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Abstract

Solar photovoltaic (PV) devices harvest energy from solar radiation and convert it to
electricity. PV technologies, as an alternative to traditional fossil fuels, use clean and
renewable energy while minimizing pollution. For decades researchers have been
developing thin film solar cells as an important alternatives to the relatively expensive
bulk crystal solar cell technology. Among those, hydrogenated amorphous silicon (a-
Si:H) solar cells prevails for good efficiency, non-toxic and materially abundant nature.
However, a-Si:H thickness must be minimized to prevent light induced degradation, so
optical enhancement is necessary. Light manipulation has to be applied and carefully
engineered to trap light within the active layer(s) of the cell using an inexpensive
processing techniques. Plasmonic nanostructure allows manipulation of light to be fine-
tuned at nanoscale by enabling plasmonic induced scattering, near-field effect and
supported surface plasmon plariton (SPP). However traditional fabrication techniques
for fabricating nanoscale plasmonic structure are expensive and cumbersome. In this
research studies have been conducted to explore the inexpensive fabrication
technologies. As a result, nanosphere lithography (NSL) is chosen as a masking
material to create scalable plasmonic nanoparticles at low cost. With computer aided
design and numerical simulation, the physics behind plasmonic resonance and cell
performance is revealed and the geometry and parameters of plasmonic nanostructure
are optimized. Finally, a proof-of-concept study has been made to show the effective
enhancement in a-Si:H using plasmonic nanostructures fabricate with NSL. The
research indicates the feasibility of using the proposed method for commercializing

plasmonic a-Si:H solar cells.



Chapter 1: Introduction

1.1. Motivation and hypothesis

The growing PV market demand high performance solar cells at lower cost. C-Si
silicon solar cells are fundamentally limited on cost and performance by a single
bandgap indirect semiconductor material. High efficiency multijunction and
concentrator cells are too expensive that they haven’t been embraced by the industry.
Thin film solar cell, on the other hand, drastically reduces the material cost by using
abundant, cheap and easy-to-fabricate material such as hydrogenate amorphous silicon
(a-Si:H). To avoid the poor absorption profile of a-Si:H cells in the long wavelength
region, and to compensate the loss caused by light-induced degradation, the optical
path length must be increased within the absorbing layer. Plasmonic structures in
nanoscale provides sophisticated manipulation of light as well as helps solves anti-
reflection coating and texturing problem, which cannot be simply copy-paste from
conventional solution. A number of published articles proves the efficiency
enhancement achieved with plasmonic structure can boost the efficiency to a new
record, and the record keeps updating as new plasmonic structures are proposed.
However, implementation of plasmonic structure requires further investigation in
advanced equipment and development of complex operating protocols, which all
together add tremendous burden to commercialization. Nanosphere lithography (NSL),
also known as natural lithography, frees the prerequisites of equipment, trained
professionals and long term development. For plasmonic application, nanoscale
patterning can be accomplished in minutes by people with zero knowledge on
nanofabrication. However, plasmonic effect can be either beneficial or harmful
depending on the environment, pattern and particle geometry and size. The physics
behind has not been clearly understand and whether NSL can provide useful

enhancement is not concluded.

The goal of this research is to explore the inexpensive approaches to further drive down

the cost per watt for the PV market. The selected direction is to implement plasmonic
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structure in a-Si:H solar cell by NSL. The study will not only focus on experimental
implementation of the patterned plasmonic nanostructure, but will also theoretically
explain the underlying physics that supports the plasmonic effect, explore possible
configurations to maximize enhancement and make predictions for a diverse size and
geometry using the NSL and a-Si:H cells. To accomplish the objective the following

two hypothesis are proposed:
Hypothesis #1

Uniform periodic nanosphere monolayer with over 90 percent coverage can be
fabricated by adjusting the physical properties of nanospheres, experimental

approaches and fabrication strategies.

Hypothesis #2

Silver nanoparticles deposited on top of front contact can couple the scattered field
into absorbing i-layer, resulting in increased enhancement and improved

photocurrent.

1.2. Outline of the dissertation

The dissertation has five main chapters. In this first Chapter, the background
knowledge and development of plasmonic thin film solar cell, as well as nanosphere
lithography are introduced. The motivation and hypothesis of this study are composed.
The skeleton of this dissertation is summarized. In the second Chapter, the first
hypothesis is addressed by a series of experiments. Two main coating methodologies
are proposed to fabricate uniform nanosphere monolayer. The effect of bead size, spin
coating speed, beads suspension concentration, angled interface coating and influence
of surfactant are discussed. In the third Chapter, the plasmonic solar cell is modeled
numerically in simulation software with packages. Theoretical analysis is conducted to
clarify the physics behind the plasmonic effect with particular pattern fabricated by

NSL. The result is optimized by nanosphere size, silver film thickness, silver particle
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size and geometry. The fourth Chapter concentrates on implementing the simulated
structure. Various characterization techniques are used to validate the consistence
between simulation and experiment. The fabricated solar cell is tested and measured to
provide contract to modeled result. Discrepancies are discussed in detail. In the final
Chapter, the conclusions are drawn on the aggregate of the results and future work are

summarized.
1.3. Photovoltaic and solar cell background

Photovoltaic (PV) devices, also known as solar cells, are a set of electrical devices that
convert energy of light into electricity. A typical PV devices is a semiconductor p-n
junction, where incoming light is absorbed by the semiconductor to excite its electrons
over the gap from valence band to conductive band. As a result, electron-hole pairs are
generated as free carriers, and these carriers move toward the electrodes by diffusion
and drifting. The separated carriers are collected at the electrodes therefore a potential
gradient is created across the cell. The cell behaves as a normal battery and outputs
power to wired devices. Solar cells are easily scaled up by bundling a batch of cells
into a solar module, and modules can be collected into an array to directly power DC
devices or be converted to AC to be incorporated into the grid. The first
commercialized solar cell is a crystalline silicon p-n junction cell, developed in 1954 at
Bell Laboratories[1]. At the early stage investigation in PV industry is rare, because of
the high cost of available high quality silicon. Solar cells only found applications in
space as satellites power panels. Starting from the late 1960s, the semiconductor
industry blooms worldwide, as the large scale integrated circuit pushed demand in
high-quality silicon wafers. This lays the foundation of the development in PV
industry. In 1970s, Elliot Berman simplified the processing by replacing antireflection
coating layer with roughened silicon surface, using integrated circuit board instead
hand-wired circuit. His series improvement significantly reduced the price per watt,
However, the cost is still too high to allow consumer level massive production. As the

semiconductor industry grew into an ever-larger scale, cheap silicon waste and old
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equipment went to PV industry at extremely low cost. PV modules price started to

collapse in the early 1980s and today it still continuously declining.

The PV industry enjoys a global investigation and massive installation in the new
century. The worldwide photovoltaic market grows exponentially for more decades.
According to Solar Power Europe (SPE) the global PV installation in 2015 is 233,000
megawatts (MW) [2], twice the amount of 2013 and 6 times greater the amount in
2010. In over 30 countries the grid parity has been reached by end of 2014[3]. By the
time of this dissertation is written, over 40 countries planned to install more than 100
MW in the year. A global short-term projection by International Energy Agency (IEA)
and SPE predicts the worldwide deployment reach 400 gigawatts (GW) in 2020[4].
More than 5 countries (states) will be able to have over 10 percent of its annual power

generation provided by solar energy.

Nowadays over 90 percent of the solar panels are crystal silicon (c-Si) based. Modern
crystalline silicon solar cell can reach to 25 percent conversion efficiency, surpassing
all major competitors except multijunction or concentrator cells. Classic c-Si solar cells
are based on a silicon p-n junction. Due to the indirect bandgap nature, c-Si solar cell
must be designed to have a large thickness to allow light at long wavelength to not
escape the cell and to allow the separated electron-hole pairs to diffuse to and be
collected at electrodes. The typical thickness of a ¢-Si solar cell is around 300um, and
more than 40 percent of the cell’s cost comes from the thick silicon wafer. This plagues
the cell as the price for crystalline silicon is heavily reliant on the semiconductor
market. An alternative way to further drive down PV module cost is to attenuate the
material while maintaining the efficiency. This is where researcher start to design,

develop and engineer the thin film solar cells.

Thin film solar cells are advantageous over c-Si solar cell for 1) the drastic reduction of
semiconductor material cost by thinning the cell from hundreds of microns to hundreds
nanometers; 2) fabrication can be easily scaled up on inexpensive substrates such as
glass and plastics; 3) the flexibility to fabricate cell on soft materials enabling folding

or installing cells in textured surfaces. Thin film cells have the potential to drive down
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the cost of PV module of well below $1 per watt. The physics behind this cost
reduction is that most of the thin film solar cells are direct bandgap solar cells. Unlike
c-Si solar cells, which are an indirect bandgap solar cells, the valence-conduction band
transition does not need the assistance of phonon to have matched momentum,
therefore the optical absorption constant of direct bandgap material much larger, which
in turn allow them to absorb most of the light within a very shallow thickess. For
instance, amorphous silicon solar cells can achieve full spectrum absorption within

1 um, the equivalent thickness in c-Si cell is approaching 1mm. Thin film solar cell
have been researching and developing for about 30 years. The prevailing candidates of
thin film solar cell materials are amorphous silicon, cadmium telluride (CdTe) and
copper indium diselenide (CIS) , while amorphous silicon solar cells uses earth-

abundant, non-toxic elements hence has received the most research attentions[5,6].

The amorphous silicon thin film is a material without long range atomic order. The
defect density of the material is of order of 10! cm™. Such high defect density is
caused by silicon atoms that possess dangling bonds with unpaired electrons, those
defects are highly active and act as recombination center to greatly reduce carrier life
time. Thanks to the emergence of plasma-enhanced chemical vapor deposition
(PECVD), amorphous silicon can be incorporated with about 10 percent hydrogen,
which drastically reduces the defect density to about 10'® cm™, and allows the material
to be doped in p-type or n-type to be useful as a semiconductor device. Hydrogenated
amorphous silicon (a-Si:H) solar cells appeared in the early 1980s, fabricated under
200 °C in PECVD system. a-Si:H solar cells have the advantages over c-Si cells,
however, only possesses a stable market share of about 6 percent[7]. This is primarily
because of the relatively poor cell performance of only 10 percent conversion
efficiency. The highest stable conversion efficiency reported is 13.6 percent achieved
by LG Electronics in 2013. In addition to the low conversion efficiency, a-Si:H suffers
from a light induced degradation generally known as “Staebler-Wronski effect”
(SWE)[8-10]. The degradation drops off about 10 to 30 percent of the cell efficiency

after a prolonged exposure to sunlight until reaching a degraded steady state. The
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physics behind SWE is still unclear but very likely bonded to metastable states inside
a-Si:H[11-15]. SWE is completely reversible upon annealing at 150 °C or above,

however, under intense (50 suns) illumination the process become irreversible[16].

Amorphous silicon has a bandgap of 1.7eV, making it a good very broad range
absorber. Amorphous silicon absorbs from near infrared to ultraviolet and very
responsive to weak light. Typical junction configuration for a-Si:H solar cell is a p-i-n
junction type. Due to the high defect density, a-Si:H is not a good conductor to support
diffusion based charge separation. A p-i-n configuration assists the separation by
drifting along the built-in electric field across the intrinsic layer, which turns out to be
more efficient than diffusion in a-Si:H cells. Opposite to c-Si, the p-type is put on top
to receive the sunlight, so that holes with low mobility can be effectively collected,
while electrons can survive a long range drifting to reach the n-type and be collected

there.

Due to the very limited thickness of thin film solar cell. Light may not be effectively
absorbed within a few hundred nanometers. Moreover, the a-Si:H absorption
coefficient as a function of photo energy, is much smaller in the red part compared to it
in the blue part of the spectrum. For instance, the absorption coefficient of a-Si:H at
350nm is three orders of magnitude larger than that at 700nm[17], and consequently,
the absorption depth at long wavelength is much longer. The high defect density and
low diffusion length limit a-Si:H thickness to be within a couple hundred
nanometer[18-21] to be electrically optimum. Therefore light trapping is the necessary
for thin film PV devices. Light trapping is the concept of engineering cell structure to
manipulate light propagation within the cell’s active material. The goal is to increase
the light optical path length so that photons have a larger chance to be absorbed before
they escape the cell. A variety of trapping schemes have been studied and reported in
the last two decades[22,23]. The most common approach is to duplicate the
antireflection (AR) coating from c-Si solar cells to thin film cells, which in most cases
is comprised of a pyramidal surface texture. However, roughening and texturing of thin

film cell surfaces is not feasible to reach a useful micron-scale, as they demand pitches
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with depth exceeding the cell thickness. In addition, surface roughness increase the
recombination sites. Instead, a textured dielectric layer, commonly seen as silicon
nitride layer is used as an AR coating. Another approach involves of using a
transparent flat dielectric layer. With optimization, such a layer can create destructive
interference between incident and reflected light, hence perfect impedance matching is
obtained. However, the mechanism only works at a specific wavelength[24].
Traditional light trapping scheme are inadequate for thin film structures, therefore
novel light trapping scenarios have to be established to solve the absorption

deficiencies.
1.4. Plasmonic light trapping in a-Si:H thin film solar cell

The plasmonic effects are a set of phenomena that occurs as a result of the interactions
between electromagnetic waves and small particles. The discovery of plasmonic effects
can be dated back to the 18™ century. With the development of nanotechnology and
nanofabrication, plasmonic effect and related application have been intensely studied in
recent decades[25,26]. The interactions between metal surface and the incoming
electromagnetic waves can be generalized into two categories: 1) the surface plasmon
polariton (SPP) and 2) the localized surface plasmon resonance (LSPR). The former is
a non-radiative electromagnetic waves propagating along the metal/medium interface.
To meet the requirements that allows SPP to exist, the real part of the dielectric
constants of the metal must be negative whilst for the medium it has to be positive. The
condition is met for most metal in the infrared/visible region of the electromagnetic
spectrum in air or water. LSPR, on the other hand, is a collective oscillations of free
electrons induced by light. The resonance is confined within several nanometers away
from the metal surface. At resonant frequency the LSPR can enhance the near-field
amplitude to be many times higher than the field of incident light, but the field decays
exponentially with the distance away from the metal surface. Such significant
enhancement of localized electric field provides high spatial resolutions that is critical
in many applications. It is well known that both the SPP and LSPR are highly sensitive

to the change of geometry and size of the metal particle as well as the surrounding
14



environment. A great amount of work has been done in plasmonics in enhanced Raman
spectroscopy[27], biosensing[28], cancer therapy[29], drug deliver[30] and PV
applications[31-33]. Plasmonic effects can also be taken as a new approach to trap
light inside the cell. Compared to traditional light trapping scheme, plasmonic structure

have two main advantages:

1) the nanoparticles used to excite plasmonic resonance is of subwavelength sizes,

which means the absorber needs not to rely on thick pyramidal antireflection coatings;

2) plasmonic structures support multiple ways to light trapping including scattering,
nearfield coupling, waveguide mode, Fabry-Perot cavity, and diffraction -- all of

which can be optimized to maximize the enhancement.

1.4.1. Light scattering from metallic nanoparticles

Light scattering is a physical process where light is deviated from its original path
trajectory by the interaction with the non-uniformities in the medium through which it
passes[34]. After the establishment of Maxwell’s Equation, the physics behind light
scattering can be mathematically resolved. In 1871, Lord Rayleigh introduced the
electric dipole model that explains light scattering by small molecules. The model
attributes the scattering is a result of light induced polarization process. The theory is
further developed and extended by Mie, and is applied to all spherical objects with
comparable or larger size of the wavelength of incoming light. The combined solution
by Lord Rayleigh and Mie provides fundamental understanding of some common yet
interesting problems, such as the origin of skylight, color of the rainbow and origin of

solar corona[35].

Two important quantities introduced by Mie’s approximation is the scattering and
absorption cross-section, defined as the ratio of scattered and absorbed power per

square meter to the power of incident light. For dipole moment it can be expressed as

(1.2.1)

_ _ 8 4
Osca = ageoszca = Ogeom X gq
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P4
Oabs = O-geomQabs = Ogeom X 4gqIm I?Z} 2] (1.2.2)

€m

Where 04,0m is the geometrical cross-section, for sphere, the value is equal to wa?, a
is the radius of the sphere. The dimensionless value Q., and Qs are the Q factor of
scattering and absorption cross-section respectively, whereq = ka, &, and &, is the
dielectric function of particle and medium respectively. k is the wave vector of the

medium.

The cross-section equations imply two things intuitively. First, the scattering cross-
section is sensitive to the change of the particle size. Given the medium in which the
particle is embedded, the cross-section increase with particle size while scattering
cross-section grows faster than absorption cross-section. Second, the resonance occurs
when dielectric function of particle is twice the value of the medium’s, in the opposite
sign, specifically &, = —2¢,,. At the resonance both cross-section become many times
of the particle’s geometrical size, leading to extraordinary scattering and absorption of
incoming photons. This is the origin of surface plasmon resonance (SPR). As can be
inferred from the equations, the resonance peak is sensitive to the change of the size of
the particle, the dielectric function of the medium. The size effect is can be explained
from two aspects. First, increasing the geometry size will weaken the restoring force,
which is generated by separated charges at the surface of the particle, to depolarize the
particle. Clearly, the longer the distance between the charged surface, the weaker their
interaction. As a consequence, the resonance peak shifts red. On the other hand, the
distribution of polarized field is affected by size, hence the resonance as well.
According to Mie’s theory, the cross-section is the sum of all possible resonance in all

possible format. i.e.

