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Abstract

The solar resource is the most abundant renewable resource on earth, yet it is currently
exploited with relatively low efficiencies. To make solar energy more affordable, we
can either reduce the cost of the cell or increase the efficiency with a similar cost cell.
In this thesis, we consider several different optical approaches to achieve these goals.
First, we consider a ray optical model for light trapping in silicon microwires. With
this approach, much less material can be used, allowing for a cost savings. We next
focus on reducing the escape of radiatively emitted and scattered light from the solar
cell. With this angle restriction approach, light can only enter and escape the cell near
normal incidence, allowing for thinner cells and higher efficiencies. In Auger-limited
GaAs, we find that efficiencies greater than 38% may be achievable, a significant
improvement over the current world record. To experimentally validate these results,
we use a Bragg stack to restrict the angles of emitted light. Our measurements show
an increase in voltage and a decrease in dark current, as less radiatively emitted
light escapes. While the results in GaAs are interesting as a proof of concept, GaAs
solar cells are not currently made on the production scale for terrestrial photovoltaic
applications. We therefore explore the application of angle restriction to silicon solar
cells. While our calculations show that Auger-limited cells give efficiency increases
of up to 3% absolute, we also find that current amorphous silicion-crystalline silicon
heterojunction with intrinsic thin layer (HIT) cells give significant efficiency gains
with angle restriction of up to 1% absolute. Thus, angle restriction has the potential
for unprecedented one sun efficiencies in GaAs, but also may be applicable to current
silicon solar cell technology. Finally, we consider spectrum splitting, where optics
direct light in different wavelength bands to solar cells with band gaps tuned to those
wavelengths. This approach has the potential for very high efficiencies, and excellent
annual power production. Using a light-trapping filtered concentrator approach, we
design filter elements and find an optimal design. Thus, this thesis explores silicon
microwires, angle restriction, and spectral splitting as different optical approaches for

improving the cost and efficiency of solar cells.
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Chapter 1

Introduction

1.1 Motivation

Solar energy is the world’s most abundant source of renewable energy. With an incom-
ing power of 1.2x10° terawatts, the solar resource dwarfs current worldwide energy
consumption, estimated at 13 terawatts [1]. Despite the abundance of this renewable
resource, fossil fuels provide greater than 80% our energy [1]. While previously the
high cost of photovoltaics prevented more widespread adoption, recent developments
in the Chinese solar cell industry have greatly increased production and reduced price.
In fact, current module prices have allowed photovoltaics to achieve a levelized cost
of energy similar to coal and natural gas, though the long-term sustainability of such
prices is a matter of debate [2]. However, further cost reductions may yet be required
for solar energy to become a substantial part of the energy portfolio, as these cost
estimates do not include the storage necessitated by the intermittency of the solar
resource.

In reducing the cost of photovoltaic energy production, two approaches have been
pursued. The first has focused on novel materials, such as organic semiconductors,
quantum dots, and semiconductor nanowires, that could lead to cells that are sub-
stantially cheaper than current technologies but with somewhat lower efficiencies.
The silicon microwires discussed in Chapter 2 are an example of such an approach,
where the goal is to use microwires to reduce the cost of the cell significantly with
a relatively small reduction in efficiency relative to crystalline silicon solar cells. An
alternative approach is to improve the efficiency of the cell while attempting to min-

imize any associated cost increases. If efficiency can be increased without significant



increased cell cost, the cost per Watt will be reduced, as less cell area is required to
produce the same amount of power. Furthermore, “balance of systems” costs, such
as permitting, land, installation, and structural supports, are approximately half of
the cost of a photovoltaic installation [3]. As many of these costs scale with area,
improving cell efficiency also reduces balance of systems costs. With the exception of
Chapter 2, this thesis will focus primarily on increasing efficiency for high performing
cells as a means to reduce cost. The bulk of this thesis focuses on restricting the an-
gles of emitted light to improve efficiency in gallium arsenide (GaAs) and silicon solar
cells, two high performing materials. Finally, in the last chapter, we consider splitting
light into separate spectral bands to improve the efficiency of high performing I1I-V

solar cell materials.

1.2 Solar Cell Fundamentals

1.2.1 Solar Cell Structure

photon

Figure 1.1. Photons are absorbed by a solar cell to generate electrons
and holes. These generated charge carriers are collected by a p-n

junction, as shown above, or by some other form of selective contact.

Solar cells made from inorganic semiconductors often consist of a p-n junction,
as shown in Figure 1.1. The basic concept is that incoming light is absorbed in

the semiconductor and the resulting electrons and holes are collected by the junction.



