conditions is detailed. The underpinning goal throughout is to optimise, fabricate
and test novel ultra-thin solar cells in order to enable new spacecraft missions in hostile
orbits.

2.2 Solar cell physics

Solar cells need to have two specific characteristics in order to produce electricity when
photons are incident on their surface. These are the ability to absorb electromagnetic radiation
that produces electron-hole pairs and an asymmetry in electrical resistance that ensures charge
carriers flow in one direction through the device. By converting photogenerated chemical
potential into voltage across the device terminals, this current can then perform electrical

work on a load connected in series with the solar cell.
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2.2.1 Semiconductors

The band gap of a semiconductor material is the difference in energy level between the
valence band (where electrons are bound to their atom and are not free to flow through
a circuit) and the conduction band (where electrons have been excited and can conduct
electricity). The presence of a bandgap is one of the criteria for classifying a material as
a semiconductor. Insulators also have bandgaps but they are much greater than those of
semiconductors. When a photon that has an energy equal to or above the bandgap of the
semiconductor material is absorbed, an electron-hole pair is created. These photogenerated
charge carriers can either flow through the circuit or recombine radiatively or non-radiatively.
The energy that the photon provides that is in excess of the material’s bandgap is lost as heat

through interaction with lattice phonons in a process called thermalisation.

2.2.2 Absorption of photons

The probability that a photon incident on the surface of a solar cell will be absorbed depends
on the optical properties of the absorber material. For a first approximation of absorption, the
Beer-Lambert law can be used once the extinction coefficient, k, values for the material have
been measured. The absorption coefficient at a specific wavelength is calculated by using
Equation 2.1

B drk

- 2.1)

where « is the absorption coefficient and A is the wavelength of the incident light. Single
pass absorption, assuming no reflection at the front surface, can then be calculated by using
Equation 2.2

Absorption = 1 —exp(—od) (2.2)

where d is the thickness of the absorbing slab. Ellipsometry measurements are used in this
thesis to accurately measure the thickness and optical properties of the layers of ultra-thin
solar cells. This data is then used in simulations explained in Section 2.4.3 and in producing
Figure 2.1 which shows the absorption in GaAs slabs of varying thicknesses over a range
of incident wavelengths from 300-1000 nm. This figure shows the high transmission losses

inherent in the ultra-thin regime particularly in the longer wavelength regions.
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Fig. 2.1 Absorption as a function of wavelength for different thicknesses of GaAs slab.

2.2.3 Thickness and theoretical efficiency limits

As Equation 2.2 shows, devices with thinner absorber layers will absorb fewer photons. This
is because the thinner layer leads to a decreased optical path length which is one of the innate
disadvantages of thinned solar cell designs. The device is also more susceptible to shunt
pathways forming during processing thus potentially degrading the shunt resistance.
However operating in the thinned regime can lead to significant advantages. These
include improved carrier collection and higher open circuit voltages [46]. Carrier collection
efficiency is likely improved in the ultra-thin regime due to reduced transit distances to
terminals and open circuit voltages may be increased since light management targets high
photon density in a small volume which increases the density of charge carriers. Higher
densities leads to higher chemical potential and therefore an increase in open circuit voltage.
As mentioned previously, there is also significant evidence that solar cells with absorber
layers on the order of 100 nm in thickness exhibit an increased intrinsic tolerance to damaging

radiation when compared to thicker designs.
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The Shockley-Queisser limit for single-junction solar cells [14] states that 33% efficiency
is the maximum achievable limit for a material with an ideal bandgap of 1.4 eV and a thick
absorber layer. In practice, PV systems achieve lower than the Shockley-Queisser limit
due to non-ideal bandgaps, defects in the material structure and other processes that reduce
power conversion efficiency. There are certain losses that are intrinsic and unavoidable (e.g.
thermalisation losses) while other losses are extrinsic and can, in theory, be avoided by

optimised device design (e.g. contact shading, non-radiative recombination) [47].

2.2.4 Recombination

There are broadly two different mechanisms by which an electron and hole recombine:
radiative and non-radiative. Radiative recombination dominates in direct semiconductor
materials such as GaAs while non-radiative recombination is more prevalent in indirect
semiconductors such as Si. When radiative recombination occurs, a photon is emitted when
an electron-hole pair recombines. Non-radiative recombination, which releases heat instead
of a photon, can also be split into two categories, Shockley-Read-Hall (SRH) and Auger
recombination. SRH recombination occurs when states in the forbidden energy band gap are
introduced due to defects in the material. These states trap electrons and provide a pathway to
recombination. Auger recombination is the process by which an electron and hole recombine
but rather than emitting the energy as a photon or heat, the energy is transferred to a third
electron in the conduction band which then thermalises back down to the conduction band
edge.

Photon recycling is a process that can occur when a radiative recombination event takes
place and the photon that is emitted is re-absorbed by the semiconductor material before
escaping through the front or rear surface. This process enhances the efficiency of the solar
cell and the rate of photon recycling can be increased in thin, radiatively limited cells by

increasing the optical path length within the solar cell active layers.

2.3 Solar cell modelling and characterisation

2.3.1 Diode behavior

In the dark, an ideal solar cell can be modelled as a rectifying diode connected in parallel to
a current source. By using a source meter, a voltage sweep can be carried out to investigate
the diode behavior of the cell under test. The resulting current is exponentially related to the

applied voltage and is governed by the following diode equation:
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1= Io{exp [Z—;] — 1} (2.3)

where [ is the resulting current, [y is the reverse saturation current, g is the fundamental
charge, V is the applied voltage, k is the Boltzmann’s constant and 7 is the temperature. The
Iy term is a measure of recombination in the device and is inversely related to the material

bandgap. When exposed to illumination, the light generated current term is introduced:

1= Io{exp {Z—‘T/} — 1} -1 (2.4)

where I7, is the light-generated current. When taking a current voltage sweep of a solar cell in
the dark, the applied voltage creates the electron-hole pairs. By analysing the diode behavior
of a solar cell in the dark and under illumination, insight into the electrical performance can
be gained and improved devices can be designed.

Fig. 2.2 illustrates the current-voltage characteristics of a typical solar cell in the dark
and under illumination. Jgc is the short circuit current density, Voc is the open circuit voltage,
FF is the fill factor, V), is the voltage at the maximum power point and J,,,, is the current
density at the maximum power point. For the rest of this thesis J (current density) will be
used instead of I (current) because J values allow for direct comparison of solar cells of
different areas. J-V sweeps are common testing methods for solar cells and allow us to
calculate the efficiency with which the solar cell is converting incident energy into electricity.

By calculating the power produced at the max power point and dividing this value by
the power of the incident spectrum (AM1.5, AMO etc.), the efficiency can be determined.
In theory, the curve in the dark should match the curve under illumination with an offset in

current density equal to the Jgc. This concept is called the superposition principle.