Qsca = Qsca(l) = Z? Qéca (1.2.3)

Where [ is the order of the SPR. Higher order resonance, it is often found in larger
particles, which is in comparable size to the wavelength of incoming light. High order
resonance, just like dipole resonance, can be engineered to favor for PV applications.
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Matheu and his co-workers spread gold and silica nanoparticle onto c-Si solar cell, and
obtained up to 3% and 9% enhancement for gold nanoparticle (diameter = 100nm) and
silica nanoparticle (diameter = 150nm) respectively[36]. In their later work, the
numerical simulation shows the enhancement comes from the top scatterers which
couple the light into the silicon body at 500-1000nm region. The total increased

conversion efficiency observed from experiment is about 8.8%[37].

The general configuration of scattered enhanced cell uses a top contact scenario, in
which the scatter is deposited, spread or patterned on top of cell, usually on or in the
transparent conducting oxides (TCO). Unlike scattering from particle suspended in
homogeneous medium, scattering from particle on substrates preferentially direct the
light into the dielectric with larger reflective index[38]. The angular distribution
acquired through scattering leads to increased optical path length. In addition to the
increased optical path length, light scattered at an angle exceeds the critical angle of the
medium are subjected to total internal reflection, in that case the scattered light may
never escape from the material. Furthermore, when the scattered light is reflected back
from the back contactor, it has a chance to interact with the particle again, a secondary
scattering process may occur, resulting the light reentering the dielectric medium. In
sum, the overall reflectance is dramatically minimized by scattering. This makes the
scattering favors PV applications as most of the conducting oxides have larger
refractive index, especially for thin film solar cells where light trapping is critically
demanded. Catchpole et al. summarize the previous work and proposed design
principles for plasmonic solar cells through scattering[39]. Particle material, shape, size
and dielectric spacing have been systematically analyzed and discussed. Particles made
of silver is considered to be better scatterer over gold particles for its relatively small
imaginary part of permittivity, which result in absorption rather than scattering[40]. For
given particle size silver nanosphere can excites an enhancement near field 40 times
stronger than gold[34]. Gold, on the other hand has enlarged extinction cross-section,

making it good candidates for sensing[28].
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Besides, the plasmonic resonance peaks for silver and gold are at 360nm and 480nm
respectively, the associated absorption occurs at the same position while the scattering
can happen 10-100nm longer than that resonant peak and cover a broad spectrum. For
amorphous thin film solar cells the ultraviolet can hardly be utilized due to the poor
material quality at the top p-layer. The major absorption happens in the i-layer peaks at
550nm, making silver advantageous over gold particles for not competing with i-layer
in absorption. Well-optimized silver particles can have a scattering cross-section 10
times larger than the geometrical cross-section, and the resonance peak can be
continuously tuned from 300 to 1800nm, covering a broad spectrum from ultraviolet to
near infrared[38,39]. However, the plasmonic effect is a double-edged sword can
theoretically improve or compromise the cell’s performance. Multiple coupling
between incident light and scattering light, scattering light and scattering light,
scattering light and near field and scattering light and diffracted light can take place all
together, making the situation extremely difficult to analyze[41—43]. Such problems
are largely eased by advances in modern computational machine and the emergence of
various simulation software packages[44,45]. Computed enhancement in short-circuit
current through scattering can achieve 45 percent compared to cell without

scatterers[46].

1.4.2. Surface plasmon polariton (SPP) and gratings.

Compared to the front contact scenarios with scatterers, the back contact scenarios are
more widely adopted. Multiple light trapping schemes can be implemented by
engineering the interface at dielectric/metal or metal/semiconductor. The traditional
approach is to increase the roughness at the interface, so that light reach the interface
experience scattering and is directed back to the semiconductor. This is widely used in
many thin film solar devices and it remains a robust and easy-to-implement method for
solar cell. The discovery of surface plasmon polariton (SPP) creates another approach
for light trapping using back contact scenario. SPP is an electromagnetic waves

propagating along the metal/semiconductor or metal/dielectric interface. The origin of
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the SPP is the excitation from electron or photon (photon only for PV) with matching
the momentum and frequency. In order to excite SPP the dielectric function for the two
interfacing medium must be in opposite sign, which is satisfied for most
metal/dielectric, metal/semiconductor interfaces. The SPP will propagate along the
interface until the energy is dissipated via other mechanisms such as scattering back to
the semiconductor, coupling into guided modes and/or absorbed by the semiconductor
or metal. Those mechanism can be engineered in favor of PV applications. Coupling
incident light into SPP requires momentum matching, which is difficult for light travel
in free space because a free-space photon has less momentum due to dispersion
relations[47,48]. A coupling is needed to assist momentum matching and it can be
achieved by implementing a periodic structure at the interface, which adjusts the

tangential component of the wave vector related to the grating period.

One of the advantages of SPP is that it turns the direction of light propagation by 90°,
this drastically increases the optical path length. A metal back contact is common for
most of solar cells and the metal of chosen such Ag or Al has a plasmonic response.
Hence the implementation SPP can be integrated on natural cell configuration without
further introducing other material. The excited SPP frequency can be expressed by

Equation 1.2.4

Wep = Wp//1+ €p (1.2.4)

Where, €, is the dielectric function of the medium, w,, is the plasmonic resonant
frequency of bulk material, which is around 360nm for silver. The propagation of SPP
can be prolonged to 100nm into 800-1500nm spectral range[49-52]. The light that is
poorly absorbed by direct incidence at longer wavelength can now be coupled into SPP
and reutilized by the semiconductor. This can leads to drastically reduction in cell
thickness. In a recent study lead by Giannini and co-workers, a conventional silicon
cell thickness can be reduced to 100nm while maintaining the same performance as
bulk cell, the study showed all the scattered light that is not initially absorbed are

converted into SPP[53]. Atwater et al. demonstrate an ultra-thin amorphous silicon cell
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using textured metal back reflector showing 26 percent enhancement in short-circuit
current[54]. Back contact scenario is often associated with the implementation of
photonic structures, which acts as both light coupler and individual scatterer/gratings.
Tan et al. engineered an a-Si:H cell by incorporating Ag nanoparticles at back
reflectors and observed an enhancement of J;. from 13.1 mA/cm? for flat cell to 15.1
mA/cm?, which is the recorded highest J. for plasmonic a-Si:H solar cell[55]. Chen et
al. created a broadband back reflector by incorporating Ag nanoparticle of different
sizes and obtained a 23 percent enhancement in conversion efficiency[56]. Fan et al.
provide a theoretical analysis of periodic structure in optical enhancement and
conclude that the actually enhancement by periodic grating can well exceed the
classical 4n® limit[57]. In addition, the theory is confirmed by experiments conducted
in many groups[58—60]. As to how the plasmonic and grating enhanced cell compared
to random textured cell, Battaglia did a series comparison using the same material and
state-of-art configurations for both approaches, the observed short-circuit current reach

a remarkable 17.1 mA/cm?, undoubtedly rivals the Ji. in random textured cells[61].

Despite the success of the back-contact scheme, it inevitably increases the surface
contact area, which in turn create more surface recombination sites as the defects
increase. Therefore currently no commercialized back-contact PV is available on the
market. And creating the plasmonic structure using conventional methods usually
cannot be scaled up to industry level. The price for implementation is also too high for

both industry and consumer.

1.4.3. Embedded plasmonic concentrators

Upon interaction with light the small nanoparticles made of silver or other noble metal
can generate highly localized electric field over ten times of the magnitudes of incident
field, such that the nanoparticles behave as light concentrator and nano antennas. The
near field effect decays fast with the distance from the surface. To effectively harvest
energy from the near field, the nanoparticle has to be placed as close to the

semiconductor as possible, preferably to be embedded inside the semiconductor to
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maximize the effect. This is the third scheme of plasmonic enhanced solar cell
configuration. Increased photocurrent in organic solar cells, CdSe/Si heterojunction
solar cells and c-Si cells have been reported[62—65]. However, the embedded structure
has its own limitation. First, the particle sizes cannot be large to exceed the absorbing
layer, which limits its application in thin film solar cells. Second, the absorbing
material must have a high absorption rate higher than that of metal nanoparticles,
otherwise the cell experience ohmic loss from inside. Third, the embedded nanoparticle
must be passively coated to prevent it from diffusing into the semiconductor, however,
coating the nanoparticle unavoidably creates a potential barrier for the near field. As a
result only a fraction of the near field can penetrate into the semiconductor. In order to
overcome the listed issue the method has to be carefully engineered to achieve

enhancement.
1.5. Nanosphere lithography and applications

Nanosphere lithography (NSL) is an inexpensive, easy to implement and high throughput
fabrication technique that is often used to fabrication well-ordered, periodic, large-scale
2D microstructure. NSL works on the concept of free diffusion and self-assembly, the
nanospheres diffuse freely across the substrate, seeking their lowest energy
configurations, and thus self-assemble into a 2D array. Methods that enable formation
of 2D colloidal crystal matrices include spin coating[66], interface coating[67] and
shadow coating[68]. Amongst this options, spin coating allows fine adjustment on
acceleration and spin velocity hence the resultant matrix can be fabricated in a controlled
manner. Interface coating approaches the second popular coating technique. Compared
to spin coating, interface is insensitive to substrates hence can prepare the monolayer

regardless of surface roughness, thickness and material.

Using a traditional spin coating technique to fabricate polystyrene (PS) nanosphere
masks often comprise three stages. First the solvent droplets containing PS nanospheres
are dropped onto a stationary substrate. Second, the spin starts and during the

acceleration stage, some solvent is spun out. In the third stage, the spin speed reaches the
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preset value and remains static, as the solvent evaporates, and PS nanosphere begin to
self-assembly due to the capillary effect. The full substrate coverage is difficult to
achieve, but depends on the concentration of beads in solvent, solvent surface tension,
solvent saturation vapor pressure, and beads diameter[69]. Wafer scale monolayer
coverage is a balance of art and science and thus rarely achieved, thus typical defect-free
domain sizes are in the 10-100 um? range. Most of the studies focused on preparation of
mono- and bi-layer films with greater order degree and larger coverage. Pierre Colson
and Rudi Cloots[69,70] have reported ~200 um? defect-free monolayer coverage with
considerable order degree. Jian Chen et al. systemically studied spin coating based large-
scale colloidal crystal films self-assembly mechanism, showing that wafer-scale PS
nanosphere colloidal crystal films can be obtained using nanospheres with sizes ranging
from 200 nm to 1300 nm by adjusting experiment parameters such as spin speed and
acceleration[70]. A recent survey on nanosphere-related publications, however, reveals
that researchers who use spin coating are still randomly developing empirical protocols
in spite of the theory has even been established[71,72]. This is because the conditions
that the theory relies on can hardly be met in experiment. Factors such as humidity and
pressure affect the result and varies from laboratory to laboratory. Colson et al. did a
survey on published spin coating parameters and then try to approach the problem
statistically. They established mathematic model to categorize each published data and
make predictions based on the model. As a result, they claimed 200um? defect free
arca[69]. It however must be noted, that the success of the model is built on 490 nm

nanospheres and it’s not been tested with other type of nanospheres.

Spin coating, though very successful in creating controllable monolayer or bi-layer
colloidal mask, is high selective to the substrates. Surface properties affects the
monolayer formation drastically and those properties cannot be easily sifted out or
normalized in experiment. This major drawback makes spin coating works only on
selected substrate with low surface roughness and high hydrophilicity. Alternatively the

monolayer can be coated by interface coating, which rivals the spin coating on many
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aspects, for example, it can be applied to various substrate such silicon, mica, ITO or

even plastic, making it very versatile for numerous applications.

Plasmonic nanofabrication for controlled size and shape often involves using
sophisticated, expensive nanolithographic equipment such as: 1) photolithography, 2)
electron beam lithography, 3) focused ion beam milling, and 4) X-ray lithography and 5)
NSL, often known as natural lithography, is not comparable in flexibility with traditional
lithography techniques, however, wins out in simplicity, parallelism and cost. Typical
nanosphere lithography yields a hexagonal close packed structure (HCP), depending on
the concentration of the nanospheres in solvent it can also generate multi-stack HCP
structures while mono- and bi-layer are most commonly formed with spin coating. As
for as mono- and bi-layer structure are concerned, two types of plasmonic
microstructures can be fabricated using NSL, with the mono-layer periodic array when
plasmonic metal materials such as silver are deposited through the mask, an array of
triangularly shaped nanoparticles with Psmm symmetry (hexagonal lattice) is created.
Increasing the concentration of the suspension leads to the formation of a colloidal
crystal bi-layer mask, in which the second layer assembles onto the bottom layer, leaving
a smaller hole density as to the mono-layer as half of the holes are masked by second
layer nanospheres. Subsequently deposited metal particles are hexagonal shaped instead
of having triangular geometry. Experimental results showed that, the more stacked the
HCP structure, the more lattice defects occur. With mono-layer structures, dislocations
and vacancies are two major defects, but a second layer of isolated spheres or islands can

also be created.

It worth mentioning that the aperture size of the colloidal crystal mask is continuously
controllable by annealing. The change in aperture size is faster as the temperature
increases. Hence Kosiorek[73] suggested using microwave pulses to provide fine-tuned
aperture areas from as-deposited to zero. The result can be verified by the change in
diffraction viewable with a naked eye. A non-close packed colloidal crystal mask is hard
to achieve due to the fact that nanospheres preferentially sit in their lowest energy

configuration during the assembly process. Non-close packed PS monolayers are
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fabricated using a template. However, template has to be made in-prior which increases
the overall cost and complexity thus goes against the purpose of using NSL in this
proposal. Agustin et al. discovered that using a modified solvent mixture, fabrication of
multistack colloidal crystals in [100] and [110] orientation becomes possible[74]. They
suggest that faster evaporation may lead to the non-hexagonal shape as the nanospheres
as they do not have enough time to be located in their lowest energy configuration.
However, the non-close packed colloidal crystal need at least three layer to achieve and
the bottom layer is always close packed. A non-close packed mask fabricated with this
scheme will have no holes through which the plasmonic material can be deposited onto

the substrate.

NSL has been widely used in fabricating plasmonic microstructures and recently
research group start to migrate the technology to PV devices. Chen et al. used a hybrid
nanosphere/polymer technique and successfully fabricate plasmonic back-reflector for
a-Si:H solar cell. In their work a silica nanodome is created inside each nanohole, which
is then covered by silver using e-beam evaporation. 17.9% higher Jsc and 39% higher
efficiency is observed against flat a-Si:H solar cell[75]. NSL plasmonic was also applied
in creating a large-scale sensing array. Andreas Horrer fabricated plasmonic nanocones
from combined masking of NSL and aluminum oxide. The surface-enhanced Raman
spectroscopy (SERS) produced at the gold cone tip shows a factor of 10 times stronger
Raman signal than flat gold surface[76]. Research on using NSL as a-Si:H superstrate

absorber enhancer has not been investigated for now.
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2. Fabricating Ordered 2-D Nano-Structure Array Using
Nanosphere Lithography'

2.1. Motivation

There is substantial interest in the use of plasmonic metal nanostructures to form
metamaterials for improving light absorption in thin-film solar photovoltaic (PV)
devices[77]. Sophisticated light management in thin-film solar PV devices has become
increasingly important in that they ensure absorption of the entire solar spectrum while
reducing semiconductor absorber layer thicknesses, which in turn reduces deposition
time, material use, embodied energy and greenhouse gas emissions, and economic
costs[32]. This has created a demand for a scalable method of patterning large areas
with metal nanostructures deposited in an ordered array. Common methods to fabricate
such arrays (e.g. e-beam lithography) are expensive and not practical for such large
areas. Nanosphere lithography (NSL) has been considered an alternative way of
fabricating scalable plasmonic arrays[45] in an inexpensive and scalable fashion. With
careful maneuver in subsequent etching and evaporation processes, geometries from
simple triangle arrays to more complex structures such as rings, dots, disks, and
bowls[73,75,78] can be fabricated. In the past two decades several nanosphere coating
techniques have been developed to acquire nanosphere masks, including spin
coating[79,80], dip coating[81,82], and interface coating[83], all aimed at attaining
high order uniformity and fewer defects. Spin coating currently prevails at the lab-scale
due to its high productivity and efficiency in producing self-organized particle
monolayers, as well as its flexibility in controlling the process, allowing sophisticated
manipulation on colloidal crystal geometry, double- or multi-layer colloidal crystals,
and even non-closed packed crystals can be obtained by tuning spin coating
parameters[74,84]. However, the spin coating process is not simple as it involves fine

tuning several parameters, which have interdependent effects on the evaporation

! This chapter is submitted as “Chenlong Zhang, Sandra Cvetanovic, Joshua M. Pearce, “Fabrication
ordered 2-D nano-structured arrays using microsphere nanosphere lithography” to MethodsX (2016)
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process. Finding these parameters is a balance of art, and is largely dominated by
empiricism. For researchers who want to use spin coating in their nanosphere
lithography related research they often have to develop their own recipes, and generally

the optimal recipe varies depending on sphere size[70].