While Figure 1.1 illustrates a planar p-n junction, not all cells utilize such a geometry.
Furthermore, a p-n junction is not actually required, as all that is necessary are
selective contacts to collect the electrons and holes separately. In silicon cells with
an interdigitated back contact, for example, the bulk of the semiconductor has very
low doping, and alternating n-type and p-type heavily doped regions at the back of
the cell provide selective contacts to collect the electrons and holes respectively [4].
Finally, while many solar cells use homojunctions, where the selective contacts utilize
the same material as the primary cell absorber, heterojunctions may also be utilized,
where the selective contacts are formed from a different material than the primary
absorber. Some III-V cells utilize this approach, as well as HIT (heterojunction with
intrinsic thin-layer) silicon cells, where amorphous silicon is used to form the selective

contact [5, 6].

1.2.2 Current: Absorption and Carrier Collection

The absorption in a solar cell is determined by the semiconductor bandgap. As shown
in Figure 1.2, only photons with energy larger than the solar cell bandgap are absorbed
by the solar cell, which limits the efficiency. In addition, high energy photons in this
region are not utilized very efficiently, as the resulting carriers thermalize to the band
edge, and are collected at the same voltage as lower energy photons. The short circuit
current of a solar cell corresponds directly to the number of absorbed photons. Thus,
the limiting short circuit current is determined by the number of photons in the solar
spectrum that are above the band gap of the solar cell.

While the limiting short circuit current (Ig.) is determined by the band gap and
solar spectrum, the actual short circuit current depends on how effectively the solar
cell absorbs the light above the bandgap. The absorptivity at a given wavelength is
determined by the path length of light within the solar cell, as well as the absorption
length of the semiconductor. Direct bandgap semiconductors, such as GaAs, have
short absorption lengths, and thus cells need only be a few microns thick to absorb
most of the incoming light. Indirect bandgap semiconductors, such as Si, have much

longer absorption lengths, and thus cells are on the order of 100 microns thick.
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Figure 1.2. Only photons with energy larger than the semiconductor
bandgap (shown in blue) are absorbed in the solar cell. This region is
marked in blue for silicon in the plot of the AM 1.5G solar spectrum
(below). Photons with energy above the band gap generate electron
hole pairs that thermalize (gray arrow) to the band edge. Thus, high
energy photons lose a substantial portion of their energy. Photons
with energy less than the band gap (shown in red) are not absorbed

in the semiconductor, and do not contribute to the solar cell current.



Figure 1.3. A light trapping geometry (top) enhances the light path
length and resulting absorption relative to a planar geometry (bot-

tom). Both cells have back reflectors.

Despite the thickness of current silicon cells, absorption is weak enough that light
trapping is required to enhance the path length of light within the cell. Using a
light trapping texture scatters the light, so it is trapped by total internal reflection,
as shown in Figure 1.3. As will be further discussed in Section 1.3.2, this offers
a significant path length enhancement relative to a planar cell. For direct bandgap
materials, dual pass absorption, as shown in Figure 1.3, is sufficient, and cells generally
utilize a planar geometry. A planar geometry also reduces surface recombination and
easily accommodates epitaxially grown window layers, which are crucial for high
quality ITI-V materials.

In a solar cell, it is key to collect the generated carriers, by either drift or diffusion,
before they recombine. Recombination can occur at bulk trap states, as in Shockley-
Read-Hall recombination, as well as at surfaces. These processes depend on the
quality of the solar cell material and surface passivation layers. In addition, two
intrinsic recombination processes occur within the bulk of the material. Radiative
recombination occurs when an electron and hole recombine to form a photon, and
is the inverse process to absorption. Auger recombination is a three particle process
involving either two electrons and a hole or two holes and an electron. The inverse

process to impact ionization, it involves the recombination of the electron hole pair



and the transfer of energy to the remaining carrier. This high energy carrier then

thermalizes to the band edge, ultimately producing heat.

1.2.3 Current-Voltage Relationship

At short circuit, all photogenerated carriers are collected before excess carrier pop-
ulation can build up within the cell. However, the excess carrier population within
the cell leads to the cell voltage, and thus there is no voltage or power production
at open circuit. At open circuit, in contrast, no carriers are collected, so the cell
does not generate current or power. At open circuit, the excess carrier population
and open circuit voltage (V,.) are determined by the balance between absorption and
recombination within the cell. (This will be discussed more fully in Chapter 3.) As
radiative recombination and absorption are set by the bandgap, V. is generally 400-
500 mV lower than the bandgap for high quality cells. A larger V,.-bandgap offset

thus indicates that more non-radiative recombination is occurring in the cell.

A

Operating

‘tPoint
sC
5

g Power Producing Region
O
>
Voltage Vv

oc

Figure 1.4. A schematic current-voltage curve illustrates short cir-
cuit current, [ ., open circuit voltage, V., and the maximum power
point where the cell operates. The area of the power producing

region corresponds to the power produced at the operating point.