2.3.2 The 2-diode model

Moving beyond the idealised single diode model of a solar cell leads us to the more accurate
2-diode model. Figure 2.3 shows the equivalent circuit used to model the behavior of a
standard solar cell. Experimental data can be fitted to this model in order to extract parasitic
resistance (R and R,,), diode ideality factors (n; and n;) and saturation current values
(Jo1 and Jpo). These values are used to pinpoint potential device processing improvements.
The second diode current value, Jy, is of particular interest to the ultra-thin regime since the

depletion region accounts for a large fraction of the total device thickness and the second
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Fig. 2.2 Diagram of dark and light current-voltage characteristics for a typical solar cell with
labelled performance parameters: Jsc, Voc, FF, Viypp and Jypp.

diode represents losses due to carrier recombination through defect centres in the depletion
region. The ideality factors n; and n; are measures of how well the data follows the diode
equation. Equation 2.5 is the 2-diode equation under illumination.
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Fig. 2.3 Diagram of the 2-diode model equivalent circuit that is used to model solar cell
electrical characteristics with labelled parameters: Jp, ny, na, Ry, and R,
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where J is the current density in mA/cm?, J1 1s the photocurrent, Jy; is the dark saturation
current of the first diode, g is the elemental charge, V is the voltage, R, is the series
resistance, k is Boltzmann’s constant, T is temperature and R, is the parallel or "shunt"

resistance.

2.3.3 Characterisation under illumination

A high Jgc indicates high levels of absorption between about 300 nm and the bandgap of the
absorber material as this is the region where there is the highest irradiance from the solar
spectrum. Jgc is a good metric for assessing the effectiveness of any light-trapping structures
integrated into the solar cell design.

The maximum voltage a solar cell can produce occurs at open circuit. This V¢ value is

affected by the recombination rate in the solar cell. Eq. 2.4 can be rearranged for Vpc:

KT I
Voc = —In(Z£+1) (2.6)
qg I

The fill factor (FF) of a solar cell is calculated in Equation 2.7 and is affected by parasitic

resistance values.

FF = M (2.7)
JscVoc

The overall power conversion efficiency of a solar cell is then calculated in Equation 2.8.

Popp _ JscVocFF
P g

n= (2.8)

2.3.4 Spectral response

The spectral response of a solar cell can also be analysed to provide more information about
performance. By illuminating a solar cell with monochromatic light and measuring the
current produced, the quantum efficiency can be analysed. External quantum efficiency
(EQE) measures the ratio of electrons collected as current to incident photons. EQE data in
this work is taken in discrete steps from 300 nm up to the bandgap of the absorber material

at zero bias.
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2.4 Light management in solar cells

During operation of a solar cell under illumination, there are optical losses that need to be
minimised to produce the best possible device performance. Shading losses due to front
surface contacts should be minimised while also providing short pathways for carriers to flow
from the junction to the contact to avoid excess series resistance and therefore a degradation
in fill factor. Some light will also be reflected off the front surface of the solar cell or pass
through the device without being absorbed. Anti-reflection coatings are used to minimise
front surface reflection. Light-scattering structures can be used at the front or rear surface to
increase the optical path length through a solar cell and reduce transmission loss.

For monocrystalline Si solar cells with absorber layer thicknesses on the order of microns,
front or rear surfaces can be textured through an anisotropic wet chemical etch step [48].
This creates pyramidal structures that reduce reflection and increase optical path length by
scattering light. For solar cells with absorber layers on the order of 100 nm, such as the
ultra-thin GaAs solar cells in this thesis, light management structures on the front and rear

surfaces must have much smaller length scales in order to enhance absorption.

2.4.1 Anti-reflection coatings

Anti-reflection coatings (ARC) are commonly used in solar cells to reduce the front-surface
reflection of light. The material and coating thickness are carefully chosen so that reflected
light from the air to ARC interface interferes destructively with the light reflected from the
ARC to solar cell interface. The wavelength at which this interference is destructive should
be adjusted to align with the maximum point of the solar spectrum. This maximises the
efficiency boost that a front surface ARC provides. Equation 2.9 can be used to calculate the

ideal ARC film thickness for a specific wavelength of light.

A

d —
4dnsrc

(2.9)

where d is the film thickness, A is the wavelength of the incident light, and nsgc is the
refractive index of the ARC. The ARC also performs most effectively when its refractive
index is the mean of the refractive indices of the air, n,;, and the solar cell material, rg,;.

This ideal value is calculated in Equation 2.10.

NARC = A/ Nairlsemi (2.10)
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Multiple layer ARC coatings can further reduce front-surface reflection. In practice, the
number of ARC layers rarely exceeds two as there is a diminishing reduction of reflection
past two layers and significant added manufacturing complexity. Very thin single layer
anti-reflection coatings (SLARC) are optimal for the ultra-thin regime where any parasitic

absorption at the front surface can have a significant effect.

2.4.2 Light-trapping structures

Light-trapping structures are used to make ultra-thin cells behave as optically thicker devices.
The goal of light-scattering is to increase the optical path length of incident photons to
increase the likelihood of photon absorption and photogeneration. These structures increase
the short-circuit current by increasing the likelihood that a photon is absorbed and therefore
contributes to photocurrent [49]. This is particularly important for long wavelength photons
because they have higher absorption depths. As a simple first step towards boosting the
absorption in a solar cell, a planar back surface mirror can be added. Highly reflective
materials such as Ag are good candidates. This mirror enhances light absorption by doubling
the path length of light through the absorber layer.

To move beyond double-pass absorption from a planar mirror, a non-planar light-trapping
structure can be used. This structure can either be a disordered, "randomised"” surface [50] or
a periodic structure [36, 51, 52]. Light management can give further performance benefits
beyond increasing the optical path length. Bulk recombination and resistivity losses can be
reduced since a thinner layer of material is needed to absorb the same number of photons.

Structures can be placed on the front surface of solar cells which can be easier to fabricate
compared with a rear surface structure. The limitation of using the front surface, however,
is that gains in short circuit current from increased optical path length can be cancelled out
by parasitic absorption of short wavelength photons at this front surface. The back-surface
scattering layer comes with its own challenges in terms of fabrication. The structure must be
either grown as part of the solar cell layer stack or the layers must be grown in an inverted
orientation so the light-trapping layer may be added before flipping and bonding the design
to a different host substrate.

Boosting light absorption in the ultra-thin regime requires a different approach to those
used in cells that are orders of magnitude thicker such as conventional Si cells. Since incident
light can be approximated as coherent over the length scale of the ultra-thin absorber layer,
standard light-trapping methods would not enhance performance. Moreover, the ultra-thin
scale rules out random texturation like the anisotropic etches used for Si as the feature sizes
would be orders of magnitude larger than the ultra-thin layers. A structure with nanoscale
features is therefore needed.
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There are a variety of methods for fabricating these nanoscale light management struc-
tures, each with their own benefits and drawbacks. These will be discussed in detail in
Section 4.2.2.