Interface coating, also known as the Langmuir-Blodgett method, refers to the process
of forming a monolayer on the liquid-air interface, which is then transferred to a solid
substrate. With the assistance of surfactants[83,85], 2-D colloidal spheres self-
assemble into monolayer domains. Interface coating is attractive to industry because of
its insensitivity to substrate materials and relative ease of implementation. However,
additional processes like surface modification are often necessary to acquire well-

ordered patterns[86].

Using 500nm and 1000nm polystyrene nanospheres, the research aims at novel
approach using either spin coating or interface coating to best achieve well-order,
robust and large scale colloidal monolayer, which can then serves as a mask in metal
deposition processes. Because plasmonic structure is extremely sensitive to the
environment change, molecular residual can alter the resonance significantly[28]. The
approach also puts in high priority to obtain contamination-free surface. This pushes a
demand to minimize the chemical surface modification. Scanning microscope images
are acquired and processed in using the free and open-source image-processing
software ImageJ (https://imagej.nih.gov/ij/). Hexagonal close-packed (HCP)
percentage are plotted at each methods optima. The study targets in over 90 percent

monolayer coverage in order to provide high quality for deposition.
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2.2. Methodology and discussion

2.2.1. Spin coating

Spin coating is a widely used, easy, and fast coating technique. Spin coating involves
dropping a colloidal suspension on a hydrophilic substrate, followed by an accelerated
evaporation process in a spin coater. Several parameters affect the spin coating process
such as the spin velocity and acceleration, the size and concentration of the
nanospheres, the substrate wettability, and ambient pressure and humidity. In
applications involving the use of spin coating for nanosphere lithography, the goal is to
form large-scale, well-ordered arrays. For decades, researchers have had to empirically
find the best recipes for their own applications since the published recipes have so far
been largely non-reproducible by others[87]. Chen et al. illustrates the mechanism of
the spin coating evaporation process and develops recipes by mapping the spin speeds
for various nanosphere sizes[70]. A recent survey on nanosphere-related publications,
however, reveals that researchers who use spin coating are still randomly developing
empirical protocols. The study is based on 500nm and 1000nm nanospheres, the
optimization is performed for suspension solution contents, spin speed and nanosphere
concentration. One should be noted that the study is not aimed at developing a general
recipe, but instead aims to show the trend of changing parameters, and, more
importantly, to compare spin coating with the alternative methodology of interface
coating. This could act as a useful guideline for researches in many applications. In the
end, more than 98% coverage of the close-pack hexagonal microsphere monolayer is

obtained using a single step spin coating protocol.

For spin coating polystyrene nanospheres, the following steps are used:
1. A 6inch (~154mm) silicon wafer was cut into 1 inch by 1 inch (25mm x

25mm) pieces.
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10.

11.

12.

The c¢-Si substrates are cleaned using a modified RCA solution (H>O2: NH4OH:
H>O=1:1:5)at 110 °C for 40 minutes. The solution oxidizes organic residuals

and renders the surface hydrophilic.
Cleaned wafer substrates are kept in deionized water before use.

The substrate is dried under nitrogen flow and then transferred to the spin

coater sample holder.

Polystyrene nanospheres 500nm and 1000nm in diameter are purchased from

Fisher Scientific Inc.

The nanosphere suspension is centrifuged at 7500rpm for 10 minutes, which

disperses the suspension into solutions with different water/ethanol ratios.

The solution undergoes ultrasonication for 1 hour in order to ensure that the
beads in the suspension are uniformly dispersed throughout the suspension and

not clumped together.

. A 200ul nanosphere suspension is dropped onto the horizontal substrate and

allowed to expand freely in order to cover the entire surface of the substrate for

2 minutes.

Spin coating starts with a pre-set rotation speed. The initial rotation speed is
1500 and 2000 for the 500nm and 1000nm nanospheres respectively. Spin
speed varies from 1500rpm to up to 10500rpm in a series optimization

experiment.

The rotation duration is varied from 2 to 5 minutes depending on the solvent

evaporation rate.

Coated colloidal crystal masks are dried in air and stored in a desiccator for no

more than 1 week before morphology examination.

The morphology analysis is carried out on JEOL S4700 field emission scanning

electron microscope (FE-SEM). For the analysis, the coated silicon wafer is
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sputtered to grow a 2nm thick Pd film in order to provide good conductivity

and to prevent direct electron exposure that burns the polymer.

Table 2.2.1 Spin coating parameters and settings for each experiment group.

Sample # Nanosphere Rotation Ethanol Nanosphere
diameter (nm)  Speed (RPM)  content (% concentration
volume)) (% wt)

Al 500 6000 0 2

A2 500 6000 0 5

A3 500 6000 0 10
A4 500 6000 0 30
Bl 500 1500 0 10
B2 500 3000 0 10
B3 500 6000 0 10
B4 500 10500 0 10
Cl 500 3000 30 10
C2 500 3000 50 10
C3 500 3000 70 10
Cc4 500 3000 100 10
D1 1000 2000 0 10
D2 1000 4000 0 10
D3 1000 6000 0 10
D4 1000 8000 0 10
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First it was found that the nanosphere concentration affects the distribution and
uniformity significantly. Nanosphere mono-layers can hardly form with low
concentration (~2% wt). As can be seen in Figure 2.3.1 a), Sample A1 leaves about 75
percent of the surface uncovered. Nanospheres are packed in small clusters, each has 1
to about 100 spheres with irregular shapes. It is obvious the nanospheres cannot form
uniform mono-layers due to insufficient concentration. Increasing the nanosphere
content to 5 percent (wt) leads to a higher surface coverage of ~45 percent, as shown in
Figure 2.3.1 b), small islands in A1 starts joining each other into larger domains, grain
boundaries at the joint can be clearly identified in SEM images. The voids still occupies
~71 percent of the surface, hence the monolayer is far from being suitable for metal
deposition. Further increasing the concentration yields improved coverage and
uniformity, as an example A3 (10% wt) forms a uniform, highly ordered monolayer that
can cover the entire surface, more than 95% surface area is covered with improved
uniformity extends from center to boarder, no double or multilayer observed from SEM
images. The primary defects found at this stage is grain boundaries, vacancies and
interstitials , colloidal crystal domains ranges from 5 um? to 1000 um?, average vacancy
density is 1 per 10 pum2. At 30 percent (wt), double and multi-layer colloidal films are
found almost everywhere from the center to the boarder. More interestingly, at higher
concentration the top layer seems not to completely obey the rule of hexagonal
orientation, instead, more than 40 percent of the top layer is square orientated, the mixed
orientation is a result of quasi-stable configuration, where the top layer forms in prior to
the formation of the bottom layer. Therefore the underlying foundation of HCP haven’t
been established at the onset of the formation of top layer, the orientation of the top layer
is dictated by the lattice defects of the bottom (in this case it’s huge) and the incoming
nanosphere flux from the exterior, the combined forces gives rise of the mixed
orientation in A4 . A charging effect shown in the SEM images may raise from multilayer

spheres, the thicker the layer, the less conductive the substrate.
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Figure 2.3.1. SEM images of polystyrene nanosphere of 500 nm in diameter spin
coated on Si (100) wafer at 6000 rpm with (a) 2% wt, (b) 5% wt, (c) 10% wt and (d)

30% wt in suspension concentration, magnification = 2500
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Figure. 2.3.2. SEM images of polystyrene 500 nm nanospheres in 10wt% aqueous

solution spin coated on an Si (100) wafer at rotation speed = 1500 rpm (a), 3000 rpm (b),
6000 rpm (c) and 10500 rpm (d), acceleration speed = 600 rpm/s (a-d).

Spin coating on polystyrene spheres with diameters less than 500 nm has been widely
studied and the recipes well established. The theoretical studies by Denkov and
Zhao[71,72] show that inter-particle capillary forces are the driving forces for the
ordering process. Capillary forces arise as a result of the increasing curvatures of the
liquid surface between particles. As evaporation of the solvent continues, capillary
forces squeeze the nanospheres into a crystal domain since the nanospheres seek the
lowest energy configuration and consequently tend to maximize contact with
neighbors, leading to a HCP structure. The process continues with flux from the border
to compensate for the evaporated liquid, supplying more nanospheres to the domain
until all the liquid has evaporated. In this way, the spheres self-assemble. When spin

coating under high speeds, the suspension is spun away from the center, leaving the
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central part less wet. The ordering hence starts from the center and extends towards the
exterior, a phenomenon confirmed through observation of the spreading white ring

from center to border during the spin coating process.

Past studies have shown that the high evaporation rate is the key to yielding high HCP
coverage, which in turn requires faster spinning speeds during the spin coating
process[88]. The results presented here are in agreement with these theoretical
conclusions. As can be seen in Figure 2.3.2 a) and c), increasing the rotation speed
minimizes the bilayer coverage and yields a more ordered HCP. At a rotation speed of
6000 rpm, the bilayer disappears, leaving the whole surface covered by the HCP. The
calculated HCP coverage is ~98%, with only a tiny area at the corner uncovered.
Further increasing the rotation speed does not further increase the HCP coverage — on
the contrary, small bilayer clusters were observed at center of the structure. The
emergence of these clusters is attributed to the rapid evaporation rate of the solvent
while the radial centrifuge force is relatively weak at center. Spheres on top have
therefore not yet had a chance to be spun out before the solvent evaporates. Irregularity
in non-close-packed, bilayer, and multilayer structures are often found in fast

evaporation systems, such as the water/ethanol system[74].

The C group focuses on variation of the solvent. By introducing ethanol the solvent
become more volatile and less viscous. Figure 2.3.3 shows the SEM images acquired
for ethanol content ranging from 30 to 100 percent (volume fraction). At 30 percent
ethanol (C1) large bare silicon surface were found throughout center to border, average
surface coverage is 47.5 percent. C2 gives a relatively uniform mono-layer covered all
surface area with 400 um? bi-layer domains observed at center and border, further
increasing ethanol percentage leaves larger bi-layer area and interestingly, although the
bottom layer is always hexagonal close packed, the top layer has the freedom to pack
into square [100] configuration and co-exists with the hexagonal lattice (Figure 2.3.3
¢). In all ethanol cases the lattice defects, both grain boundaries and vacancies, are
greater than those in aqueous samples. Mixed solvent evaporate faster, leading to more

scattered smaller clusters rather big lattice domains. The irregularity in the bottom
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layer caused by small domains provide different energy traps for the top layer and
hence the co-existing of square and hexagonal format observed in SEM images. The
larger bottom domain is more likely to support a hexagonal top format, while smaller
and scatter bottom domains are likely to hold a different set of configurations including
the square ones. Pure ethanol suspension is not able to create any ordered
microstructure (Figure 2.3.3 d), the evaporation rate is high enough that the surface is
dried before nanopheres finding their lowest energy configuration site. As a

consequence, nanospheres would likely stay at the same position before and after the

solvent evaporated, leaving an unordered colloidal film as can be seen in Figure 2.3.3.

Figure 2.3.3. SEM images of polystyrene 500 nm nanosphere in 10% wt spin coated on
Si (100) wafer at 3000 rpm, solution content is EtOH:water = 30:70, 50:50, 70:30 and
100:0 for a-d respectively
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Figure 2.3.4. SEM images of polystyrene 1000 nm nanospheres in 10% wt aqueous

solution spin coated on Si (100) wafer at rotation speed = 2000 rpm (a), 4000 rpm (b),
6000 rpm (c) and 8000 rpm (d), acceleration speed = 1500 rpm/s (a-d)

Spin coating on nanospheres with diameters of 1000 nm or above have seldom been
reported successfully. Chen et al. report that their optimum settings for 1300 nm PS
microspheres are about 4000 rpm rotation speed and 1600 rpm/s in acceleration. As
can be seen from their optical images[70], the 1300nm sample has noticeable voids
when compared to other samples with PS beads of less than 510nm. In this study,
similar results were found (Figure. 2.3.4). As the rotation speed increases, the beads
form discrete irregular HCP domains with the presence of free individual beads and
bead clusters increasing. The overall HCP coverage decreases with the rotation speed.

Using image processing software, the best coverage is given by the low rotation speed
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group. It must be noted, however, that the best candidates have 41% HCP yield, and
only 24% HCP coverage obtained in 8000 rpm group (D4). According to Denkov’s
theory, the continuous ordering process relies on two major factors: 1) the capillary
forces due to inter-particle liquid evaporation, which pushes beads together, and 2)
water flux compensation, which supplies more beads to the ordered domain, so that the
domain grows. The SEM analysis reveals that the inter-particle capillary force are
weakened in low speed samples, as the beads are loosely attached to each other and
there is no long range HCP, the force is strengthened as the rotation speed increases, as
a result, more close-packed structure forms gives arise to the dark area on SEM images
(Figure 2.3.4 ¢) and d). Moreover, the overall coverage reduced with rotation speed,
indicating the diameter of the bead plays an important role in HCP formation. In
Denkov’s theory, the onset of ordering process starts earlier and the evaporation-
induced horizontal capillary forces in the central area draw suspension flux from the
boarder aggressively while the centrifuge force is pushing beads away from center. As
a consequence, there is insufficient compensation flux and less sphere supplies to the
ordered domain. This results in more voids added to the ordered area. The speed
influence on small beads, like those 500 nm in diameter, can be generalized in Figure
2.3.5 a). while for larger beads (D > 1000nm), high rotation speed facilitating the
evaporation process creates more and larger voids on the surface for large nanospheres

(Figure 2.3.5 b).
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Figure 2.3.5 500nm (a) and 1000nm (b) rotation speed vs HCP coverage
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On the other hand, increasing the mass of the beads increases the friction between
beads and the wafer surface. Once the beads are attached to the surface due to the
increased friction, larger beads are immobilized before they can reach and join the
ordered domain, thus increasing unordered areas. This mechanism is also supported by
investigating smaller beads deposited on rough surfaces. Figure 2.3.6 shows 500 nm
beads on soda lime glass surface (a) and on polished silicon surface (b), both coated
using the same recipe. The voids and disorders on the soda lime glass surface are
similar to those found in 1000 nm silicon samples. By speeding up the evaporation, the
horizontal attracting capillary force increases, which is a good for smaller beads as they
move faster toward the ordered domain, but for larger beads the increase in the
evaporation rate also increases the vertical component of the capillary force, which
presses them against the glass surface. The increasing friction between the beads and
the surface immobilizes a greater number of beads and thus results in more voids in the

colloidal mask.

Figure 2.3.6. SEM images of nanosphere (diameter = 500nm) spin coated on glass

surface (a) and silicon surface (b) at rotation speed = 6000rpm, acceleration speed =

600rpm/s
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2.2.2. Angled interface coating

The failure of NSL implementation of larger polystyrene nanosphere pushes the
research to find another cost efficiency way to fabricate uniform nanosphere
monolayer. Moreover, the substrate insensitive nature also makes it flexible and
adaptable to solar cell built on a large number of substrates. In case of a-Si:H, the
substrate can be stainless steel, fused glass, sapphire, plastic, mica or silicon. In
addition to substrate type, the cell thickness and substrate properties also varies. For
instance, traditional spin coating tool cannot handle soft material such as plastic, and
also the thickness and weight of the wafer must be within a certain range otherwise the
spinner cannot drive it to desired spin speed. Interface coating has zero prerequisition
on the substrate as long as it does not dissolve in the solution being used. The
monolayer formation is driven by self-assembly on the interface. The merit is that the
monolayer is the only configuration, any quasi-stable configurations such as bi-layer or
multi-layer won’t be able to form in interface coating. Interface coating does require
careful manipulation of the surface tension and solvent pH, with the withdrawal angle
and velocity being major concerns when producing high quality colloidal film. In the
past, these protocols demanded additional modification of the solvent with chemicals,
such as surfactants[89], alkaline[85], and other devices or tools[83,90]. Introducing a
surfactant is widely accepted to help acquire larger areas of ordered colloidal film with
considerable mechanical strength, since surfactant molecules occupy the interface and
push the incoming beads together, ceasing the Brownian motion of individual bead or
small bead clusters. This forces them to join and form larger domains, increasing
monolayer order[89]. Surface tension at the interface is largely reduced due to the
presence of the surfactant, which in turn facilitates bead movement along the interface
to find their lowest energy configuration. The result is a more ordered HCP
monolayer[91]. Adding the surfactant, however, introduces contamination to the
interface. These contaminates can be transferred to substrate in the lift-up process and
are especially difficult to remove, thus creating imperfections in the nanosphere
lithography.
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This study targets mainly on larger nanosphere (1000nm) interface coating, 500nm

nanosphere were used as contrast. We hope to develop a convenient method to

fabricate large scale arrays using angled interface coating without using any surfactant.

Detailed steps are listed as following (Figure 2.4.1 a-d):

1.

2.

The nanosphere suspension is centrifuged at 7500 rpm for 10 minutes

It is then redispersed in a solvent (H2O/ethanol, v/v=1:1) to have 10% solid
weight.

For substrates, microscopic glass slides were purchased from VWR Corp.