While the short and open circuit conditions provide valuable information about



absorption and recombination in the cell, neither produce any power. The shape of

the current-voltage relationship, or I-V curve, may be approximated as:
I(V) = I, — Le/* (1.1)

where [ is the current, V' the voltage, I, the dark or recombination current, ¢ the
electron charge, k the Boltzmann constant, and T' the temperature. Because of the
exponential shape, a small reduction in voltage relative to V., allows for currents near
I, as is shown schematically in Figure 1.4. Thus, a voltage somewhat less than open
circuit allows for maximum power production in the cell. This voltage is known as the
maximum power or operating point, and the voltage is referred to as the operating
voltage (V,,) of the cell. The power generated by the cell at the operating point (F,,)
is then:

POP = I(‘/Op)‘/;p = FFISC‘/OC (12)

where F'F' is the fill factor of the cell, or the area of the rectangle representing the
power producing region at the maximum power point divided by Ig.,V,. product.
The fill-factor indicates how “square” the I-V curve is and increased series resistance

within the cell tends to degrade the fill-factor. The efficiency () of the cell is:

Pop — FFI Vo
Psun PS’LLTL ( )

n

where P,,, is the power in the solar spectrum.

1.3 Optics Background

1.3.1 Ray Optics

Ray optics refers to the interaction of light with structures that are significantly larger
than the wavelength of light in the material. One rule of thumb is that the relevant
length scale of a structure should be at least ten times larger than the wavelength of

light in the material. This is very relevant when modeling the optics within solar cells.



For example, when modeling silicon solar cells, the largest wavelength of interest is
about 1100 nm, and the the refractive index is about 3.5. Thus, the wavelength of
light in the material is about 300 nm, and we can feel confident using ray optics
assumptions for cells where the minimum dimension is at least 3 pm.

For cells that are thinner than the ray optic limit, optical guided modes develop
within the thickness of the cell. These guided modes are based on the allowed solutions
to Maxwell’s equations, and more guided modes are present for thicker cells. Once
cells are in the ray optic limit, there are so many guided modes that they become a
continuum of optical states corresponding to angles of light that lie outside the escape
cone defined by total internal reflection. For cells thinner than the ray optic limit,
we must account for the finite number of guided modes in considering light trapping
within the cell. This will be discussed in more detail in Section 3.4.

For structures in the ray optic limit, ray tracing may be used to model the optical
properties. These simulations consist of starting a certain number of rays, and using
the Fresnel equations to follow their progress as they interact with various surfaces.
Receivers are used to detect the final location of each ray and determine the per-
formance. Both home-built and commercial ray trace software was utilized in this

work.

1.3.2 Lambertian Light Trapping Surfaces

When considering light trapping, Lambertian textured surfaces are often considered as
an ideal light trapping structure. These surfaces scatter light with equal brightness
in all directions, similar to a white sheet of paper. Alternatively, the intensity is
proportional to the cosine of the angle between the surface normal and the direction
of observation. For solar cells, Lambertian scattering leads to significant light trapping
benefits, including an approximately 50 times path length enhancment, for solar cells
in the ray optic limit [7].

To understand light trapping with a Lambertian surface, we assume that the solar
cell is not absorbing for purposes of calculating the intensity of light within the cell.

This is reasonable as light trapping is only important where light is weakly absorbed.



Figure 1.5. For a solar cell with a Lambertian back reflector, in-
coming light is scattered in all directions, but only light that is not
totally internally reflected and lies within the escape cone can leave
the cell. This leads to increased light intensity within the cell relative

to the intensity of incoming light.

Under the principles of detailed balance, at steady state in a non-absorbing material,
the light entering and escaping the material must balance. We assume an incoming
light intensity I;,., and a light intensity within the cell of I;,;. However, the escape
cone defined by total internal reflection allows only 1/2n? of the light within the cell
to escape, where n is the cell index of refraction. Thus, for the outgoing and incoming

fluxes to balance:
Iint

Iinc - =5
2n?

(1.4)

and

[int = 2n2[inc (15)

This is known as the ergodic light trapping limit. For a solar cell without a back
reflector, the light intensity enhancement is n? [7].

When weak absorption is included, the absorptivity of the cell, a, is:

a(E) = (1.6)

where E is the energy of light for which absorptivity is being evaluated, « is the
absorption coefficient, and W is the cell thickness. This can be understood intuitively

as the ratio of absorption to all sources of light loss, including absorption and light



escape. We also see a 4n?, or approximately 50 times, path length enhancement,
relative to a single pass through the cell. The additional factor of two relative to the
probability of light escape is due to enhanced path length from light at oblique angles
[7].