2.4.3 Optical simulation of light-trapping in ultra-thin solar cells

A variety of models and techniques can be applied to a solar cell design to predict performance.
Different optical modelling methods are appropriate for different length scales and take into
account different optical effects. A first approximation of solar cell performance can be
calculated through the Beer-Lambert Law discussed in Section 2.2.2. This method does not
take into account any surface effects such as front surface reflection or any scattering of light.

Ray-tracing is an optical method which calculates reflection and refraction at material
interfaces. This method is only applicable for describing systems that have feature sizes
much larger than the wavelength of light as this means interference and diffraction effects
can be ignored [53]. This method is therefore not applicable to the ultra-thin regime where
the length-scale of the device is in the same order of magnitude as the wavelengths of the
incident photons.

The transfer matrix method (TMM) [54] can be used to more accurately predict the
reflection, transmission and absorption of light at multiple interfaces and any interference
effects that are produced. This wave-optical method has the drawback that it can only
describe planar layers and an effective medium approximation must be used to model
structures incorporating more than one material in a single layer. TMM is accurate in the
ultra-thin regime and is used in this thesis to model planar device structures.

Rigorous coupled wave analysis (RCWA) [55] uses Maxwell’s equations to model pe-
riodic structures and is used in this thesis to simulate ultra-thin solar cells with integrated

nanoscale light management structures.

2.5 Optimising electrical contacts

In order to extract current from a solar cell p-n junction, contacts must be formed to both the
p and n sides of the device. For optimal solar cell performance the contact should be "ohmic"
which means that, during an I-V sweep, the relationship between current and voltage is linear.
This is shown in Figure 2.4 on the left and contrasted to a non-ohmic (or "rectifying" contact)
where the current and voltage are non-linear. The symmetric curve in b) is for a pair of
back-to-back rectifying contacts. A single rectifying contact would show a non-symmetric

curve.
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Fig. 2.4 Example current-voltage plots for ohmic (left) and non-ohmic/rectifying contacts
(right).

Transport across a metal-semiconductor interface depends on the work functions of the
two different materials. When they are brought into intimate contact, a depletion region
forms and the characteristics of this region affect the transport of carriers.

There are three different mechanisms whereby electrons move across the interface be-
tween a metal and a semiconductor. These are: thermionic emission, thermionic-field
emission and field emission [56]. Thermionic emission (TE) occurs when carriers travel over
the top of the potential barrier between the metal and semiconductor. TE is the dominant
mechanism in non-ohmic/rectifying diodes. Field emission (FE) is the preferred mechanism
for carriers to move across the barrier and lead to an ohmic contact. During FE, the carrier
tunnels through the barrier to the other side. The third mechanism is thermionic field emission
(TFE) which is a combination of thermionic and field emission whereby the electron tunnels
through the upper part of the potential barrier.

When forming contacts, parallel resistance should be maximised thus ensuring alternate
pathways through the junction are not available to carriers. Series resistance should be
minimised to ensure carriers are able to flow easily to the contacts and through to the external
circuit. Series resistance is the sum of the two contact resistances at either side of the junction
and lateral resistances in the absorber layer.

There are a variety of materials and techniques for forming high quality electrical contacts
to standard semiconductor solar cells. Aluminium is commonly used for contacting to both p
and n-type silicon. For GaAs, alloys of Ni, Ge and Au are common for the n-type contact
and Ti, Pt, Zn and Au for the p-type [57, 58].

Thermal evaporation of metals onto the surface of III-V solar cells with a photolithography
lift-off step is a commonly used method to form the desired contacting pattern [59]. Metal
contacts can also be added via other techniques such as sputtering [60] however these methods
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present difficulties in the ultra-thin regime due to their potential for causing excess diffusion
of the metals into the active layers of the device. Therefore thermal evaporation was chosen
to produce metal contacts to the ultra-thin solar cells in this thesis.

2.5.1 Contact resistance

Once an ohmic contact has been formed, with FE as the dominant mechanism of carrier
transfer, the contact resistance of the interface can be quantified. The total resistance
measured across two metal contacts interfacing with a section of semiconductor material
is R;p1q1- This is the total resistance value inhibiting the free flow of electrons and can be
calculated using Equation 2.11.

Rtotal = 2Rm + 2Rc + Rsemi (21 1)

where R,, is the resistance in the metalisation, R, is the contact resistance and Ry, is the
resistance in the semiconductor material. We can assume that R, » R,, and neglect the R,,

term to get Equation 2.12

Riotal = 2R + Ryemi (2.12)

Therefore an I-V sweep taken by probing to two contact pads on a semiconductor
slab will give the sum of the resistance in the semiconductor, which is affected by the
distance that separates the two contact pads, and the contact resistances at each of the two
metal-semiconductor interfaces. In order to isolate a generalised parameter for resistance,
a systematic approach is needed. The goal is to measure the contact resistivity, p., in units
of Qcm?. This value can then be used to directly compare the quality of a contact as it is
independent of the geometry of the contacts. p. is the product of the contact resistance, R,

and the area of the contact, A, as shown in Equation 2.13.

Pc = RA¢ (2~13)

2.5.2 Transmission line measurement method

Transmission line measurement (TLM) is a method commonly used to determine the resis-

tivity, p., of the interface between a semiconductor and a metal [61]. First, a bulk wafer
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of the semiconductor that is under test needs to be produced. This wafer needs to be just
the bulk semiconductor of interest as opposed to a multi-layered structure. This is because
carriers can penetrate below the surface of a multilayer structure of a device which produces
compound effects from different sheet resistances and the presence of different depletion
layers. A TLM of a bulk layer allows the independent extraction of contact resistances.

A mesa etch is carried out to create channels on this surface and confine the path of the
carriers when I-V sweeps are carried out. Metal contacts are then evaporated onto these
channels and an anneal is carried out if needed. Figure 2.5 shows an example TLM pattern
with yellow sections showing the metal contacts and the blue area showing the mesa. An
I-V sweep is then carried out by probing to pairs of contact pads with increasing distance
between them. This spacing is dictated by the photolithography mask used (denoted by L,
Ly, L3 etc.). If ohmic contacts have been achieved, the resistances at each spacing can be
calculated from the I-V sweep. These resistances are then plotted against spacing and a line
of best fit can be calculated as shown in Figure 2.6. The y-intercept of this line of best fit is
equal to twice the contact resistivity of the metalisation. In this way, different doping levels,
metal layer combinations, and anneal conditions can be compared in terms of the contact
resistivities they produce.

Measuring the area of the contact A, in Equation 2.13, is more complicated than simply
measuring the area of metalisation pad over the semiconductor. This is because current does
not move uniformly beneath a metal-semiconductor interface. There is a phenomenon called
"current crowding" [62] that means the current flowing into the metal area is highest at the
edge and tails off as distance from the edge is increased.

The magnitude of the x-intercept of the line of best fit in Figure 2.6 is equal to 2L7.
L7 is the transfer length which is a measure of the distance that a carrier travels in the
semiconductor underneath the contact before being collected. Using Ly rather than the width
of the contact pad is a more accurate measure of contact area A.. This is shown in Equation
2.14

A.=WLr (2.14)

where W is the width of the mesa etched channel as shown in Figure 2.5.
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Fig. 2.5 Diagram of a TLM sample showing top view, cross-sectional view and a visualisation
of transfer length, L7, yellow areas represent metalisation, blue areas are semiconductor
contact layer material. L1, Ly, L3 and L4 show the different spacings between each pad of
metalisation that is essential for TLM analysis.