The glass substrates are cleaned in piranha solution (98% H2SO4 and 30%
H>0,, v/v=3:1) at 100°C for 30 minutes. It should be noted, that this process

can be scaled to larger pieces of glass using the same approach.

The cleaned glass slides are stored in deionized water for no more than a week

before use.
At room temperature, the microscopic glass substrate is dried under No.
A glass Petri dish is filled with deionized water.

The glass slide is positioned at a 45° angle in the Petri dish as shown in Figure
5a. This angle is chosen since it optimizes that speed at which the suspension

droplet enters the water/air interface.

20ul of the newly made nanosphere suspension is pipetted onto the glass slides
and moves freely along the slides into the water/air interface. It should be noted
that each time only a tiny drop (~2pl) is pipetted, with the next drop not being
added to the glass slide until the prior drop has completely diffused and there is
no visible movement identifiable by naked eye on the water/air interface. By
doing so, the new drop will not interfere with the diffusion process of the prior
drop and turbidity is thus minimized. It should also be noted that the pipetting

can be done by hand or automated with an open source syringe pump[92].
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10. Pipetting the suspension is continued at a constant speed until the entire
interface is covered by colorful gratings caused by the diffraction from the

ordered nanosphere array.

11. The array is transferred to a 1’ by 1” hydrophilic silicon or glass substrate at an
angle of 10° with respect to the water/air interface using a 3D printed wafer
holder as shown in Figure 2.4.2. The merit of 3-D printing is that one can

design and fabricate labwares in a fast and easy way[93,94].

12. Finally, the lifted wafers are air dried — placed leaning against an object or 3-D
printed holder so that they form an angle with the ground, ensuring that all the

water is optimally evaporated.

To demonstrate and test this methodology, the samples are analyzed in FE-SEM after
depositing 2 nm of platinum, which is sputtered in order to provide good conductivity

for FE-SEM analysis.
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c) d)

Figure 2.4.1. Schematics of interface coating. (a) Nanosphere suspension pipetted onto

an angled glass substrate and move onto water/air interface. (b) Nanosphere start
assembling on water interface. (c) As more suspension join the monolayer, a full
coverage over the surface is obtained. (d) Substrate entered the water phase at a

shallow angle (~10°) to transfer the monolayer.

Figure 2.4.2, a) Rendered OpenSCAD file as an STL file in the open source slicer Cura
showing design of angled wafer holder for 3-D printing, b) a printed holder holding a

wafer on angled surface.
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Uniform coverage of monolayer beads is obtained by gently adding the beads
suspension to the glass dish through angled slide. Beads that are free for diffusion
across interface require time to become stable. Quickly pipetting the beads suspension
results in clusters or agglomerates appearing as white residues in the water phase. In
the initial state, the beads suspension droplets at the edge of the angled glass slide
gradually release the beads into the water/air interface. The 1000 nm beads slide onto
the interface without aggressive diffusion, instead forming a uniform monolayer at the
moment they engage the water. The process is similar to that of making an omelet
where the whisked egg slowly poured onto a hot pan immediately forms a flat crust. In
contrast, the 500 nm beads diffuse rigorously and soon reach the border of the glass
dish. A small fraction of the 500 nm beads rush into the water phase and cause an
optically white suspension. With the assistance of ethanol, the lighter beads, the faster
they move. This results in more freestanding beads at the interface and suspending
beads in the water phase. For the 500 nm beads, no noticeable monolayer forms at the
beginning, but when more bead suspension is added to the water phase, the beads start
to form scattered monolayer domains. The area of these domains increases as they
receive new beads and join with other proximal domains. Towards the end of the
pipetting stage, full surface coverage can be achieved (Figure 2.4.3). In both the 500
nm and 1000nm bead cases, full surface coverage can be achieved by continuously
pipetting the beads suspension until white turbidity at the glass/water intersection can
be observed by naked eyes, indicating that there’s no more room on the interface for
new beads to join the monolayer and further adding will force the beads to run into the

water phase hence the cause of the whites.
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Figure 2.4.3. Full coverage of nanosphere monolayer on water surface without using
SDS, nanosphere diameter = 1000nm (a) and 500nm (b). The photos were taken using
digital camera with built-in flash on. Due to the optical property difference, the 500nm
nanosphere sample does not show diffraction at the same angle of observation as the
1000nm nanosphere does. The inset image of (b) shows the photo of the same sample

taken at a different angle.

To provide a contrast between surfactant-aid and surfactant-free coating, the interface
coating is divided into two groups: in Group A, no surfactant is added and the colloidal
coating is transferred to the substrates 30 minutes after full coverage has been
identified by naked eye; in Group B, an anion surfactant, sodium dodecyl sulfate
(SDS), is added to the self-assembled monolayer. It is observed that the monolayer is
rigorously pushed by the surfactant molecules when the SDS solution (2wt %) is
pipetted into the interface. SDS molecules occupy the interface aggressively, and the
colloidal film is pushed away to leave room for the SDS. For full surface coverage,
since introducing SDS doesn’t push the colloidal film much, it is believed the
nanospheres on a fully covered surface have already formed the close-packed structure

and their mechanical properties are strong enough to resist the spreading SDS modules.

Figure 2.4.4 shows 1000 nm of colloidal film transferred onto a silicon substrate using
a surfactant-free recipe. The 2-D crystalline blocks can be easily distinguished by their

distinct diffraction orientations, which lead to different colorations at the same angle of
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observation. Large and uniform diffraction regions indicate large, ordered crystalline
domains. The largest domain observed here is about 3 mm?, which seldom reported by
other groups. For 1000 nm colloidal films, FE-SEM analysis barely shows any
difference between Group A and Group B samples except that Group A has a slightly
higher content of bead triplets due to the stress release mechanism when two crystalline
domains join[90] (Figure 2.4.5 a) and b). For the 500nm samples, SEM analysis reveals
the importance of using a surfactant. With the assistance of SDS, a uniform and a well-
ordered HCP structure is obtained with interface coating (Figure 2.4.5 c¢) and d). Fewer
triplets and dislocations are found in the SDS samples. In non-surfactant samples,

significant voids and unordered domains and large numbers of triplets and vacancies

are observed.

Figure 2.4.4. Transferred colloidal monolayer (1000nm nanospheres) on silicon

substrate (1’ x 1°). Observed area of single crystalline block reaches 3 mm?.
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Figure 2.4.5 1000nm (a,b) and 500nm (c,d) nanosphere monolyer via interface coating

with (a,c) and without (b,d) the assistant of 2 wt% SDS.

A possible explanation for the observation is that for larger beads, the mutual attraction
is greater. In order to balance the bead weight, the water’s surface must be curved in
order to provide a surface tension force with a large enough vertical component to
support the beads (Figure 2.4.6 a). The larger the beads, the greater the supporting
force needed, and hence a larger curvature on the interface underneath. The curvature
cross-section is slightly larger than the bead cross-section, and for larger beads this
curvature has larger cross-sections which can interact with other beads nearby. When a
bead is caught in Brownian motion, the two beads join into a small cluster to rebalance
the horizontal component of the surface tension (Figure 2.4.6 b) and c). The clusters in
turn capture more beads. This process can be analogously understood by imagining
throwing a volleyball on a large flat sheet of fabric. The bending sheet caused by the

weight of one volleyball draws other volleyball passing by. The process repeats as
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more beads are pipetted to the interface until there’s no more space for incoming beads
to join the monolithic monolayer domain. Introducing the surfactant as interconnector
is not necessary. It is worth mentioning that the process is strongly influenced by the
size of the droplets as well as the angle at which the assisting glass slide is placed, both
of which control the initial speed of the droplet as it engages the water/air interface.
Figure 2.4.7 and Figure 2.4.8 shows the angle and droplet size effects. The larger the
droplets or slope, the faster the engaging speed, leading to an increase in turbidity and a
more scattered crystal domain (Figure 2.4.7 b) and Figure 2.4.8 b). Even though the
scattered domains may join into larger domain eventually, the domain boundary
density increases, hence the defects increases. When using smaller droplets (~1puL) and
inserting them at shallow angles, the beads are much more likely to form a crystalline
monolayer immediately after engaging the water/air surface (Figure 2.4.7 a) and Figure
2.4.8 a). Continuously adding the beads in this manner will only increase the area of
the monolayer. It is good practice to produce high quality film by pipetting the smallest
droplet on a slide that is at a shallow angle (optimally around 24°).
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(e)
(b)

(c) F F (f)

Figure 2.4.6, (a) individual bead is balanced by the surface force (b) when another
beads is approaching, the balance of the horizontal component of the surface force is
broken and mutual attraction of the two beads is demanded to rebalance the force, (c)
the two beads end up with sticking to each other and the force is rebalanced.(e-f)
Unlike larger bead, smaller beads need less surface force to balance its weight and
therefore less likely to attract free nearby beads, they undergo Brownian motion until
there is less room left and the interaction with surrounding beads increases. This

process occurs when the whole surface reaches full coverage
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Figure 2.4.7. Digital images show result of colloidal film made from pipetting (a) 5
droplets of beads suspension, each contains ~1pL suspension and (b) 1 droplet of SuL

suspension.

Figure 2.4.8 Colloidal film made from pipetting ~2uL. 1000nm nanospehre suspension

at (a) 24 degree and (b) 66 degree angled glass slides.
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If the bead weight is too small, the induced surface tension may not be able to bend the
water surface enough to draw in the nearby beads (Figure 2.4.6 ) and f). The beads
remain in Brownian motion until the surface tension is modified by other processes
(e.g. by introducing a surfactant to the interface). At the same temperature, smaller
particles additionally tend to move faster and are less easily captured by other beads or
bead clusters. Consequently, more voids and vacancies are found in 500 nm bead
samples without SDS. During film transfer, it is also found that for Group A samples,
the monolayer is fragile and breaks apart when trying to transfer it onto a substrate.
This is possibly due to the weaker attractions between the smaller beads, which makes
it more difficult for them to hold their positions during transfer. The Group B samples
shows stronger mechanical strength, and the film is easily lifted up from the interface
with no broken parts found. This is because the “gluing” effect between beads is
enhanced by SDS. For the 1000 nm beads samples, both groups display similar
mechanical strength and both are easily lifted up, proving that a strong interaction
exists among larger beads even without the aid of a surfactant. It can therefore be
concluded that for smaller beads, using a surfactant is necessary in order to achieve

high HCP coverage.

Bilayers, voids, and non-HCP structures are considered defects and are not added to
HCP percentage. The optimized maxima for each recipe is summarized in Table 1.
This selection of method and optimization depending on nanosphere size will help
facilitate the process and production of contamination-free samples for fabrication and

research.

Table 2.4.1. HCP coverage percentage for each optimized coating recipe.

HCP% 500nm 1000nm  500nm 1000nm  500nm 1000nm
spin spin interface  interface  interface  interface
coating coating coating coating coating coating

(SDS) (SDS) (no SDS) (no SDS)

98 72 90 91 54 &9
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2.3. Conclusion

In this chapter, novel approaches have been demonstrated to fabricating large colloidal
HCP structures using polystyrene beads. Spin coating was found to be the more
favorable way of implement coating for smaller (500 nm) beads, while for larger beads
there is insufficient water flux compensation during spin coating such that beads stick,
preventing large scale monolayer formation. The opposite is true for interface coating;
larger beads can be used to attain a monolayer more easily, and even without the help
of surfactant, than smaller beads, which are fragile at boundary hence have a reduced
HCP yield. This difference can be attributed to the surface forces that arise from
surface curvature, drawing in nearby beads as the amount of beads increases. Spin
coating the 500nm beads, and interface coating the 1000 nm beads without SDS reach
around 90% coverage. These optimized recipes will be applied in cell fabrication in

later chapter.
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3. Leveraging plasmonic enhancement in amorphous

silicon solar cell via hexagonal array!

3.1. Motivation

Hydrogenated amorphous silicon (a-Si:H) solar photovoltaic (PV) cells provide an
inexpensive alternative to bulk crystalline silicon (c-Si) cells[9,10]. Compared to c-Si
cells, whose thickness ranges from ten to hundreds of microns, the high absorption
coefficient of amorphous silicon enables a-Si:H PV to absorb sufficient solar radiation
at submicron level[9,10]. Although material costs are reduced, a-Si:H cell efficiencies
are lower as the material suffers from high defect density and short minority carrier
diffusion length[95]. Additionally, a-Si:H has light induced degradation known as the
Staebler-Wronski Effect (SWE)[8,96,97], which is dependent on the thickness of the
absorber material (i-layer) in an a-Si:H device. Light trapping mechanisms are
necessary to assist in alleviating both of these challenges and several forms of optical

enhancement have been used in the past[5,98].

One common approach is to introduce a textured anti-reflection surface, which
inevitably increases the amount of surface defects, hence increasing recombination
sites[20,22]. In order to avoid this deficiency, surface plasmonic nanostructures
provide a promising approach to enhancing optical absorption in thin film solar cells
and have therefore been investigated[99,100]. Top contact optical enhancement
methods have an advantage in terms of fabrication simplicity and avoidance of the
substrate effect from the protocrystalline nature of Si:H[101,102], that introduces
defects in the i-layer. Many studies have shown the benefits of the light trapping effect
through top metallic scatterers[37,103,104]. In addition, if the metal is made up of

nanoparticles, they not only behave as light scatterers but also enable light trapping

! This chapter is submitted as “C. Zhang, D. O. Guney and J. M. Pearce, “Leveraging plasmonic
enhancement on amorphous silicon solar photovoltaic with hexagonal silver arrays” to Solar Energy
Materials & Solar Cells
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through high order diffraction[41,105], Fabry-Perot resonance[31], and decrease the

top contact sheet resistance.

Although the advantages of plasmonic structures have been well investigated, no
plasmonic—based a-Si:H solar cell has been commercialized due to two primary
reasons: 1) the effect was demonstrated on unrealistically thin solar cells[77] that if
scaled demanded an ultra-thin transparent conducting oxide[106,107] and 2) current
fabrication constraints. Recently, work on ultra-thin TCOs has been successful[106] ,
which provides the potential to use this approach on full solar cells. However,
traditional fabrication techniques, such as e-beam lithography and focused ion beam,
are cumbersome, expensive and difficult to scale up, therefore making them
improbable for industry level fabrication. Nanosphere lithography (NSL), however,
provides a low-cost scalable technique: by self-assembly, NSL creates size- and shape-
controllable colloidal masks, which ease the fabrication of plasmonic patterns via
common evaporation or sputtering tools. Depending on the techniques and procedures,
patterns like triangle[108], rod[73], cylinder[109,110], ring[73,111] or dot[73,108] are
developed and their size and spacing can be tuned by selecting appropriately sized

spheres.

Previous work provides an opportunity to use NSL for light management on the front
surface of a commercial a-Si:H PV cell. Van Duyne et al. completed extensive research
on the optical properties of NSL-fabricated plasmonic arrays[108] and Morarescu et al.
studied the localized surface plasmon in gold triangular array for sensing
applications[112]. For PV application, NSL is widely used in rear contact scenarios to
excite SPP and/or high order diffractions[58,61,75,113]. However, the top contact
scenarios using NSL are rarely found in literature. Giulia et al. report on a conceptual
cells with the capability of 88% absorption using a tapered triangle nanoarray for a
metal-insulator-metal structure[114]. The discovery, although using a conceptual solar
cell, inspired the study of using NSL in top contact scenarios for thin film solar cells.
Here a systematic simulation study is conducted to determine the capability of

achieving efficiency enhancement in a-Si:H solar cells using NSL as a top contact
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plasmonic optical enhancer. The study focuses on triangle and sphere arrays as they are
the most commonly and easily acquired through direct deposition or low-temperature
annealing, respectively. Other patterns such as cylinders, rings or bowls require
additional processing and/or equipment that is cost efficient for commercialization. The
reference cell to be employed has the same structure without the presence of the
plasmonic nanoparticles. For optical enhancement, a characteristic absorption profile is
generated and analyzed to determine the effects of size, shape and spacing of
plasmonic structures. Conclusions are drawn to validate the feasibility of fabricating

commercial cells with this low-cost, widely-accessible, and easily-scalable method.

For top contact plasmonic-enhanced PV, the mechanism that contributes to the optical
enhancement is forward scattering where the electric field of the incoming plane wave
excites a collective oscillation of free electrons in the conduction band in a metal
particle, causing re-radiation of light from the metal particle’s surface. For particles of
subwavelength dimension, the solutions to Maxwell’s equation transits from the
Rayleigh model to the Mie model[34]. According to Mie’s theory, two important
physical quantities can be obtained: the scattering and absorption cross-sections, which
are defined as the net energy rate of scattering radiation and absorption divided by the
incident irradiance. For the scattering field emitted from a dipole moment, the
scattering and absorption cross-sections can be expressed as:

2 4

8
Osc = 3Ta"q

(3.1.1)

2y
Oaps = 4ma?qlm [i_’;}ﬁl (3.1.2)

where ¢, and ¢, are the relative dielectric functions of a metal particle and the medium

respectively, a is the radius of the particle and ¢ is a dimensionless quantity equaling
ka?, where k is the wave vector in the medium. From the equation it can be seen that

surface plasmon resonance occurs when ¢, = —2¢,, , at which both the scattering and

m 2
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absorption cross-sections exceed the geometrical cross section. Thus, full extinction of
the incoming light can be achieved with a fraction of surface coverage. A typical silver
nanoparticle with a diameter of 90nm creates a scattering cross-section 10 times larger
than that of the geometry cross-section. In addition to dipole modes, radiation damping
and dynamic depolarization in large particles break down the quasi-static
approximation and enable higher order modes to exist[16,115]. Akimov et al.
discovered the separation of scattering and absorption induced by high order modes,

which makes them advantageous in thin-film solar cell applications[116].