1.3.3 Interference-based Optical Coatings

In an optical thin film, interference occurs between light reflected at each interface,
and the patterns of constructive and destructive interference result in the reflectiv-
ity of the film. The simplest example is a single layer anti-reflective coating, where
destructive interference of reflected beams leads to enhanced transmission. The prin-
ciple is similar to impedance matching in electronics. With many alternating high
and low index layers in an optical coating, known as a Bragg stack, high reflectiv-
ity bands result from constructive interference of the reflections from each interface.
While Bragg stacks are traditionally periodic, introducing aperiodicity into a Bragg

stack can increase transmission around the reflecting band, as shown in Figure 1.6.
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Figure 1.6. Optical multilayers with alternating high and low index
layers lead to high reflectivity bands. As these two reflectance spec-
tra show, introducing aperiodicity can increase transmission away

from the reflecting bands.
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To produce the interference effect, each layer in the thin film will have a thick-
ness on the order of the wavelength of light. To model such structures, the transfer
matrix method is traditionally used. In this method, the propagation of the electric
field through each layer is represented by a matrix. The matrices for each layer are
then multiplied together, and the resulting matrix is used to determine the electric
field on either side of the optical multilayer, allowing the reflection and transmission
coefficients to be determined. Essentially, this method provides a simple formalism
for imposing the boundary conditions from Maxwell’s equations across each interface

in the multilayer.

1.4 Overview of Thesis

This thesis explores several problems related to optics and solar cells. In the second
chapter, we focus on light trapping in silicon microwires, developing a ray optical
model, and comparing to experimental measurements of absorption in the wires.
For the rest of the thesis we focus on very high quality cells performing near the
thermodynamic efficiency limits, and explore how optics can be utilized to further
increase the efficiency of such cells. The bulk of the thesis, Chapters 3-6, focuses
on utilizing optics that limit the angles at which light is emitted from a solar cell to
enhance efficiency. Using such optics both reduces the loss of radiatively emitted light,
and enhances light trapping for incoming light. In these chapters we introduce the
detailed balance model used to calculate the effects of angle restriction, and explore
the effects of angle restriction in both GaAs and Si for ideal and more realistic cells.
We also explore various optical structures that may be used to restrict the emission
angle and discuss a proof-of-concept experiment demonstrating the voltage benefits
to angle restriction. Finally, the last portion of the thesis, Chapter 7, focuses on
spectrum splitting, where external optics split the incoming light into spectral bands
of different energies. These spectral bands are then directed onto cells with bandgaps
tuned to the appropriate energy, thus reducing losses due to carrier thermalization

and lack of absorption. This chapter will discuss the benefits of spectrum splitting and
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then focus on one particular optical design, the light-trapping filtered concentrator,

which applies many of the optical concepts discussed previously.
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Chapter 2

Light Trapping in Silicon Microwires

2.1 Motivation

Silicon nanowire and microwire arrays have attracted significant interest as an alter-
native to traditional wafer-based technologies for solar cell applications [8-19]. Orig-
inally, this interest stemmed from the device physics advantages of a radial junction,
which allows for the decoupling of the absorption length from the carrier collection
length. In a planar cell, both of these lengths correspond to the thickness of the
cell, and high quality material is necessary so that the cell can absorb most of the
light while successfully collecting the carriers. In contrast, a radial junction offers the
possibility of using lower quality, lower cost materials without sacrificing performance
[12, 13]. More recently, such arrays have been found to exhibit significant light trap-
ping and absorption properties [8-10], and this absorption has been modeled in the
nanowire regime with a variety of wave optical models [15, 20-24].

As discussed previously, enhancing the light trapping and absorption within a
solar cell leads to an increase in short circuit current, and light trapping is particularly
important in silicon owing to the relatively low absorption in the material. Under
the light trapping limit for textured planar solar cells, known as the ergodic limit,
the intensity of light inside the solar cell is n? times the intensity of light incident
upon the cell, or 2n? for the case of a back-reflector, where n is the index of refraction
for the cell [7]. Some very recent experimental results have suggested that nano and
microwire arrays can exceed the ergodic limit [8, 9]. To explore this further, we
follow the approach used to derive the ergodic limit in the planar case to find the

expected light trapping and absorption for wires in the ray optics limit. This allows
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us to compare to the ergodic limit and consider wires of a different scale than those
considered previously.

While much of the previous work has considered nanowires in the subwavelength
regime, far below the ray optics limit, large diameter microwires can be grown by
vapor-liquid-solid (VLS) techniques [8]. Previous device physics modeling suggests
that for efficient carrier collection wires should have diameters similar to the minority
carrier diffusion length, [13] and experimental measurements show diffusion lengths
for VLS