2.6 Radiation damage in solar cell materials

As discussed in Chapter 1, satellites orbiting Earth and other planets are exposed to damaging
radiation (mainly in the form of protons and electrons) that can cause degradation in the
materials that make up on-board electronics and solar arrays. Energetic particles primarily
cause displacement damage in the lattice structure of crystalline absorber layers [63]. In
GaAs solar cells this means dislocations and interstitials are formed when atoms in the lattice
are displaced from their original position. Higher energy particles can lead to compound
effects with primary knock-on atoms causing clusters of defects.

2.6.1 Defect annealing

Defects in a solar cell can be unstable with the interstitial atom eventually returning to its
original position [64, 65]. This can complicate the analysis of solar cell and semiconductor
material degradation if defects are not stable. The time between the introduction of defects

and defect density characterisation can be significant if annealing effects are present. Deep-
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Fig. 2.6 Example of a TLM resistance versus spacing plot that can be used to calculate

the contact resistance, R., and transfer length, L7 of a metal-semiconductor interface. The
gradient of the line of best fit is equal to R, divided by the width of the metalisation pad.

level transient spectroscopy (DLTS) can be used to analyse the density and nature of defects
before and after annealing [66].

2.6.2 Defect tolerance of ultra-thin devices

Defects introduced by irradiation reduce the lifetime of carriers in solar cells. Higher densities
of defects due to higher fluences of irradiation means the carriers are more likely to recombine
at a defect site before being collected at the contacts. Ultra-thin GaAs solar cells have shown
an intrinsic tolerance to the introduction of these radiation-induced defects [6, 67]. In Hirst
et al. (2016) 80 nm single junction GaAs cells showed no degradation in short circuit current
during 3 MeV proton irradiations whereas cells with absorber layer thicknesses of 800 nm
and 3500 nm showed significant degradation.

The reason proposed for this intrinsic tolerance is that when the absorber layer is thinned
down to the ultra-thin regime, the carriers have a shorter distance to travel before reaching the
contacts of the device. This means that even with higher defect densities the carrier lifetimes
are still long enough to allow them to be collected. The open circuit voltage of ultra-thin

devices degrades with a similar profile to the thicker 800 nm and 3500 nm cells as expected.
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2.6.3 Radiation tolerance testing methods

The overall goal of radiation testing of solar cells is to determine the rate of degradation of a
given solar cell type as it is exposed to different fluences and types of damaging radiation.
With a standardised procedure for this, different solar cell types can be directly compared
in terms of their resilience to space radiation. The most common testing in the literature is
exposing cells to protons and electrons at specific energies and analysing the degradation in
solar cell performance due to the introduction of defects.

Pre and post exposure solar cell characterisation can be split into two broad categories:
macroscopic analysis at the device level such as LIV and EQE, and microscopic analysis
such as defect density and cathodoluminescence. Microscopic trends can be correlated to
macroscopic results and provide insight into the mechanisms that decrease the performance
of solar cells as they are exposed to radiation. Absolute values of performance metrics such
as short circuit current and open circuit voltage give information about rates of degradation.
Remaining factors of these performance metrics are also important to compare across device
types with different beginning of life performances.

Radiation tolerance testing of solar cells can be extended beyond ground testing by pro-
gressing to flight testing [68] where solar cells are placed on spacecraft and their performance
is tested while on orbit to analyse degradation in actual orbital conditions. Flight tests provide
valuable data but are much more costly and complicated to execute so ground testing using
particle beams is used in this thesis to investigate ultra-thin cells and their radiation-induced

degradation.

2.6.4 Displacement damage dose method

Two methods for modelling solar cell degradation due to damaging radiation are considered.
These are the equivalent fluence method developed by the Jet Propulsion Lab [69-71] and
the displacement damage dose (DDD) method developed by the Naval Research Lab [72, 73].
This investigation uses the DDD method because it requires far fewer irradiation results in
order to draw conclusions about the damage profile of devices.

The DDD method uses non-ionising energy loss (NIEL) [74] which is the amount of en-
ergy lost by an incident particle as it travels through the target material causing displacement
defects. The energy deposited in the material is the DDD and is related to NIEL in Equation
2.15:

D = (NIEL)® (2.15)
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where D is the displacement damage dose and & is the fluence of damaging radiation in
particles per unit area.

The DDD method applies to both proton and electron irradiation as well as to the
degradation induced by gamma rays. However, for electrons and gamma rays more than
one irradiation at different energies or further calculations are needed in order to find the
performance degradation versus displacement damage curves for a specific solar cell type.
Proton damage correlates directly to DDD and is therefore a good place to start when
analysing the radiation tolerance of a specific solar cell type such as ultra-thin GaAs single-

junction cells.

2.6.5 Modelling the space radiation environment

In order to extrapolate the results of radiation ground testing to on-orbit conditions, the space
radiation environment needs to be quantified. Since the launch of the first solar-powered
satellite in 1958, our understanding of the radiation profiles around Earth and other planets
in our solar system has become more and more advanced. There is still uncertainty in
the models used to predict radiation environments and therefore "worst-case" estimates for
damaging radiation are most often used. This ensures that solar arrays are designed with
large enough factors of safety to guarantee they can carry out their missions.

The radiation environment models used in this thesis are as follows: NASA AP9/AE9
for Earth orbits [75] and the Jovian Specification Environment model (JOSE) for orbits
around Jupiter [76]. These models are implemented in the SPace ENVironment Information
System (SPENVIS) developed by the European Space Agency [77]. In order to properly use
SPENVIS, an orbit trajectory for the proposed mission needs to be specified. Data such as
the spectra of radiation, integral proton/electron flux and ground track co-ordinates can then
be extracted. From there, conclusions can be made about damage to solar arrays and mission
lifetimes can be calculated.






Chapter 3

Device simulation and design

3.1 Introduction

Previous studies have shown the intrinsic radiation tolerance of GaAs solar cells with an
ultra-thin (<100 nm) absorber layer [6, 33, 78]. 80 nm absorber layer devices have shown no
degradation in Jgc when exposed to 3 MeV proton fluences up to 1x 10'* p*/cm? without any
protective coverglass in place. In contrast, cells with absorber layers an order of magnitude
thicker had degraded to less than 30% of their original Jgc value [6]. The theory behind this
tolerance to damaging radiation is explained in section 2.6.2. In order to take advantage of this
feature, while maintaining good beginning of life device performance, ultra-thin cells must
have carefully designed contact and passivation layers as well as integrated light management
features to mitigate high transmission losses near the bandgap of GaAs. Previous studies
have reached 19.9% efficiency (under AM1.5 illumination) for a 205 nm GaAs absorber layer
with a periodic nanostructured light management layer [36]. Performance improvements for
ultra-thin devices are ongoing [35].