Surface plasmon resonance is significantly influenced by particle size, shape and the
surrounding environment. For PV applications, the ideal resonance covers a broad
range of the spectrum where the photo-active material absorbs most of the radiation (in
a-Si:H based PV this is the i-layer). In addition to the scattering cross-section, the
corresponding absorption cross-section should be attenuated to avoid absorption
competition with the photo-active material. Those are the two principles in designing a
plasmonic-enhanced cell. However, NSL has its limitations in pattern creation. With
nanospheres of a fixed size, the close packed hexagonal array pattern is the only pattern
available. Efforts have been made to extend the diversity of geometric patterns through
NSL using multilayers[108], non-close packed arrays[117,118], and non-hexagonal
symmetries[118]. However, literature rarely reports applications of these novel
structures, largely due to the difficulty in uniformly replicating these structures,

particularly over large areas.

In this study, two of the most common structures from NSL are investigated and the
results compared for the 1) nano-triangle array by direct deposition through a colloidal
mask and 2) the nanosphere array following the gentle annealing of the nano-triangles.
These approaches do not require sophisticated equipment or processing. They are both
stable, provide high yield products and are straight forward to scale up at low-cost,

meeting the industrial requirements for commercial solar cells.
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3.2. Methodology

The simulation is carried out using COMSOL Multiphysics 5.1 with the RF module
package, which is based on finite element methods (FEM). The scattering cross-section
study and solar cell performance analysis are performed separately with different

setups, as described below.

3.2.1. Cross section model

Simulation work for cross-section analysis is based on a single scatterer where the
interaction with scattered fields from other scatterers are neglected. The isolation is
necessary in order to obtain an accurate calculation of the cross-sections. The
interactions between the scatterers are included in the cell simulation in which the array
of scatterers is taken into account. Models for the triangle and sphere cross-section
analysis are shown in Figure 3.2.1 a) and b), respectively. Silver nano-triangles/spheres
sit at a square center, the top and bottom half of the model are air and ITO, each with a
thickness of 750nm to provide a far enough space for the scattered and incident fields
to propagate. To represent a real cell environment, the ITO used in the simulation has
the same optical parameters as the one used in the reference cell. The definition of
triangle dimensions is shown in Figure 3.2.2. The three enclosing nanospheres of
radius R specify the triangle geometry. The tips of the triangles are filleted to avoid
numerical errors around the sharp tips. The spheres are annealed triangles whose
volume is assumed to be constant during the shape transformation, therefore the
spheres are specified by and compared with their triangle counterparts. The whole
structure is enclosed by a 150nm thick, perfectly matching layer to absorb all

propagating and evanescent waves. Incident plane waves of intensity /, and

polarization in the y-direction are excited through the port setup. The scattering and

absorption cross-sections are derived from the following equations:
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OSSdV
Gaps = LotV Qjo (3.2.2)

where dS and dV are the differential surface area and differential volume of the
nanoparticle, respectively. P, is the Poynting vector of the scattered field, i is the unit
vector normal to the particle surface, and Q, is the power density lost in nanoparticle.

(a) (b)

Figure 3.2.1. Models of a single scatterer: silver triangle (a) and silver sphere (b),
shaded domains are physical entities, transparent domains are perfectly matching layers

(PMLs).

56



Figure 3.2.2. 2D top view of triangle model, silver triangle dimension is defined by the
grey shaded area surrounded by three masking nanospheres with radius R. W is the

length of the unit cell, z pml is the thickness of the PMLs. The triangle tips are tapered
to reflect the real triangles produced in fabrication, as well as to avoid numerical errors

around the narrow regions in simulation.

3.2.2. Solar cell model

The reference cell employed, shown in Figure 3.2.3, consists of 200nm silver and
100nm aluminum doped zinc oxide (AZO) as the back contact, followed by n-, i-, and
p-type hydrogenated amorphous silicon (a-Si:H) photo-active layers with thicknesses
of 22.4nm, 350.5nm, and 17.5nm, respectively. A 36nm optimized indium tin oxide
layer[106] serves as the top contact. Dielectric functions of the p-, i-, and n-type a-
Si:H, AZO and ITO are measured in J.A. Woolam’s variable-angle spectroscopic

ellipsometer, and the silver data is acquired from S. Babar[119].
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a

ITO-36 nm

AZO -100 nm

Figure 3.2.3. Reference solar cell structure.

Given the dielectric functions and geometry constants of each layer, the method solves
for the full Maxwellian equations in a constrained range of the solar spectrum where a-
Si:H is active (300nm to 750nm). Periodic boundary conditions are applied to include
interactions between nanoparticles as an array, and also to help reduce the computation
resource usage due to lattice symmetry. Electromagnetic waves polarized in the y-
direction are sent through a port on top of the structure. PML layers sandwich the cell
to absorb escaping waves. The model has included all major optical processes
occurring in the structure and is hence very close to real situation. The simulation

models are described in Figure 3.2.4.
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Figure 3.2.4. Models of a-Si:H solar cell with a silver triangle (left) and a silver sphere
(right), layers from bottom to top are PML (150nm), silver (200nm), AZO (100nm), n-
a-Si:H (22.4nm), i-a-Si:H (350.5nm), p-a-Si:H (17.5nm), ITO (36nm), silver particles
(various sizes) and air (thickness = 2x wavelength). PEM and PMC boundary

conditions are applied on four sides to reduce the computation domain to its Ya.

The power loss densities in each layer are integrated over their volumes to obtain a
global absorption profile. The integrated absorption in the i-layer over the AM 1.5 solar
spectrum is employed as the standard in the study for cell performance measurement

and comparison, as seen in the equation below:
OF = [ AD)Qam15(D)dA (32.3)

OE is the absorbed power density, A(A) is the ratio of absorbed power to incident
power, Q4p1.5 18 the solar irradiance spectrum, and air mass = 1.5, obtained from the

National Renewable Energy Laboratory (NREL)[120].
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3.3. Results and discussion

Scattering cross-sections of single triangle and sphere scatterers are illustrated in
Figure 3.3.1 (a-d). The shaded area is the photo-active region of a-Si:H and the
scattering falling in this region will be advantageous in plasmonic enhancement. The
triangle spectrums show two well-separated peaks. The two peaks are associated with
two localized surface plasmonic resonance (LSPR) modes — the first order dipole mode
(I=1) at longer wavelengths, and the second order quadrupole mode (/=2) at shorter
wavelengths. The simulations agree with previously established experimental
results[112]. Both peaks are subjected to broadening and red-shifts as the nanosphere
size increases. Dipole peaks are more sensitive to size changes and move faster towards
infrared, leading to scattering outside the a-Si:H photo-active region (Figure 3.3.1. a).
The quadrupole peak is weak in shadow triangles and grows fast as the thickness
increases. In Figure 3.3.1 b), a weak peak occurs at 380nm and red-shifts slightly with
the triangle thickness, which can be attributed to resonance at higher (/>2). The peak
overlaps and merges with its quadrupole neighbor in thicker triangles. High order
modes are considered a result of inhomogeneous polarization and are normally seen in
larger particles[121]. When the tringle height increases to be comparable to the
incident light wavelength, the incident light cannot polarize the triangle within constant
phase, this inhomogeneous polarization leads to an electric field gradient in the triangle
and consequently, significant retardation of the resonance allows high order modes to
arise and even dominate the dipolar resonance when 2#=200nm in R=350nm. In Fig. 5b
there is a tendency for the quadrupolar and dipolar mode resonance peaks to overlap
each other as the thickness of the triangle increases. The interferences between the
quadrupole and dipole may give rise to Fano resonance, which can be tuned to

maximize forward light scattering and benefit a-Si:H absorption[122].

Cross-section profiles of sphere silver scatterer have been widely studied and
discussed[121-123]. For PV applications, sphere particles are preferred over triangles
due to the larger, broad-spectrum scattering cross-sections of the sphere. More

importantly, for a-Si:H, scattering cross-sections stemmed from spheres have better
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spectral coverage in the photo-active region. Unlike triangles, spheres are
geometrically isotropic and therefore do not have well-separated resonance peaks.
Dipole resonance overlaps with high order peaks to provide broader peaks from 340nm
to 800nm for larger particles (Figure 3.3.1 c¢) and d). As the sphere size increases, the
separation of the resonance peaks becomes noticeable; for example, in Figure 3.3.1 d),
in the 2 = 200nm group, the dipole, quadrupole, and octupole peaks are at 520nm,
460nm and 400nm respectively. As with the triangles, the scattering cross-section red-
shifts and becomes stronger with the particle sizes. As pointed by Akimov, higher
order modes can contribute significantly to thin-film cells by maximizing the scattering
within while leaving the absorption peak outside the photo-active region[116].
Theoretically, NSL allows the creation of sphere particles of any size. This makes the
method extremely useful in PV applications as one can tune the scattering peak to be

within the spectrum where absorption is weak due to poorly trapped light.
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Figure 3.3.1 Scattering cross-sections of silver triangles (a and b) and spheres (c and d)

scatterer. R is the radius of nanospheres in NSL and / is the deposited silver thickness.

The metrics apply to the sphere array under the assumption that the volume of the

plasmonic nanoparticles is not changed during annealing.
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The optical absorption rates of the i-layers of the modeled nanoparticle enhanced
plasmonic cells are shown in Figure 3.3.2 (R=250nm, #/=50nm). The reference cell’s i-
layer absorption rate is also shown for comparison. The interaction between the
incident light and silver nanoparticles on top of the cell is complicated, and therefore
the absorption in silver nanoparticles is also shown in Figure 3.3.2 to better illustrate

this interaction.
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Figure 3.3.2 Absorption profile of the i-layer and silver particles for the triangle (a)
silver nanoparticles array and sphere (b) silver nanoparticles array, assembled by NSL

(R=250nm, A=50nm)

The absorption profile in the i-layer for the triangle array shows an overall scaling-
down compared to the reference profile, clearly indicating that a triangle array of this
geometry damages cell performance. A triangle array of this size and geometry is not
able to provide a strong scattered field into the i-layer because the dipole scattering
cross-section peak is out of the active wavelength range, hence there is not a significant
scattering effect to increase absorption in the i-layer at relevant wavelengths for PV.
While high order scattering falls in the active spectral regions, however, the scattering
that stems from high order resonance is weak (Figure 3.3.2 a) and b) and not well-
separated from the corresponding absorption, which competes with the i-layer and

hence negatively contributes to optical enhancement. The high absorption rate in
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triangle nanoparticles can be attributed to their anisotropic geometry, which
concentrates and dissipates energy at the triangle tips. To characterize the near field
effect and explore the room for optimization, the absorption profiles of the triangle
nanoparticles was studied. Five absorption peaks are identified at 390nm 490nm,
600nm, 680nm and 710nm (Figure 3.3.2 a), with the plotted field distribution in the xy-

and yz-planes corresponding to each peak, as shown in Figure 3.3.3.

64



(a) (b)

S

1
5
45
a4
35
3
2.5
2

(© (d)

(e)

Figure 3.3.3 Silver triangle array electric field normal mapping at 390nm, 490nm,
600nm, 680nm, 710nm (a-e). The mapping is drawn at the xy-plane (z=Zuiangle base ) and

the yz-plane (x=0), on the left and right respectively for each subset. Incident wave

polarization in the y-direction

In Figure 3.3.3 a) and b), the field distribution across the triangles is found to be along

the edges of the particle, whereas the distribution in c), d) and e) is mainly concentrated
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on the tips. This concentration process becomes more prominent with different
wavelengths. According to a recent study by Herr et al. the near-field enhancement
(E/Ep ) can reach up to 80 times at the triangle bowtie gaps[124]. In the yz-plane
mapping, the distribution of the enhanced electric field is highly discrete, with multiple
hot spots arising around the corners of the triangle. As previously discussed, the dipolar
mode of triangles of this size occurs at 800nm, which is out of the spectrum being
considered. The emergence of multiple absorption peaks comes from the high order
modes and the interactions between them. Due to broken symmetry and the excitation
of high order modes, a non-linear optical process and a second harmonious emission
can occur at lower wavelengths[125]. Figure 3.3.3 a) and b) show that the enhancement
of the near field tends to selectively reside on the edges, a typical sign of retardation, in
which only a fraction of the triangle experiences the polarization[126]. In the red
region of the electromagnetic spectrum, the enhanced near field is concentrated at the
tips, which is more dipolar-like. Due to the blocking ITO layer and low carrier life time
in the p-layer, the i-layer does not benefit from the near field enhancement; on the
contrary, the excitation of those modes causes strong energy dissipation within the
triangle. Consequently the triangle array is not an ideal scatterer for a-Si:H cells. It is
worth noticing that in Figure 3.3.3, d) and e), the plasmonic resonance, coupled into the
waveguide mode, leads to high order diffraction modes propagating within the i-layer.
The small peak at 680nm confirms this analysis. The diffraction that occurs at 710nm
is close to the absorption limit of a-Si:H, and the contribution to the enhancement is

therefore negligible.

For sphere hexagonal arrays (R=250nm, 2#=50nm), three silver absorption peaks are
identified at 380nm, 430nm 610nm, corresponding to octupole, quadrupole and dipole
resonances respectively. Absorption in dipolar resonance contributes less than 1% of
the total absorption, from Equation 3.1.1 and 3.1.2, and its corresponding scattering
cross-section can be many fold greater than the absorption cross-section, which boosts
a-Si:H absorption at longer wavelengths. The increase in i-layer absorption around

610nm supports this analysis. With the high order modes, resonance can be both
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beneficial and detrimental. The field distribution snapshot at the xy-plane

(z=Zsphere_center) and the yz-plane (x=0) were taken and shown in Figure 3.3.4(a-d).

(a) (b)

©

Figure 3.3.4 Silver sphere array electric field normal mapping at 380nm, 430nm,
610nm and 680nm (a-d). The mapping is drawn at xy-plane (z=Zsphere center) and yz-
plane (x=0), shown to the left and right respectively for each subset. Incident wave
polarization in y-direction. Sphere array fabricated by NSL using a nanosphere radius

of R = 250nm, with deposited silver thickness # = 50nm.

As previously discussed, the separation of absorption and scattering in multiresonance
modes can be beneficial if they are engineered to be absorptive outside the a-Si:H

active region while scattering inside that region. However, to achieve this with NSL is
difficult since the latter offers limited options in engineering the inter-particle spacing.

In this case, the enhancement from 450nm to 580nm is gained from the useful
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scattering originated from both dipolar and higher order modes resonance. The

drawback at <450nm region is a consequence of high order modes absorption, where

the enhancement becomes negative. Field distribution shows that the backward

scattering/diffraction also causes the losses. Plasmonic coupling of incident light

results in strong backward diffraction at both 380nm and 430nm (Figure 3.3.5 a) and

b). Useful diffraction found at 680nm gives rise to a small bump in the i-layer

absorption profile (Figure 3.3.5 d), but this is not as strong as the diffraction caused by

triangle array at the same wavelength.
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Figure 3.3.5 Absorption profile of the i-layer and silver nanoparticles for triangle (a,c)
and sphere (b,d) arrays at R (150nm — 500nm) (a,b) and 4 (50nm — 150nm)(c,d)
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Figure 3.3.5 shows the changes in the absorption profile as R and 4 vary. The behavior
in the triangle array case is complicated and none of the results so far show a promising
enhancement, compromising the cell performance rather than boosting it. Figure 3.3.5
a) shows the spectral sensitivity of the silver particle absorption. As can be seen in
Figure 3.3.5 a), there are three major high order absorption peaks that red-shift with the
increasing thickness as they all grow in strength. A greater thickness appears to require
longer wavelengths of the incident wave to interact with the entire triangle structure,
and the chances of creating an electric field gradient along the triangle pillar also
increases, hence increasing the retardation effect. This explains the stronger, red-
shifted higher order absorption peaks. The scattered field induced by high order
resonance, though showing a significant increase from previous analysis, still cannot
compete with the absorption. In addition to thickness, increases in R have the opposite
effect: absorption peaks are pushed slightly towards red and the fraction of energy
absorbed by particles is reduced significantly. For instance, the absorption profile of
the triangle with R=500nm, #=50nm is nearly a flat line, with only weakly observable
peaks. Although the corresponding i-layer absorption increases, this increase is not
sufficiently significant to show enhancement when compared to the reference cell. The
reason for this could be the increased reflection caused by larger triangles, which
behave more like mirrors that reflect light out of the cell rather than scatter light into it.
A closer analysis of the absorption rate shows the complementary characteristics
between the i-layer and the nanoparticles, indicating that the absorption of
nanoparticles is the main source of performance degradation. In the worst case
scenario, the triangle array delivers an enhancement of -43% at R=250nm, A=150nm.
The diffraction peak is subject to system symmetry and is hence located at 680nm
regardless of triangle dimensions. The intensity of this peak, however, relies on the
coupling of the plasmonic resonance in the nanoparticle, and it can therefore fluctuate
with geometry, as observed in Figure 3.3.5 a) and ¢). In this series, the diffraction
peaks are generally not strong enough to compensate the losses from the parasitic
absorption in the triangles. More importantly, both solar irradiance and a-Si:H
absorption are weaker at 680nm, therefore limiting the benefit from diffraction .
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The sphere arrays show similar profiles as discussed for the R=250nm, 2=50nm case.
The sphere size is expressed in R and 4 for fabrication convenience, bearing in mind
that the R and /4 themselves do not directly represent the sphere size, which is a result
from annealing a triangle fabricated using R and 4 metrics. In the sphere cases, both R
and 4 control the size, with R additionally also governing inter-particle spacing. The
previous discussion has shown that large particles deliver more scattered light by
supporting the excitation in high order modes. It is also observed that larger sphere
sizes generally result in better overall optical enhancement (Figure 3.3.5 b). The sphere
sizes should not be too large, however, or they will shield the a-Si:H underneath from
sunlight. The sphere spacing is also important, as can be seen in Figure 3.3.5 d), where
the absorption peak is significantly raised when the spheres are close to each other. The
consequence of this is a decrease in the i-layer absorption at the same wavelength
range. A well-separated sphere array shows mild absorption in high order absorption
profiles despite an increased radius (Figure 3.3.5 d). Nevertheless, the overall influence
of the nanoparticles is complicated, and trade-offs occur between better scattering and
a lower shielding effects, leading to the optimization for R and 4. It should also be
noted that the diffraction peak in the sphere array is much weaker compared to its
equivalent triangle array. One explanation of this phenomenon is that the support from
surface plasmon polariton (SPP) spheres as the contact surface is far less when

compared to the triangles, resulting in less coupling of the diffraction modes.