This chapter details the design process of single-junction GaAs solar cells with an
absorber layer thickness of 80 nm. These are some of the thinnest solar cell device layer
structures currently in the literature for any material system [79]. The device layer structure is
designed to produce optimal electrical characteristics. Diode performance was analysed using
the 2-diode model to look at parasitic resistance values. A transmission line measurement
study was carried out to minimise contact resistivities of the n and p-type metalisations while
avoiding excess diffusion of Au into the active layers of the ultra-thin device. These diffusion
effects are particularly important to consider in the ultra-thin regime where a small amount
of diffusion can penetrate through a large proportion of the overall device thickness.

Patrick See carried out the first set of metalisations and produced Figure 3.8. Figure 3.2

is adapted from a diagram produced by Louise Hirst. Ellipsometry measurements and data
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fittings to determine layer thicknesses were carried out by Phoebe Pearce. Chapters 4, 5 and
6 detail the devices that were produced using the layer structure designed and optimised in

this chapter.

3.2 Ultra-thin device design

An 80 nm homojunction of GaAs was chosen as the absorber layer for the devices as this
length scale has shown intrinsic radiation tolerance in previous studies [6]. GaAs was
chosen since it is a well-established platform for development as the ultra-thin regime is
explored. It has a near ideal bandgap for single junction devices and mature device fabrication
methodology within thicker device regimes, making it a suitable platform for developing
devices at this novel ultra-thin scale. While GaAs is well understood from a radiation damage
perspective, as it forms the middle junction of current commercial space multi-junction cells,
other III-V alloys such as InP [80, 81] are more resilient to radiation damage. InP and its
related alloys also exhibit self passivation at surfaces. Ideally, the findings of the ultra-thin
GaAs device development in this thesis could be translated to these other material systems
such as InP in the future.

The design of ultra-thin devices requires more optimisation than simply reducing the
thickness of the absorber layer. Passivation and contact layers must also be thinned to avoid
high levels of parasitic absorption, maintain radiation tolerance and ensure flexible form
factors are possible. Surface and interface defect states must be passivated as they degrade
device performance by acting as carrier recombination sites. Interfaces are particularly

important in the ultra-thin regime where surface effects dominate.

3.2.1 Lattice matching

In order to avoid the introduction of strain into the ultra-thin device layers, lattice matched
materials should ideally be used for the epitaxial growth. Contact and passivation layer
material choices are therefore based on the GaAs lattice constant of 5.65 A since that is the
chosen absorber material. Figure 3.1 gives a visual comparison of the lattice constants of
some of the common III-V alloys that were considered for contact and passivation layers.
As shown in Figure 3.1, a limited number of ternary alloys can be grown lattice matched to
GaAs. These alloys such as InAIP and InGaP served as a starting point for narrowing the

design space.
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Fig. 3.1 Lattice constants of common III-V alloys plotted against material band gap. Lines
connecting circles indicate the varying properties of ternary alloys. Plot from [3].

3.2.2 Passivation layers

Passivation layers are needed to ensure that carriers of the correct type are able to move
freely towards the contacts and the opposite carriers are blocked. These layers can be natively
grown from the same materials as the absorber layer or can be formed of non-native materials
such as the use of alumina passivation layers for Si solar cells [82]. The best performance
thin single-junction GaAs solar cells in the literature make use of high bandgap alloys as
passivation layers [36] so this is the material system used for the ultra-thin devices.

High bandgap and/or indirect bandgap materials are desirable for barrier layers, particu-
larly for the window layer as they will cause less parasitic absorption of shorter wavelength
light. Passivation layer design can be adjusted in three ways: alloy composition, doping den-
sity and layer thickness. In theory the layer thickness should be kept to a minimum to avoid
parasitic absorption and keep series resistance low. Heterojunctions between the absorber
and passivation layers create depletion regions at the interfaces and introduce discontinuities
in the band structure of the device. These discontinuities can be advantageous if they are
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blocking minority carriers but they can be detrimental if they introduce potential barriers to
majority carriers.

Previous ultra-thin devices in the literature have made use of AlGaAs as passivation
layers however this alloy is not lattice matched to GaAs. This could be a more significant
issue for the 80 nm length scale chosen in this study as any strain introduced will likely have
a more prominent impact. AlGaAs can also be a direct bandgap semiconductor depending
on Al fraction which can introduce parasitic absorption.

Figure 3.2 shows the alloys considered for passivation for ultra-thin devices. Of the group
of ternary alloys lattice matched to GaAs, AIP based alloys have lower valence band energies
and are well suited for n-type barrier and GaP alloys have higher valence band energies
and are therefore better suited to be a p-type barrier. InAlP and InGaP were found to have
good band alignment with GaAs. InAlP is an indirect semiconductor which is desirable for
passivation layers but InGaP is direct. InGaP and InAlP are fairly well lattice matched to
GaAs with Ga and Al fractions of 0.51 and 0.53 respectively. Their band alignment was
further adjusted with the addition of dopants as can be seen in Figure 3.2 b). Adjustment of
alloy composition was pursued first because dopants introduce the potential for band-bending
at the interface between barrier and absorber layers. Band alignments could be further

optimised by the use of quaternary alloys but that is beyond the scope of the investigation.
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Fig. 3.2 Band alignment diagrams showing the optimisation of barrier layer material choice.
a) Lattice matched ternary alloys investigated as possible barrier layers, b) Band alignment
of InGaP and InAlP passivation layers with ultra-thin GaAs absorber layer.

Drift-diffusion simulations were carried out using Solcore [3] to simulate the band
structure and dark current densities of the proposed structure with InGaP and InAlIP barrier
layers for different doping levels.
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Figure 3.3 shows how simulation was used to understand trends in performance by
varying different quantities such as passivation layer thickness. This figure shows how as
the passivation layer thickness is increased, the dark current improves but quickly converges
as the thickness reaches approximately 20 nm. Field effects are not taken into account in
the drift-diffusion simulations so thinner barrier layers (2 nm, 5 nm etc) could have worse
performance than predicted in Figure 3.3 due to tunneling effects. The passivation layer
thicknesses were therefore set at 20 nm since going above this thickness does not improve
the predicted electrical performance but would increase the parasitic absorption. With 20 nm

passivation layers, the total active layer thickness of the structure is 120 nm.
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Fig. 3.3 Drift-diffusion simulation [3] analysing how a range of different passivation layer
thicknesses affects the dark currents. Predicted dark IV curves show trends in performance
as passivation layer thickness is increased.

3.2.3 Absorber doping density

Figure 3.4 a) and 3.4 b) show the range of absorber doping densities that were simulated.
DIV simulations indicate that the higher doping of 1x10'® cm™3 could lead to lower dark
current levels.