NSL-based solar cells allow for two degrees of freedom for optimization: the
nanosphere radius R and the silver film thickness 4. Smaller spheres are created by
reducing the silver deposition time while keeping the R constant. Therefore, in the
triangle array, the ratio of shaded area to the entire surface is constant and independent
of R, while it can fluctuate with sphere arrays, whose coverage changes with both R
and 4. The optimization is performed to tune both 4 and R to maximize the
performance of the solar cell. The absorption rate is integrated into the solar irradiance
spectrum (air mass = 1.5) to obtain the optical enhancement, OE. Table. 3.3.1 shows

the OE of modeled a-Si:H plasmonic-enhanced solar cells.
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Table 3.3.1 AM1.5 solar irradiance spectra integrated optical enhancement (OE) for

triangle and sphere arrays fabricated by various R and 4 combos.

R (nm) h (nm) OE _triangle (%) OE_sphere (%)

150 25 -13.34 430
50 -26.73 6.62

100 -43.56 3.48

150 -54.76 -8.75

200 -60.24 -26.35

200 25 -10.10 4.80
50 -18.38 7.22

100 -35.00 3.09

150 -48.05 -10.34

200 -57.72 -27.37

250 25 -7.87 4.73
50 -11.40 7.40

100 -23.08 4.40

150 -34.24 -4.86

200 -43.61 -15.79

300 25 -7.32 4.19
50 -9.12 3.46

100 -15.86 -4.12

150 -23.68 -11.51

200 -27.19 -17.77

350 25 -6.43 4.71
50 -7.09 2.88

100 -11.24 -7.26

150 -15.02 -14.37

200 -16.93 -19.52

400 25 -5.73 4.85
50 -5.76 3.94

100 -8.00 -6.14

150 -13.95 -15.47

200 -17.36 -22.15

450 25 -5.48 430
50 -4.51 442

100 -4.89 -1.00

150 -10.07 -6.26

200 -13.96 -10.25

500 25 -5.47 1.88
50 -4.98 1.50

100 -4.72 -0.45

150 -9.01 -2.51

200 -11.41 -4.57
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Figure 3.3.6 AM1.5 solar irradiance spectra integrated optical enhancement (OE)

contours plot against R and /4 for triangle (a) and sphere (b) arrays.

As can be seen in Table 3.3.1, there is no positive OE observed for triangle arrays with
any of the investigated parameters. From previous near field analysis it is clear to see
that enhanced field is strongly localized at triangle hot spots like edges and tips. The
absorption profiles indicate the energy is absorbed and dissipated as heat rather than
causing useful diffraction or scattering. The greater the thickness, the larger the surface
area that creates hot spots, as can be seen from Figure 3.3.6 a) As such, given the
nanosphere radius R, OE losses increase with the silver film thickness, 4.
Simultaneously, at a constant 4, larger nanospheres improve the OE but do not elevate
it to above zero. Absorption is drastically reduced when the nanoparticle size becomes
comparable to the half-wavelength of light, with resonance peaks moving far to the
infrared region and the useful scattering within the photo-active spectral range also
being reduced. The large triangle array on top of ITO serves as a mirror, shading the
cell from incoming sunlight. Hence, even when absorption is not a limiting factor in
cell performance, the shading effect still cuts the cell performance. Figure 3.3.6 a)
additionally shows that the effective shading is less harmful than the parasitic
absorption in nanoparticles, as can be seen in the much more negative OE with the
smaller nanospheres. For the sphere array, a useful enhancement of ~ 7% is crowded in

the bottom-left corner in Figure 3.3.6 b), suggesting that smaller nanospheres with a
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moderate silver thickness could produce the best results. Silver sphere particles that are
too closely packed reduce the OE. This phenomenon could possibly be explained by
large shading areas. For R = 150nm, # = 200nm, the effective coverage of silver
particles reaches 20%, where useful scattering cannot compensate the shading losses.
The absorption of the silver spheres rises significantly with larger particles, with R =
150nm, /# = 200nm the absorption peaks, showing 60% of the incident energy are
absorbed by the particles. Destructive interference between scattered fields is another
reason for reduced enhancement. In Figure 3.3.4 b), a distorted near field is observed,
indicating the excited near fields at the sphere gaps are repelling each other. Although
using larger nanospheres lessens this parasitic absorption, the overall enhancement is
not as prominent as with smaller nanospheres. To sum it up, the highest OE obtained in

this series simulation is 7.4 %, with R = 250nm, # = 50nm.

Although there is enhancement with the nano sphere patterned array on a realistic i-
layer thickness, it is limited and not as great as the percent increase observed in
artificially thin plasmonic cells reported in the literature[56,61]. The cell performance
here is plagued by the triangle absorption, as have been discussed by Sherry et al[127].
Radiative damping grows significantly with the particle size. For the nano triangle
arrays with heights smaller than 25nm, the radiative damping is low and not able to
compete with scattering, thus the emission dominates over absorption. With increases
in particle sizes the absorption rate is comparable to the light emitting rate. As
Morarescu added, the aspect ratio of the triangles also plays an important role that
affects the localized surface plasmon modes[112]. A good agreement with this
observation can be found in Figure 3.3.5 c¢). Clearly for the given spectrum range, the
absorption is drastically diminished by increasing the aspect ratio. For R=500nm,
h=50nm, the nano triangle absorption profile is flattened to be less than 5 percent
throughout the spectrum. The sphere arrays, on the other hand, demonstrate greater
capability to scatter light than the triangles. More importantly, the scattering cross-
section of sphere spectrally overlaps the a-Si:H absorbing region, the scattered light is

more effectively contributes to a-Si:H absorption.
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Surface patterning is a balance of art and also the key to access plasmonic
enhancement. Although NSL offers scalable and inexpensive fabrication, it comes at
the cost that the flexibility of patterning are limited. Hexagonal arrays are the only
possible outcome from a naturally close-pack structure, leaving little room to the
variation in symmetry. Despite the fact that non-closed packed structures are made
available through NSL [74,128,129], they are not the naturally occurring configuration
and thus require additional techniques to assist fabrication, such as employing a
template[ 129]. Those add-on techniques challenges the motivation to keep the low-cost
production possible via NSL. Because of the limitation, the enhancement that can be
extracted from the structure is not as good as the state-of-art plasmonic a-Si:H cell[61].

However, it does open a gate for plasmonic a-Si:H to be commercialized.

In this study the two conceptual geometries that can be easily accessed from NSL
template are modeled to prove the concept of plasmonic enhancement from hexagonal
array scatterer. The result shows clearly how geometry difference can influence
plasmonic enhancement, and prove that with the same symmetry, particles with
irregular shapes are not ideal scatterer for plasmonic application. Nevertheless, NSL is
a versatile method supports a variety of other geometries and patterns that is not
covered in this research. It is necessary to continue the work with other possible
geometries or patterns such as nanocone, nanodots, nanorings, nanopillars which are
proved to be NSL-compatible. Moreover, selective etching by RIE is commonly
implemented to adjust the nanosphere sizes. By reducing nanosphere sizes, the silver
nanoparticles are able to form a connected silver network that greatly improves the top
contact conductivity. This could be extremely useful to compensate the poor
conductivity in ultra-thin ITO. A thinner ITO with silver nano network that delivers
equivalent conductivity can in turn benefit plasmonic scatterer by narrow down the
distance to the active layer. Last, the exact anneal geometry of silver nano triangle is
related to the surface wettability and surface tension of silver on ITO, which can vary
with the ITO quality. Experimental work is required to validates the geometry and

prove the enhancement.
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3.4. Conclusion

In this study, the plasmonic effect of triangle and sphere silver nano arrays fabricated
using NSL techniques have been studied in detail on a-Si:H solar cells. Scattering from
the silver triangle and sphere arrays deposited on top of conducting ITO layer produce
completely different cross-section profiles. Well-separated resonant modes are
identified in triangle arrays, with substantial red-shifts found as the triangle spacing
increases. At the same time, the thickness of the silver film tends to overlap two
primary resonance peaks into a broad peak when increased to above 200nm. Scattering
from higher order modes increases substantially with greater silver thickness, whereas
dipole peaks are less affected. Cross-sections in sphere arrays show a continuous,
broad peak across the main absorbing spectrum from 300nm to 700nm, and the peaks
further extend to infrared as the spheres become larger. The broad scattering cross-
section peak observed is a combination of multiple resonance modes that are not well-
separated at the UV-visible range. For solar photovoltaic applications, the sphere arrays
are more beneficial when generating broad scattering peaks than their simulated

triangle array counterparts.

Plasmonic-assisted cell performance has been investigated in numerous simulations.
The factors affecting cell performance include absorption, the shielding effect,
diffraction, and scattering. In the triangle array, the parasitic absorption of the silver
particles proves to be problematic, and although it can be alleviated by increasing the
particle spacing, no useful enhancement was observed in the triangle arrays that were
simulated. Sphere arrays, on the other hand, can be engineered to be advantageous to
PV performance. Broad scattering cross-sections from the spherical particles create
useful scattering fields at certain sizes and spacing. For the simulated sphere arrays the
highest enhancement found was 7.4%, which was fabricated with a 250nm radius
nanosphere and a 50nm silver thickness, followed by annealing in inert gas. These
results are promising and provide a path towards the commercialization of plasmonic

a-Si:H solar cells using cheap and scalable NSL fabrication techniques.
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4. Hexagonal plasmonic array enhanced a-Si:H solar cell’

4.1. Introduction

Light trapping in thin film hydrogenated amorphous silicon (a-Si:H) solar photovoltaic
(PV) cells is necessary to compensate the reflectance caused by reduced cell thickness,
especially in the red region of the spectrum where the cell generally has poor
absorption [8,130]. Light trapping is commonly obtained with antireflection coatings or
top/back electrode texturing [23,131-133]. Light is scattered at a distribution of angles,
increasing the optical path length and thus the probability of absorption in the i-layer
generating electron hole pairs. Unfortunately, random texturing increases roughness in
the contact surface area, which consequently increases the surface defects and the
concomitant recombination sites. The highest conversion efficiency achieved by a
random textured surface a-Si:H cell is 10.1% [134,135]. Recently, plasmonic
nanostructures have offered a potential to improve optical enhancement
[53,77,136,137]. Nanopatterning at top contact or back reflectors create a periodic
structure that can couple the light into guided modes [32,54,77]. Tan et al.
implemented a plasmonic back reflector with self-assembled Ag nanoparticles onto the
back-contact/a-Si:H interface. They compared the cell with the state-of-art random
textured cell and observed 2 mA/cm? gain in photocurrent and the open circuit voltage
has been kept at the same level. The high efficiency can be attributed to dramatic light
trapping by strong scattering at the interface[55]. For periodic structures, other metallic
structures are possible. For example a nanodome resonator used as back reflector can
absorb 94% of the light with wavelengths of 400-800nm, which is significantly higher
than the 65% absorption of flat film devices [138]. However, the back reflector scheme
inevitably creates a texture/pattern base, which the rest of the cell has to be built upon.
Therefore, all interface above are patterned or textured, and the contact area at

interfaces are well-enlarged compared to flat surface, which can contribute to surface

! This chapter is submitted as “C. Zhang, Jephias Gwamuri, Sandra Cvetanovic, J. D. O. Guney , J. M.
Pearce.”Enhancement of Hydrogenated Amorphous Silicon Solar Cells with Front-Surface Hexagonal
Plasmonic Arrays from Nanoscale Lithography” to Solar Energy Materials & Solar Cells
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recombination. This creates a tradeoff between optical gain and electrical degradation,
which is difficult to remove with back contact cell designs [139—141], however it can

be easily overcome with front contact plasmonic geometry[31,33,37,105,142,143].

To exploit useful scattering and diffractions while keeping the parasitic absorption low,
plasmonic nano patterning must be carefully controlled by tuning the morphology.
Techniques suitable for wafer-scale fabrication (e.g. UV-lithography[144], e-beam
lithography[145,146] and focus ion beam[147—149] are too expensive for commercial
use of large scale PV areas. Nanosphere lithography (NSL) has progressed
significantly is promising to overcome this cost challenge[108]. NSL in combination
with vertical evaporation tools creates a hexagonal array made of curved triangles, the
dimension and spacing of the triangle can be controlled continuously by the

nanosphere used in NSL. Specially,
a=D/2 (4.1.1)
dip, =D/V3 (4.1.2)

where D is the diameter of NSL bead, a is the edge length of nano triangle and dy, is
the interparticle spacing defined by the distance between the centers of two neighbor

triangles.

To achieve a uniformly patterned nanosphere monolayer with less defects, spin coating
and interface coating the two common approaches that has high yield and produce
colloidal mask of high mechanical strength. In Chapter 2. The details of each methods
have been discussed and each has the advantage for a specific beads type and size. In
this study the interface coating serves as the main fabrication techniques to create
nanosphere monolayer. Amorphous silicon thin film cells are fabricated on a glass
substrate with 3mm thickness. Such thick substrate will not be attached firmly to the
spinner’s sample holder via vacuum during high speed rotation, thereby the
infeasibility to use spin coating for smaller nanospheres. Interface coating, on the other
hand, allows all kinds of substrate regardless of type or thickness, enabling plasmonic

structure to be deposited on cell based on glass, silicon or plastic materials. As
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described in Chapter 2, for smaller nanosphere, monolayer uniformity highly relies on
the introduction of anion surfactant, sodium dodecyl sulfate (SDS), which releases the
surface tension and glue together the nanospheres. The surfactant residuals can be

effectively purged from coated wafer by gentle ultrasonication in toluene.

In Chapter 3, a systematic study has been complete in searching for the fabrication
parameters that maximize the enhancement using triangle or sphere hexagonal array.
The results show that the sphere array yield up to 7.5% optical enhancement using
nanosphere radius of 250nm and silver film thickness of 50nm. In this chapter, the
detailed fabrication will be present step by step to complete the plasmonic
nanostructure patterned a-Si:H cell. Upon completion, the cell is tested using solar
simulator to obtain characteristic quantum efficiency (QE) and current-voltage (I-V)
profiles. Comparison of both triangle and sphere array based cells, as well as the
uncoated reference cell will be analyzed and discussed in detail to map the
enhancement to its physical origin. The conclusion will be made on the discovery and

future work will be outlined for continuous study in this field.
4.2. Methodology and implementation

4.2.1. Preparation of reference a-Si:H cell

Si:H cell samples were deposited using a load-locked RF (13.56 MHz) PECVD
cluster tool reactor (MVSystems.Inc) onto 6 x 6 borosilicate glass substrates.
The glass substrates were pre-cleaned in an ultrasonic bath and air dried in
nitrogen gas before being sputter coated with a back reflector (BR). The BR
and subsequent device layer were deposited following a recipe described in
reference [150] to obtain a device structure shown in the Fig 3.2.3. The device
fabrication was done using the same equipment and the processing parameters

detailed in the same reference above.
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4.2.2. Top side plasmonic hexagonal array fabrication

1. Complete reference a-Si:H cell is rinsed in ultrasonic bath with deionized
(DI) water for 40 minutes, followed by drying in nitrogen flow. The cell is
then stored in a desiccator before any further processing operations.

2. Nanosphere lithography is implemented using polystyrene nanosphere with
interface coating as described in detail in Chapter 2. Two types of
nanosphere with radius of 250nm and 500nm are employed to provide
contrast according to simulation results in Chapter 3. Coated samples are
allowed to dry naturally in room temperature and stored in desiccator.