Two sets of wafers were available for growth so this gave the opportunity for designing

two different layer structures to enable direct comparison later when fabricated into diodes
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and solar cell devices. Two different absorber layer doping densities were proposed to
provide this comparison; 1x10'8 and 1x10'7 cm™>. The 1x10'® cm~3 doping density is
similar to what would be used in a more standard thick device. Chapter 4 presents only
the results of devices produced with the wafers doped to 1x10'® cm™3. Chapter 5 presents

devices made with the other set of lower doped wafers.

3.3 Contacting schemes

Forming high quality contacts between semiconductors and metals has been extensively
explored. Parasitic resistances in solar cells can significantly degrade the efficient transport
of carriers and therefore the overall device performance. The main goal of optimising
contacts is to produce a contact that exhibits "ohmic" behavior where voltage and current
are linearly related and to minimise the contact resistance (see Section 2.5). For an optimal
metal-semiconductor interface field emission should dominate and this is best achieved with
high doping densities in the semiconductor material. Adding highly-doped contact layers
between the passivation layer and the metal contact on each side of the device allows for
the formation of low resistance ohmic contacts. High doping lowers the potential barrier for

carriers.

3.3.1 Metal contacts to GaAs

The electrical properties of the interface between doped GaAs and contact metalisation
significantly affect the performance of the solar cell. The metalisation is often deposited
using a photolithography step, thermal evaporation of layers of different metals/alloys then
a lift-off step to leave metal only in the desired areas. After the lift-off step, an anneal can
be carried out if needed to diffuse metal into the semiconductor contact layer and reduce
resistivity.

Contacts made up of layers of Au, Ge and Ni are common for n-type contacts to GaAs
[83]. Ni is commonly used as a thin first layer on top of the GaAs to aid with wetting. Au and
Ge are then added in eutectic proportions. Another Ni layer and/or Au can be added on top
to prevent balling of the AuGe layer [84] and encapsulate the layers underneath. Ti and Au
are commonly used for p-type GaAs. Annealing is often necessary for metal-semiconductor
contacts, particularly to n-type GaAs, to ensure they exhibit ohmic behavior. For AuGeNi
n-type metalisation during the heating step Ge diffuses into the GaAs and forms the ohmic

contact.
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Fig. 3.4 Drift-diffusion simulations [3] showing a) band structures and b) dark IV of ultra-thin
device design with varying absorber layer doping densities: 5x10'°, 1x10'7, 5x10'7 and
1x10'8 cm~3. Passivation layer doping was set at 5x 10'® cm™> and 20 nm thicknesses.
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3.3.2 TLM study design
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Fig. 3.5 Schematic of a transmission line measurement mesa and metalisation for determining
the resistivity values of metal-semiconductor contacts. Pink areas show the mesa, purple is
metalisation.

Section 2.5.2 explains the theory behind TLM measurements. A TLM study was carried
out for the ultra-thin GaAs devices designed in this chapter in order to ensure high quality
contacts were formed while avoiding any detrimental effects during metalisation and any
annealing steps. The goals of the study were to find the optimised contact layer doping level,
optimal anneal conditions for the contact metalisation and measure the contact resistivities
achieved for both the p and n-type contacts. The TLM wafers used to measure different

doping densities were all 1 micron of GaAs grown onto a native substrate. A range of
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doping levels and anneals were studied and compared in terms of the quality of the metal-
semiconductor contact produced. Current voltage sweeps were carried out after the TLM
contact schematic was evaporated onto the surface to determine the resistivity of the metal-
semiconductor interface. Figure 3.5 is a schematic of the TLM mesa and metalisation that
was used in the study. A contact resistivity value, R, of less than 5x 107> Qcm? was identified

as the overall goal of the TLM study for both p and n-type metalisation.

3.4 p-type contact

3.4.1 Contact layer doping density

The p-type contact metalisation resistivity was optimised by adjusting the Be doping con-
centration of the p-type GaAs contact layer. Initial tests used a non-annnealed contact. The
metalisation used was Ti/Au with thicknesses of 20/200 nm. The Ti layer was used to aid
adhesion to the GaAs contact layer surface. This is a standard metalisation that has shown
high quality p-type contacts in the best-performing thin GaAs solar cells in the literature
[36].

3.4.2 TLM results

Four different doping density samples were used for the p-type TLM study. When contact
layer doping was increased above 5x10'® cm™ the contact became ohmic as shown in

3 an ohmic contact was also achieved with a

Figure 3.6. For a doping level of 1x10' cm™
lower contact resistivity of 2.44x10™* Q cm?. Table 3.1 lists the resistivities and doping
densities for all p-type TLM samples. Figures 3.7 a) and 3.7 b) show the data analysis carried
out to determine these contact resistivities from plots of TLM spacing versus measured
resistance.

Since 1x10'” cm™ is the highest possible doping level available for this material, the
p-type contact has reached its optimal performance and this doping density was chosen as the
final value for the layer structure design. 25 nm was chosen as the thickness for the p-type
contact layer since no anneal is needed to achieve ohmic behavior so the diffusion of Au into
the active region of the device is not a major concern and the layer can be very thin.

Since a non-annealed contact was found to be optimal for the p-type, this allows for an
annealed n-type contact to be added first followed by the p-type contact. If the p-type contact
were then to be annealed as well, the heating would further anneal the n-type metalisation
and potentially degrade the shunt resistance by diffusing excess Au into the active layers of

the device.
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Fig. 3.6 p-type contact TLM results for four different doping density GaAs wafers metalised
with 20/200 nm of Ti/Au. The top two plots show non-ohmic behavior while the bottom two
plots show ohmic behavior. The highest doped sample showed the lowest contact resistivity.

3.5 n-type contact

A layered metal contact was chosen using 10/130/20/200 nm of Ni/AuGe/Ni/Au. The AuGe
was used at a eutectic ratio of 88:12%. 176:24 mg placed into the evaporation boat resulted in
approximately 130 nm of AuGe deposited). This layered metalisation approach was chosen

instead of a NiGeAu mixture evaporated from one boat. The layered approach allows for
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Fig. 3.7 a) p-type contact TLM results, resistance versus spacing. b) Line of best fit p-type
contact TLM results, extrapolated to calculate contact resistance R. and transfer length L7
for each doping condition.

a high quality contact with good surface topography. This metalisation was kept constant

throughout TLM and device testing to allow direct comparison of anneal conditions.
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3.5.1 Preliminary anneal optimisation

The n-type contact metalisation was investigated with the goal of finding the optimal contact
layer doping density and anneal condition that would produce the lowest contact resistance
while avoiding diffusion of Au into the active layers of the ultra-thin device. Therefore,
preliminary n-type contact metalisation tests were carried out on TLM wafers followed by
further anneal optimisation on actual ultra-thin solar cell devices after the full layer structure
was grown by molecular beam epitaxy (MBE).