3. Silver film evaporation is processed in Frederick e-beam evaporation
system. The coated samples are attached to a metal plate which is mounts
on the e-beam tool sample holder. Film deposition can be controlled by
electron beam current. Here a small current of 0.075 A is used for good film
quality, leading to an evaporation rate of approximately 12 nm/min. The
film thickness is monitored in a calibrated thickness monitor. For testing,
the sampled film thickness are 25nm, 50nm and 150nm, and for each
thickness three cells are processed in parallel with one additional cell
covered by copper foil. The covered cell will go through the evaporation but
not receive any silver, it only uses as a reference. The process is carried out
under base pressure at about 1.6 x 107 Torr.

4. After the cell is unmounted from the e-beam holder, they are immediately
rinsed in toluene in an ultrasonic bath for 5 minutes. The process removes
the bead as well as other organic residuals. The silver coated on top of
nanospheres is also removed with the beads.

5. Annealing of the sample are carried out in a tubed furnace under Ar flow.
The temperature is set to be 150 °C, which has been tested not to harm the
cell. Annealing takes 3 hour. The time is optimized to have reasonable

throughput yet not to be too long to degrade the cell. A surface thermometer
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is inserted with the cells to collect the real temperature. Ar flow prevents all
oxidization for nitrification from happening during the process.

For transmission spectroscopy analysis, the same triangular and annealed
triangular array are deposited on top of soda lime glass. NSL nanospheres

are removed by ultrasonic rinse in toluene for 5 minutes.

4.2.3. Plasmonic hexagonal array characterization

1.

All samples are imaged for morphology analysis and film quality using a
Hitachi S4700 field emission scanning electron microscope (FE-SEM) and
a Veeco Dimension 3000 Atomic force microscopy (AFM) with cantilever
tips (Tap300AI-G) on a 1:1 acquisition aspect ratio. For FE-SEM, the
accelerating voltage is set to be 5 kilovolts and images are taken using
lowest scan rate for quality concerns. For AFM, the field view was 2.5um
for R=250nm bead and Sum for R=500nm bead respectively at 512 pixel
width and scans performed at a speed of 0.5 Hz.

In addition to morphology characterization, localized surface plasmon
resonance (LSPR) modes are identified using transmission spectroscopy.
Specifically, silver nanoparticles are deposited on soda lime glass substrate
with a refractive index of 1.55 and is scanned using a elliptical spectrometer
(J.A Wollam Co UV-VIS V-VASE with control module VB-400) in
transmission modes. The same is scanned from 300nm to 1500nm in a dark
room. For each sample the scan is taken at three different places.
Transmission spectrum is obtain for plasmonic peak identification.

The images are analyzed with ImageJ v1.48 for size distribution, perimeter

and area measurement as well as circularity calculation
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4.2.4. Device characterization

1. Solar cell external quantum efficiency (EQE) is measured in a PV
Measurements QEX10 without bias in the range 300-800nm using a light
source that is calibrated by a standard silicon photodiode. The beam is cast
through a 5 x Smm? hole that is well-defined to cover the circular a-Si:H
solar cells A reference standard photodiode is used to calibrate the system
and the QE is taken with two probes placed at the edge of the cell to
minimize shading.

2. The I-V characterization is implemented in a Keithley 4200-SCS
Semiconductor characterization system with solar simulator calibrated to
deliver one sun power with AM1.5 solar irradiance spectrum. The cell is set
in forward bias diode configuration. The light shutter is closed immediately
after the measurement to prevent any induced cell degradation, i.e. the
Staebler-Wronski Effects (SWE)[8,96,151].

3. For both QE and I-V measurement, each cell is measured three time to

obtain an average performance.
4.3. Result and discussion

4.3.1. Plasmonic triangle and sphere hexagonal array validation

The SEM image of triangular silver nanoparticle patterned on top of ITO are shown in
Figure 4.3.1. The images shows clearly the well-separated Triangular silver
nanoparticle assembled into a particle array with Cs symmetry. No observable
agglomerates or oversized nanoparticle is found throughout the entire surface. The
averaged surface coverage of nanoparticles is calculated by taking the ratio of
nanoparticle area to the area enclosed by the red triangle mark in Figure 4.3.1 a) at five
different place. Calculated average coverage is 7.1%, which is 23% smaller than
theoretical coverage (9.3%). The nanoparticles preserve the hexagonal pattern with

great uniformity, no distorted or damaged particles are found from SEM images.
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However, there’s about 5% connected triangle bowties. As pointed by Herr et al, the
near field can be altered drastically by changing the distance between two bowtied
triangles[124]. The effected of connected triangles are remains to be examined in cell
characterization. Figure 4.3.1 c¢) shows the three major defect types: interstitials,
vacancies and grain boundaries (marked on Figure 4.3.1c)). Interstitials are rarely seen
in the image and can be removed completely by a prolonged ultrasonic washing period.
The interstitials comprise less than 0.4% through of the surface. There are about 2%
vacancies coverage, most of the vacancies come from the beads triplets as shown in
Figure 2.4.5 as a result of surface tension during the coating process, which can be
reduced by adjusting the surfactant concentration. Grain boundaries has the largest
coverage over other defects and they are hard to remove. Grains size are subjected to
the engaging speed, beads concentration and surface tension which is difficult to
improve. The largest defect free domain achieved is around 200um?, which is rarely

reported by other groups.

Figure 4.3.2 shows the silver triangular nanoparticle array with silver thickness of
25nm and 150nm. There are more isolated nano triangles in D = 500nm group (a and
b), while in D = 1000nm group, the fraction of connected triangles become larger and
the tip to tip distance narrows, supporting a stronger near field under illumination. For
thicker silver film, a bright contour shows up in each triangle, it appears to be the top
surface of the triangle prism. However, due to the increased film thickness and the
curvature of NSL beads, the growth of the triangle prism subjects to some sort of
obliquities (¢, d). In D = 500nm group the brighter contour are even narrower,
indicating the structure is transforming from prism to a triangular pyramid, such
transformation is not as prominent as it in D = 1000nm group. Using image analysis
software, the area of the top of the prism is 81% for D = 1000nm and 57% for D =
500nm. In simulation the sloped and curved prism is modeled according to the

observation.
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Figure 4.3.1. Triangular silver nanoparticle array with thickness of 50nm on top of

ITO, fabricated by NSL using polystyrene nanosphere with diameter (D) of 500nm (a)

and Ium (b). (¢) The same array as (a) in lower magnification.
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Figure 4.3.2. Triangular silver nanoparticle array with silver thickness of 25nm (a,c)

and 150nm(b,d) on top of ITO. NSL nanosphere diameter of 500nm (a, b) and 1um (c,

d) are used in mask preparation

Annealed silver nanoparticle array are presented in Figure 4.3.3 and Figure 4.3.4. The
annealing is carried out in a vacuum oven at roughly 150 °C. Temperature is monitored
in real time using a surface thermometer. It can be seen that the shape of the triangular
nanoparticle is altered completely. In the entire structure being examined no remaining
nano triangles survived the annealing. They transformed to pseudo-spherical array
while preserving the symmetry. Each annealed particle is fixed at the same position
where the center of original triangular nanoparticle is, so that the inter-particle spacing
and the Cs symmetry are preserved. It should be noted that the transformation is not
perfect, as one can distinguish that the annealed particle are not perfect sphere.
Increasing the annealing time will increase the circularity, nevertheless the time must

be kept as short as the cell can sustain. Size of the annealed particles also remain
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constant as the triangle particle and there’s a little variation due to the connected
bowtie triangles, which give two slightly larger particle after annealing. The average
in-plane diameter is 91nm with standard deviation of 10.4nm for silver thickness of
50nm using D=500nm NSL beads. Detailed size distribution of annealed particles are
presented in Figure 4.3.5. For NSL beads diameter of 500nm, there are about 3%
triangular nanoparticles split into two or three smaller nanoparticle during annealing in
Ium beads case. It can be understood that the splitting happens when the atoms in a
nano triangle with a long and sharp tip starts to vigorously move to find new
equilibrium positions. In Figure 4.3.4, the split of triangles become more prominent in
D = 1um, h = 25nm setup. Figure 4.3.4. b) inset shows a zoomed honeycomb unit, the
annealing breaks down the relatively large triangular nanoparticle into smaller
particles, three different types of break-down can be identified. First, the exterior of the
triangle segregates from the triangle body and remains to be at the border, those
particles are extremely small with typical average diameter less than 10nm, and they
outline the border of original triangular nanoparticle in its place. In addition to the
triangle border, the honeycomb unit border is also outlined by a group of larger
particles, those particles can be considered as a result of triangle tip break down during
annealing, hence they are distributed along the edge of the honeycomb. The largest
particle is at the center of the original triangle, this is where most of the triangle’s silver
is after annealing. The interparticle spacing and symmetry of the array do not change
after annealing, indicating the particles are in the same position before and after
annealing. The split particle does not present in D = 1um, h = 150nm case, which,
however, shows rounded triangular shaped particles, a sign of incomplete annealing.
Insufficient annealing time and temperature can cause the remaining triangles. Also
when the particles become larger, longer time and temperature it demands for shape
transformation. However, further increasing temperature will inevitably cause cell
degradation. The effort remains to have a prolonged annealing time to better shift the
triangle into spheres. For D = 500nm, the split and insufficient annealing is not as
server as in D = 1um cases, the annealed particles have overall good circularity and
distribute normally.
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Figure 4.3.3 Annealed silver nanoparticle array on top of ITO fabricated by NSL using
polystyrene nanosphere D = 500nm (a) and 1pm (b), silver thickness before annealing

is 50nm. Annealing completed at 150 °C in vacuum for 3 hours.

Figure 4.3.4. Annealed silver nanoparticle array on top of ITO fabricated by NSL using

polystyrene nanosphere D = 500nm (a, b) and 1um (c, d), silver thickness before
annealing is 25nm (a, ¢) and 150nm (b, d) respectively. Annealing completed at 150 °C
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in vacuum for 3 hours. Inset in (b): zoomed hexagonal array showing a honeycomb

unit.

Annealed particles size distribution is plotted in Figure 4.3.5. For D = 500nm cases,
regardless of the silver thickness, most of the particles follow a normal distribution
pattern. Averaged particle diameter increase with silver thickness. For D = 1um cases,
the h = 50nm and 150nm cases has normal distribution with median at 190nm and
208nm. The h = 25nm is not normally distributed. Particle split and insufficient
annealing time could be the two reasons that causing the abnormities in size

distribution and deviation from spherical geometry.
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Figure 4.3.5 size distribution of triangular particles and annealed particle using NSL
bead D = 500nm (a, b and ¢) and 1um (d, e and f), deposited silver thickness of 25nm
(a, d) 50nm (b, e) and 150nm (c, f).

To better understand the similarity between annealed particle and spherical particle and
to anticipate the possible discrepancies between theoretical simulation and

experimental results. The particle circularity is calculated using the following equation
[152]

. . 4mXparticle area
circularity =

(4.2)

particle perimeter?

Calculated circularity are summarized in Table 4.3.1.

In addition to circularity, the vertical thickness is also important to validate the
spherical structure. AFM images are taken for a vertical section analysis to obtain
particle vertical thickness. Figure 4.3.6 shows a section analysis configuration
example. The distance secured by the two red marker on the image is sampled in the
analysis. For each annealed particle array the sampling are taken at five different places

in order to get averaged result.
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Section Analysis

Figure 4.3.6 Annealed silver nanoparticle array section analysis configuration

Table 4.3.1 Average diameter, height and circularity of annealed silver nanoparticle. D

and h are the diameter of NSL masking beads and thickness of deposited silver

respectively.
D (nm) h (nm) Ave. diameter  Ave. height Ave.
(nm) (nm) Circularity
500 25 78.22 71.95 0.86
50 95.57 86.66 0.86
150 105.04 92.82 0.88
1000 25 134.84 68.73 0.79
50 187.66 117.01 0.91
150 219.30 174.46 0.76

Figure 4.3.7 shows the compared calculated and measured diameter of annealed silver
particle. For both D = 500nm and D = 1000nm cases, the measured diameters fall in
between the diameters of calculated perfect sphere and hemispheres. It can be inferred
from the figures that the annealed nanoparticle is a bell-shape hemisphere. For h =

25nm and 50nm cases, the annealed nanoparticle is close to sphere for D = 500nm and
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to hemisphere for D = 1000nm. The thicker silver triangle tends to have a much
smaller diameter after annealing. For both D = 500nm and 1000nm, with h = 150nm
the annealed particles gives an average diameter of 93nm and 174nm respectively.
Insufficient annealing may cause the shortened diameters of the annealed
nanoparticles. The resultant particle is a tall bell-shaped trapezoidal prism with

rounded tips.
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Figure 4.3.7. Calculated sphere (square), hemisphere (triangle) and measured
(diamond) annealed silver nanoparticle diameter. Silver nanoparticle fabricated with

NSL bead of diameter D = 500nm (a) and 1000nm (b).

Localized surface plasmon resonance (LSPR) can be visualized by the materials
transmission spectrum. Each resonance mode is represented as a dip in the transmission
spectrum. In order to obtain the spectrum, plasmonic array is deposited on a soda lime
glass with refractive index of 1.55. One should notice that due to the difference in
substrate permittivities, the dip position of LSPR observed in the transmission
spectrum will not be as the same as the LSPR actually present on top of ITO in real
solar cell. Nevertheless, transmission spectrum serves as an intermediate proof-of-
concept approach, allowing directly identification of LSPR and approximate their
behavior in real solar cell. Figure 4.3.8 shows the transmission spectrum obtained from
a spectroscopy ellipsometer (J.A Wollam Co UV-VIS V-VASE with control module
VB-400). In each case the scan ranges from 300nm to 1500nm to cover possible dips

from UV to near-IR. Plasmonic triangular and annealed triangular array, fabricated
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with NSL using parameters listed in Table 4.3.1 are deposited on soda lime glass
substrate with a refractive index of 1.55. Molecular vibration absorption at near-IR are
mitigated using Savitzky-Golay method with polynomial order of 2. It should be noted
that the drop at <350nm is caused by the absorption of soda lime glass, not by the any

type of resonance of the silver particles.
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4.3.8 Transmission spectra of plasmonic array patterned on top of soda lime glass by
NSL. (a) Triangular silver nanoparticles patterned using D = 500nm, h = 25nm (solid),
50nm (dash) and 100nm (dash-dot). (b) Triangular silver nanoparticles patterned using
D = 500nm (solid), 1000nm (dash) and h = 50nm. (c) Patterned silver triangular (solid)
and annealed (dash) array using D = 500nm and h = 50nm. D and h are NSL

polystyrene bead diameter and silver thickness respectively.
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For most of the transmission spectrums there are at least two dips showing in each of
them. The dipolar resonance at longer wavelengths is caused by oscillation of electrons
driven by light induced polarization, the origin of Rayleigh scattering. A dip with less
strength and width can be observed at shorter wavelength, which is attributed to be the
quadrupole resonance type. Quadrupole resonance is the next higher order resonance
from dipole resonance. The origin of quadrupole and other high order modes can be
understood by studying the inhomogenouly distributed field across a large particle,
where incoming light can only partially polarize the particle[153]. Quadrupole and
other high order modes can induced strong scattering and absorption, as have been
discussed in Chapter 3. Proper engineering over the particle size can separate the
parasitic absorption and scattering, letting the useful scattering to happen at the main

absorbing spectral range while leaving the absorption outside.

Thickness effect. It is well known that the thickness of nanoparticles affect their
plasmonic resonance. From Figure 4.3.8 a) it can be clearly seen that the both dipole
and quadrupole resonance are subjected to a blue-shift as the silver thickness increases.
As the silver thickness goes from 25nm up to 150nm, dipole resonance moves from
870nm to 600nm, quadrupole resonance, is relative insensitive to the thickness change,
moves 480nm to 430nm. In 150nm case, aside the quadrupole resonance dip there’s
another dip at 390nm. We consider this dip as even higher order resonance which can
only be seen with larger particles. This coincides with the discussion in Chapter 3. In
fact, simulation shows more than 5 dips show up in the absorption spectrum, however,
it is done on real cell structure where resonance by coupling back reflected light is
considered. In this simple setup, the valleys in transmission spectrum mainly caused by
angular distribution of scattered field and parasitic absorption. And many of the weak
resonance dips are merged into a broader and stronger dip thus they didn’t show up in

the spectrum.

Spacing effect. Spacing between nanoparticle can be adjusted by using NSL bead of
different sizes. Figure 4.3.8 b) shows two type of triangular array fabricated using D =

500nm and 1000nm NSL beads, all have the same silver thickness. The result is as
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predicted in simulation: larger spacing results in larger particles hence the red-shift of
the dips. Dipole resonance dips moves 560nm from 750nm to 1310nm, quadrupole
moves 110nm, from 430nm to 540nm. The result is anticipated through simulation and

discussed in Chapter 3 (Figure 3.3.5).