Using Si as the dopant for n-type GaAs means the maximum doping density value is
limited [85]. This is because Si, a group IV element, can act as a donor or acceptor in GaAs
depending on whether it sits on a Ga or As site. This effect is called autocompensation.
A non-annealed n-type contact was attempted but was not successful in creating an ohmic
contact at an initial doping level of 3x10!8 cm™3. Therefore an annealed n-type contact
was likely needed so an n-on-p layer design was chosen for growth. This allowed the n-type
contact to be annealed before the flip and bond process of removing the growth substrate
and inverting the structure. This also meant that a thicker n-type contact layer (300 nm) was
chosen to allow for an anneal and avoid degradation of shunt resistance if Au diffuses from
the contact layer towards the active layers of the device during heating.

Chips with Si doped GaAs at a density of 3.0x10'® cm™> were patterned with TLM
patterns and annealed at the different conditions listed in Table 3.2. Figure 3.8 shows the
preliminary TLM patterned samples after these anneals were carried out. For the longer and
hotter anneals (as shown by the 80 seconds at 430°C micrographs) the surface of the contact
begins to degrade and excess diffusion of Au into the active layers is likely. The TLM results
for these samples show very low resistivities (see Table 3.2 for these results). Based on these
encouraging results, the device layer structure was finalised and n-type contact anneal testing

was carried out with on-wafer devices as well as with TLM analysis.

Table 3.1 p-type contact resistivity results for varying doping density, all samples metalised
with 20/200 nm of Ti/Au.

Dopant | Doping density | Anneal condition | Contact resistivity
(cm™3) (Qcm?)
Be 1.0x10™8 None Non-ohmic
Be 2.5x10™8 None Non-ohmic
Be 5.0x10'8 None 5.65%x1073
Be 1.0x 10" None 2.44x10~%
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Fig. 3.8 TLM micrographs taken by Patrick See.

Table 3.2 n-type contact resistivity results for 3.0x 10'® cm—3 doped GaAs for varying anneal
conditions. All samples were metalised with 10/130/20/200 nm of Ni/AuGe/Ni/Au.

Dopant | Doping density | Anneal condition | Contact resistivity
(cm™3) (Qcm?)
Si 3.0x10™ 20 seconds, 365°C 1.61x10~7
Si 3.0x10'8 80 seconds, 365°C 1.42x1078
Si 3.0x10'8 80 seconds, 430°C 1.05x10°°

3.5.2 Contact layer design

The device layer structure was finalised and grown by MBE on 4 inch GaAs wafers. This

3

design is detailed in Section 3.6. 5.0x10'® cm ™3 was chosen as the doping density of the
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n-type contact layer with the goal of being able to reduce the anneal time and temperature
when compared to 3.0x 10'8 cm ™3 but still achieve an ohmic contact. A TLM wafer with
1 micron of 5.0x10'® cm™ GaAs was used in conjunction with the full device wafers to
further optimise the anneal balancing contact resistivity with actual device performance.

3.5.3 TLM and device anneal study

The first round of on-wafer devices were processed (see Section 4.3.2 for fabrication details)
with an anneal of 50 seconds at 365°C. These devices showed degraded parallel resistance
when dark IV sweeps were taken and the 2-diode model was fitted to the data. This indicates
that excess Au diffusion or other damage mechanisms had taken place for anneals in the 50
seconds at 365°C range.

Next, TLM wafers with the higher doping density of 5.0x10'® cm™3 were tested with
the same metalisation but no anneal to see if this would produce an ohmic contact. A non-
annealed contact would be ideal since diffusion of Au during heating would be avoided and
therefore the contact layer thickness could be reduced as a thick buffer would no longer be
needed. However, the non-annealed contact and shorter anneals at lower temperatures did
not produce ohmic contacts as shown in Table 3.3.

Table 3.3 n-type contact resistivity results for varying anneal conditions, all samples were
metalised with 10/130/20/200 nm of Ni/AuGe/Ni/Au.

Dopant | Doping density | Anneal condition | Contact resistivity
(cm™3) (Qcm?)
Si 5.0x10'8 None Non-ohmic
Si 5.0x10'8 20 seconds, 335°C Non-ohmic
Si 5.0x10'8 50 seconds, 335°C 1.47x1073
Si 5.0x10!8 80 seconds, 335°C 1.48x1073
Si 5.0x10'8 20 seconds, 350°C 3.66x 1073
Si 5.0x10'8 80 seconds, 350°C 4101074
Si 5.0x10'8 20 seconds, 365°C 9.10x10~*
Si 5.0x10'8 80 seconds, 365°C 1.14x1073

An anneal condition of 20 seconds at 350°C was ultimately chosen as the ideal condition
for the n-type contact as it produced an ohmic contact in TLM analysis and the best parallel
resistance values in fabricated devices (fabrication discussed in Section 4.3.2) after 2-diode
model analysis.
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3.6 Optimised layer structure

Table 3.4 shows the optimised layer structure as grown by molecular beam epitaxy (MBE).
The epitaxial layers were grown on 4 inch GaAs growth wafers with a thickness of 625 pm.
The "measured thickness" in the last column was taken by spectroscopic ellipsometry (SE)
measurements from six different samples from the wafers with 1x 10'® cm™=3 absorber layer
doping density. This provided more accurate data about the thickness of each layer as grown.
The six samples were produced by selectively etching away each layer of the stack in Table
3.4 using alternating NH4OH and HCI based etchants (2:1:10 ratio of NH4OH:H;0,:H,0
and 1:5 ratio of HCI:H,0).

The SE measurements also gave the n and k values (real and imaginary parts of the refrac-
tive index) of each specific material which were then used in simulations. SE measurements
were done using a Woollam V-VASE ellipsometer with a wavelength range of 250-1000 nm
at angles of incidence of 65°, 70° and 75° [86].

Data from the chip with just the InAlIP etch stop layer and the GaAs substrate was fitted
first. A multi-layer model was used with a semi-infinite GaAs slab, InAIP layer and an InAlP
native oxide. Each subsequent sample with one more layer on top each time (and native
oxide) was then added to the model to build up a complete analysis of the layer structure.
The native oxide in each case was found to have a thickness of 1-2 nm. It was not possible to
differentiate between the n and p-doped absorber layers so they were analysed as a single

layer and were found to have a combined thickness of 87 nm.

Table 3.4 Optimised ultra-thin device layer structure as grown by MBE, two different wafers
were grown to compare two absorber layer doping densities so x = 17 or 18. Measured
thickness values were taken from a wafer with 1x10'® cm™3 absorber layer doping density.

Material Role Dopant Doping  Target  Measured
density thickness thickness
(cm~?)  (nm) (nm)

GaAs n-type contact Si  5x10'™ 300 318

Ing47Alps3P  Hole barrier Si  5x10'8 20 17

GaAs n-type absorber Si Ix10* 40 87

GaAs p-type absorber Be 1x10* 40

Ing 49Gag 51P  Electron barrier Be 5x10'8 20 19

GaAs p-type contact Be 1x10" 25 25

Ing 47Alp 53P  Etch stop 150 145

GaAs Substrate - -







Chapter 4

Ultra-thin GaAs solar cells with
nanophotonic light-trapping layer

4.1 Introduction

A novel 80 nm device with an integrated light-trapping layer was designed, fabricated
and characterised with particular focus on applications as a space power system. Device
fabrication methods were developed to produce on and off-wafer devices for comparing
planar and nanostructured embodiments.

Device performance results for three different types of devices are detailed. The three
devices are on-wafer planar, off-wafer planar with an integrated Ag back surface mirror and
off-wafer with an integrated nanophotonic metal-dielectric grating. Devices were analysed
and compared using standard techniques including external quantum efficiency (EQE),
current-voltage sweeps in the dark (DIV) and light current voltage sweeps under 1-sun
AMO spectrum (LIV) as these devices are designed to be used in the space environment.
Detailed simulation and optical analysis was carried out by Eduardo Camarillo Abad and
Phoebe Pearce to confirm that Fabry-Perot and waveguide modes contribute to the increase
in absorption seen in the off-wafer devices. Eduardo produced Figure 4.11 and Phoebe
produced Figures 4.12 and 4.13. Pierre Chausse carried out the DTL patterning steps which
are detailed in Section 4.3.4 and produced the images used in Figures 4.7 and 4.8.

The main results of this chapter have been published in a conference proceeding [87]
and a journal article titled "Ultra-thin GaAs solar cells with nanophotonic metal-dielectric

diffraction gratings fabricated with displacement Talbot lithography" [4].
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4.1.1 Absorption in the ultra-thin regime

Along with band structure, lattice matching etc., the absorption characteristics of a specific
layer structure must be considered. Absorption in GaAs slabs with a variety of thicknesses
is plotted for incident light in the wavelength range from 300-1000 nm in Figure 4.1. The
extinction coefficient values for this figure were measured through ellipsometry from GaAs
grown under the same conditions as the absorber layer GaAs that was used to make devices.

For the 50 nm slab the absorption is near 1 for the shorter wavelength region but it drops
sharply past about 450 nm. When the absorber thickness is reduced below about 80 nm the
absorption in the 300-400 nm region also begins to degrade. A slab with 3000 nm however,
is highly absorbing until very close to the GaAs band edge. Therefore when working in the
ultra-thin regime, boosting absorption in the longer wavelength regions of the spectrum is
important. In order to do this, the optical path length of incident photons through the active
layers of the device needs to be increased.
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Fig. 4.1 Absorption as a function of wavelength for different thicknesses of GaAs slab.
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4.2 Light management structure for the ultra-thin regime

In order to increase the optical path length of incident photons through the absorber layer of
the ultra-thin cells, a light management layer must be introduced. To go beyond the double
pass limit, the light must be scattered into totally internally reflected modes. For the ultra-
thin regime we are working with, the features of this structure must be on the order of the
wavelength of the incident light. This means standard contact photolithography techniques
for producing III-V solar cells will not be able to produce sufficiently high resolution light
management layers. The effect of the proposed nanophotonic layer on device performance

was first optimised through simulation and different fabrication techniques.

4.2.1 Design and simulation

When simulating the optical properties of a solar cell, different methodologies can be
employed. The Beer-Lambert law (Equation 2.2) gives an approximation of the absorption
in a single layer of material. Ray-tracing can be used for structures with features much
larger than the wavelength of light (such as pyramidally textured Si cells with absorber
layers on the order of hundreds of microns). The transfer matrix method (TMM) can give
absorption characteristics of multi-layered structures at the nanometer scale with different
material interfaces. The effective medium approximation is used by TMM to incorporate 3D
structures such as diffraction gratings. This approximation averages the optical properties of
the component materials weighted by volume. However, this technique will only consider
specular reflection and associated interference. It will not consider diffraction effects.

Rigorous coupled-wave analysis (RCWA) is a Fourier technique that goes a step further
than TMM by solving Maxwell’s equations and can handle complex nanostructured layers.
RCWA simulations were carried out by Eduardo Camarillo Abad and Phoebe Pearce to
optimise the design of the nanostructured light management layer for the 80 nm devices.
These simulations indicated that a photonic crystal design with a periodic structure was
the optimal design and was chosen over randomly textured or quasi-random structures [88].
A metal-dielectric photonic crystal structure was chosen for this first iteration of devices.
For structures that incorporate metals, an ordered array design is favorable. When using
more absorbing materials along with highly reflective metals, the structure must be carefully
optimised to fully exploit the benefit of the structure.
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4.2.2 Methods for fabricating nanostructures

Various methods for fabricating structures with nanoscale features have been explored.
Desirable qualities of the process for making the structure include: uniformity of the grating,
large-area coverage, ability to alter the dimensions and structure of the grating, scalability,
repeatability, non-destructive to equipment, good coverage over significant topography and
more.

Using electron beam lithography to nano-pattern a resist followed by an etch step could
provide sufficient resolution and great flexibility in the design of the pattern but the technique
is expensive and time-intensive.

Self-assembly of nanospheres has been explored as a method for patterning [89, 90]. A
suspension of nanospheres is coated onto the surface then used as a mask for an etching or
deposition step. However, issues of uniformity of the resulting pattern are persistent which
mean this method has not been developed to a point where it would be useful for integration
into ultra-thin solar cell processing.

Nanoimprint lithography has been used to pattern a 205 nm GaAs cell and achieve 19.9%
AM1.5 efficiency [36]. This method produces high quality structures at the nanoscale [91, 92]
but requires contact between the sample and a patterned mold. This means there is wear on
the mold with each use and it must be regularly replaced. This process is also hindered by
particulate contamination and is not compatible with substrate topography.

Polymer blend lithography has been used for a 260 nm device achieving 22.35% AM1.5
efficiency [43]. This is an interesting technique for producing randomised nanostructures
but it does not provide control over the exact pattern created. Anisotropic wet etching of a
GaP layer has shown good light-trapping properties [93] but it also does not provide precise

control over the design of the features.

4.2.3 Displacement Talbot Lithography

Displacement Talbot Lithography (DTL) was found to achieve nearly all of the desired
qualities of a nanoscale patterning process. DTL is a recently developed photolithographic
technique that can produce high aspect ratio structures with feature sizes down to about 100
nm. DTL has many advantages over other methods including that it produces a high-quality
grating structure, the process is wafer-scale, the mask can be reused infinite times (as there
is no contact with the sample) and the grating showed good uniformity over the significant
topography of the n-type contacts used for the devices in this study.

The DTL method creates a 3D interference pattern [94] that repeats every Talbot period

by shining monochromatic, collimated light through a grating. For this project a resist is
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patterned using the DTL process then an etch is carried out to pattern the film below the
resist. The DTL method can also be used in a lift-off process. Since the effective image
is independent of the distance between mask and sample [95], the method can be used on
a substrate with significant topography. DTL has so far shown great results in the nano-
patterning of IIl-nitride materials and in producing metal-dielectric gratings [96]. This is
the first time that DTL has been used for a PV application and is therefore an exciting
advancement for the field of nano-structured solar cells.

The DTL mask is produced by electron beam lithography or interference lithography.
This means it is an expensive item to make but, since there is no contact between sample and
mask, it can be used infinitely. Therefore this technique is co