Shape effect. Through annealing, most of the triangular nanoparticles are transformed
into spherical or pseudo-spherical nanoparticles. The sizes and distributions are
analyzed and summarized in Table 4.3.1. Through the annealed particles are not
completely spherical, they behaves significantly different from triangle particles and
close to the sphere array simulation result. In Chpater 3 the scattering cross-section is
of both types of array are discussed. The sphere array has the advantage over triangle
array because of the merge of dipole and high order resonance modes, which gives a
broad scattering cross-section overlaps with a-Si:H absorption range. The experiment
confirms the overlapping of multi-order resonance dips, as only one dip from 360nm to
620nm is observed from the spectrum. This is similar to the scattering cross-section
profile shown in Figure 3.3.1 with the same fabrication parameters. This also indicates
the particle are sphere-like rather than hemisphere or cylinder, which have completely
different scattering cross-section profile. On the other hand, the dipole resonance dip
for triangular array occurs at 740nm, which is almost the end of a-Si:H absorbing
range. The quadrupolar scattering could be useful, however, judging from the weak
quadrupole dip in transmission spectrum, there’s little scattered light propagating in the
forward direction. In addition, the parasitic absorption of high order modes in
triangular array also increases with thickness. Therefore it’s hard to conclude the

quadrupolar resonance of triangular array is beneficial.

In sum. The transmission spectrum gives an insight into the plasmonic resonance
behaviors for each individual particle size. The plasmonic resonance is highly
dependent on the thickness, spacing as well as the shape of nanoparticles. The analysis
briefly shows that dipolar resonance of triangular nanoparticles are beyond 600nm,
which is less useful in terms of a-Si:H PV applications, quadrupolar resonances

remains to be examined in real cell as they induce both scattering and absorption, both
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grows faster with the thickness of silver film. The promising candidate is the annealed
array, which is proved to be more spherical than other shape or type. The observed dip
positions are in agreement with the simulated result. Broad merged resonance is
essential to useful scattering in a-Si:H absorbing region. The following cell
construction and characterization will provide more detailed analysis on the triangular

and annealed plasmonic structure.

4.3.2. Plasmonic hexagonal top contact cell performance

To better evaluate the light trapping of plasmonic hexagonal array, the external
quantum efficiency (EQE) is measured without bias in the range from 300nm to 800nm
using a light source that is calibrated by a standard silicon photodiode. The beam is
casted through a 5 x Smm? hole that is well-defined to cover the circular a-Si:H solar
cells. Figure 4.3.9 shows the EQE profile of triangular and annealed nanoparticle array
enhanced solar cells. Each figure shows three EQE curves for the same cell before
metallic deposition, after the deposition but before annealing and after annealing. The
cell without silver particle are employed as references cell. For the same cell the two
electrodes are placed at roughly the same position for each measurement to minimize
the discrepancies between individual measurements. It should be noted that due to the
fabrication variations the quality of reference cells are not guaranteed (as can be
observed from the figures). Comparing result in different groups or to the result from
other labs are meaningless. The validation of the enhancement can only be done with
the same cell before or after the implementation of plasmonic

deposition/transformation.
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Figure 4.3.9. The measured EQE curves of reference (square), triangular (triangle) and

annealed (sphere) nanoparticle enhanced a-Si:H solar cell fabricated by NSL mask with

beads diameters of 500nm (a, c, €) and 1000nm (b, d, f), deposited silver thickness

varies from 25nm to 1000nm as label in legend in each figure.
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Starting from the 25nm group, just as predicted by the simulation, it is clearly observed
a significant overall scale down of the curve in triangular nanoparticles for both D =
500nm and 1000nm cells. The parasitic absorption caused by hot spots in triangular
nanoparticles is the major reason for the scale-down. For annealed arrays there’s a
scale-up from 450nm to 700nm in D = 500nm. This can be attributed to the scattering
cross-section coverage over this spectral range. Although the calculated cross-section
covers from 350nm to 700nm, the absorption and scattering is not well-separated at
wavelength below 450nm, hence no significant scaling up or down at the shorter
wavelength. With larger NSL bead, spacing between nanoparticles increases, the
effective scattering albedo is not as large as it in D = 500nm cases, the result is less
covered surface area by plasmonic induced scattering. The trade-off between forward
scattering and absorptions causing the EQE curve is roughly unchanged compared to
the reference. The same physics can be used to explain the h = 50nm groups. As can be
seen in the field distribution in Figure 3.3.3, the energy dissipated at tips contributes a
considerable loss in i-layer absorption. A larger spacing can reduce the absorption by
lessening the near field, hence a measured increased EQE. The annealed arrays for both
particle spacing benefit the cell by scattering from 450nm to 750nm, which is the
source of the overall enhancement. No noticeable diffraction is observed from the
curves. Further increasing the silver film thickness will cause problem to the cell.
Figure 4.3.9 e) and f) shows both negative effect of triangular and annealed plasmonic
array in D = 500nm and 1000nm. As discussed in Chapter 3, the larger particle absorbs
consideration amount of energy to support high order modes resonance, and only a
fraction of the energy is radiated through scattering. In addition, for larger particles, the
light trapped by which has a larger change bouncing between the nanoparticles instead
of being absorbed by the active layer. Absorption and shielding are both amplified with
larger particles, therefore more negative result is expected. Throughout the tested cells
there’s no observation on diffractions peaks from 650nm to 700nm, which could be
resulted from the weak coupling and broken symmetry in triangular and annealed

films.
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To better understand the EQE curve, the variation of reference cell before and after
annealing should also be taken into consideration. Figure 4.3.10 shows the EQE curve
of two sets of annealed reference cell. The cell is annealed in a vacuum oven for 6
hours to prevent any possible oxidation or nitration processes. It’s obvious there’s
substantial influence of annealing temperature to the cell performance. Figure 4.3.10 a
shows the before- and after-annealing line are overlapping, indicating no or less
performance loss during annealing at 150 °C. However, in Figure 4.3.10 b), it is found
significant decreased EQE over the entire spectra, with a maximum degradation of
30.4% at 520nm. Annealing at 200 °C may possibly cause the nucleation process in the
ultrathin ITO layer, hence raise the sheet resistance at front contact. The 150 °C
annealing that is used for EQE and I-V measurement causes only 1.1% discrepancy,

which can be considered to be safe for such type of measurement.
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Figure 4.3.10 EQE curves of fabricated reference a-Si:H solar cell before (square) and

after (sphere) annealing at 150 °C (a) and 200 °C (b)

From the EQE curve the optical enhancement (OE) is calculated via Equation 3.2.3 and

compared to the simulation result. The result is summarized in Table 4.3.2.
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Table 4.3.2. Optical enhancement of measured and simulated plasmonic array

enhanced a-Si:H solar cells.

R h OE (%) OE (%) OE (%) OE (%)
(nm) (nm) Triangular ~ Triangular ~ Annealed Annealed
Array Array Array Array

Measured Simulated Measured Simulated

500 25 -2.40 -7.87 9.81 4.72
50 -10.07 -11.40 8.23 7.39
150 -41.10 -34.24 -24.88 -4.85
1000 25 -8.33 -5.47 1.48 1.88
50 -13.32 -4.97 -1.51 1.50
150 -33.72 -9.00 -18.11 -2.51

In general, the measured OE follows the simulated trend: 1) for triangular array, no
enhancement is observed and with the increasing of silver thickness the more
degradation of the cell; 2) for annealed array, both measured and simulated OE reveal
that the enhancement is with the thinner silver thickness. The difference resides in the
intensity of the measured OE which is considerably greater than those simulated
results. For R = 1000, h = 50nm annealed array, the simulated result shows about 1.5%
enhancement, whereas the measured array denies the enhancement. It could possibly
because of the degradation during fabrication, which can hardly be removed and may
cause fluctuation of the measured OE. In sum, the simulated result will not precisely
predict the enhancement, but it will forecast the trend and can be used to guide

fabrication.

It is important to compare the electrical performance of the cell in addition to the
optical EQE measurement. The characteristic I-V curves are taken for this type of
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evaluation. A solar simulator with a calibrated light source is employed to stimulate the
AM1.5 irradiance spectrum. Two electrode probes are placed at front and back contact
of the cell to form a forward diode configuration. For each measurement the probes are
roughly placed at the same place to minimize the discrepancies. Photo current density
(Jse), open-circuit voltage (V,¢) and fill factor (FF) are determined from the result. [-V
characteristic curves for investigated cells are summarized in Figure 4.3.11.
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Figure 4.3.11. Characteristic I-V curves of reference (square), triangular (triangle) and
annealed (sphere) nanoparticle enhanced a-Si:H solar cell fabricated by NSL mask with
beads diameters of 500nm (a, ¢, €) and 1000nm (b, d, f), deposited silver thickness

varies from 25nm to 1000nm as label in legend in each figure.

From Figure 4.3.11, the enhancement in photo-current density is the light trapping
indicator. Successfully implemented light trapping scheme should increase the photo-
current due to the enhanced absorption rate. Such enhancement can be identified in R =
500nm, h = 25nm and h = 50nm annealed plasmonic array, which goes consistent with
the simulation result. More importantly, just as predicted by simulation, the largest
photo-current enhancement is with the R = 500nm, h = 50nm annealed sample, Js. enjoys
14.5% enhancement from 8.18 mA/cm? to 9.35 mA/cm?. For h = 25nm annealed array,
Jse enhanced 2.05 % compared to the reference cell. For the rest tested sample no
observed enhancement in Jy. It is in agreement to the simulation result where the
enhancement is observed for annealed array with R =500, h =25 and 50nm. Nevertheless,
for annealed array with R = 1000nm, h = 25nm and 50nm that are predicted to have
enhancement, however the observation disagrees. It can be attributed to the fabrication
loss as those enhancement, even in simulation prediction, are not as strong as the R =
500nm cases (only 1% optical enhancement). In addition to fabrication loss, illumination
under | sun irradiance during the characterization can to some extend deteriorate the

performance. This has also been confirmed by the I-V curve of a reference cell sampled
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at different illumination period. All h = 150nm samples show significant degradation, it

is also in agreement with the simulation and EQE results.

To achieve the successful light trapping in plasmonic enhanced solar cell, the open
circuit voltage should preserve in addition to the increased photo-current. The
decreasing in V. after implementing plasmonic nanoparticles are frequently

reported[ 154—156]. In this study no significant deduction of V,. is observed for D =
500nm groups. The cell preserves a constant open circuit voltage at 0.80 V before and
after deposition or annealing, same for D = 1000nm, h = 25nm and 50nm groups with
the 50nm suffers a slight deterioration after annealing from 0.76 V to 0.71 V. The
result indicates no deterioration in electrical performance of the plasmonic cell. Among
h =25nm and 50nm groups, it is also found that the triangle arrays have even slight
better V,. in comparison to the annealed ones, which can be attributed to the larger
contact area between triangle and ITO, hence better conductivity can be expected. For
thicker silver films with large inter-particle spacing the degradation takes place.
However there’s no foreseen reason for that because thicker silver does not hinder the
resistivity, it can possibly be understood that the silver film is too thick that the probe is
not actually getting in touch to the ITO, instead it touches the silver nanopillars and
hence experience a larger resistance. In sum, except the h = 150nm, R = 1000nm case,
overall the V. is preserved for all tested plasmonic cell sample irrelative to the spacing,
thickness or the geometry of the particle, the observation suggests the success in

implementing the light trapping using front contact silver nanoparticles.

Table 4.3.3 summarizes the obtained enhancement of Voc, Jsc and FF of measured a-
Si:H cells, and provides a comparison to the simulated result as well. Be noted that the
table only summarize the data from cells have been proved to have positive
enhancement. Cells that are not giving enhancement are not considered to be useful
hence are excluded from the table. The conversion efficiency is computed using the

following equation.

= LoXJseXIF o 1009 (4.4)

Pinc
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Table 4.3.3 Characteristics of two a-Si:H candidates that shows enhancement.

Devices Voc  Jsc FF n Efficiency
(V) (mA/cm?) (%) (%) Enhancement (%)

Reference 0.81 9.23 619 3.17 /

Annealed (D=500nm, 0.8 9.34 67.8 3.81 20.19

h=25nm, measured)

Reference 0.8 8.18 689 3.5 /

Annealed (D=500nm, 0.8 9.41 68.5 3.88 10.86

h=50nm, measured)

The measured overall efficiency is for D = 500nm, h = 25nm is 3.81 in comparison to
its reference of 3.17% obtaining 20.2% enhancement in efficiency through the
annealed silver particle array, while the D = 500nm, h = 50nm cell has the largest
photo-current of 7.69 mA/cm? and an overall efficiency of 3.88% in comparison to the
its reference of 3.5%, the enhancement it has through the annealed silver particle array
is 10.7%. In both cases, the measured optical enhancement is much greater than the
predicted enhancement. In the simulation, only scattering and diffraction enhancement
is considered. However, in real cell there might be other mechanism that causes the
enhancement. For optical enhancement like Febry-Perot effect[31], whispering-gallery
wave[157] and waveguide modes[61,109,158] are not identified by the model, hence
their contribution is neglected. Besides, non-optical process can also enhance the cell
performance, for instance, the deposition of silver particles can result in sheet
resistance reduction. Therefore, the enhancement is caused by but not restricted to
scattering or diffraction. The other discrepancy is the larger enhancement observed
with thinner silver, which is contrary in simulation. Our guess is the deviation of the
actual particle shape from sphere and the inaccuracy of the deposition tool thickness

monitor, both can result in discrepancies in the measured and simulated result. From
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the morphology analysis it could also be inferred that the split smaller particles during
annealing yield additional scattering albedos to better cover the cell, therefore the
thinner film that produces more split particle can actually have better performance.
Nevertheless, experimental analysis is needed to resolve the origin of the observed

enhancement.

4 4. Conclusion

In this chapter, the experimental demonstration of validation of the optical
enhancement of plasmonic silver nanoparticle array based a-Si:H solar cell is carried
out. The fabricated plasmonic silver nanoparticle array and the subsequent annealed
array are analysis using a series microscope. Uniform, well-ordered particle array with
less defects is obtained and coated onto the cell’s front contact. The morphology
analysis shows a pseudo-spherical structure in the annealed array, which is more like a
bell-shaped hemisphere. Cell performance characterization is completed by EQE and I-
V measurement to optically resolve the enhancement and overall device characteristics
respectively. In EQE measurement, cell with thinner film thickness and smaller inter-
particle spacing shows high performance in the wavelength range of 450-700nm,
which is in agreement with the simulated scattering cross-section analysis. This
indicates that the excitation of scattered field and guided modes through periodic array
are the main source for enhancement. Larger particles, triangular particles are plagued
by parasitic absorption hence no observable enhancement ever found. For most of the
measured cell the results is consistent with the simulation. Two candidates that show
promising enhancement are analyzed in detail. The measured enhancement reach
20.2% and 10.7% for R = 500nm, h = 25nm and 50nm respectively, well-beyond the
simulated result. However, the overall cell efficiency is not as good as state-of-art a-
Si:H. This is because the quality of fabricated reference cells is not as good as
expected. To better understand the discrepancies between measured and simulated
result, more experiment validation is required. Nethertheless, our approach is

promising to open a route to fabricate plasmonic front contact enhanced a-Si:H solar
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cell using inexpensive NSL method, enabling large-scale fabrication that could be

possible for commercialization of plasmonic solar devices.
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5. Conclusion and future work

This thesis is set out to explore an applicable technique to assist thin-film amorphous
silicon (a-Si:H) solar cells to achieve higher energy conversion efficiency and to enable
inexpensive, scalable and robust fabrication. With a systematic investigation on a-Si:H
solar cell device characteristics, existing light trapping techniques and fabrication
methods, the thesis outlines the research to use nanosphere lithography (NSL) as a
cheap fabrication technology for plasmonic nanoparticle arrays as the foundation of
light trapping in a-Si:H solar cells. Two hypothesis were set up to guide the research
for high quality plasmonic structure that delivers maximum enhancement. In the
preceding ing Chapters, the over 90% uniform monolayer coating by NSL was
implemented on top of silicon, glass and ITO, which addresses the first hypothesis to
make quality colloidal mask, the key to access inexpensive plasmonic array,
successful. The light trapping mechanism from silver nanoparticle array on top of front
contact is investigated and analyzed in detail. Forward scattering and guided modes
diffraction provide efficient light trapping within a-Si:H cell’s active layers. Finally,
the cell is complete using optimized NSL approach and proved to be plasmonic
enhanced through characterization. The following paragraph states each of the

discovery and recommended future work in detail.

In Chapter 2, two methods of fabricating ordered 2D nanosphere colloidal films are
presented: spin coating and interface coating. The novel approaches have been
demonstrated to fabricating large colloidal HCP structures using polystyrene beads.
Spin coating was found to be the more favorable way of implement coating for smaller
(500 nm) beads, while for larger beads there is insufficient water flux compensation
during spin coating such that beads stick, preventing large scale monolayer formation.
The opposite is true for interface coating; larger beads can be used to attain a
monolayer more easily, and even without the help of surfactant, than smaller beads,
which are fragile at boundary and have a reduced HCP yield. This difference can be
attributed to the surface forces that arise from surface curvature, drawing in nearby

beads as the amount of beads increases. Spin coating the 500nm beads, and interface
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coating the 1000 nm beads without SDS each reach around 90% coverage. The success
of implemented spin coating and interface coating are based on polystyrene beads with
diameter of 500nm and 1000nm, at the time of completion no other types of beads have
been tested. In order to demonstrate the extensibility and versatility of the method,
beads made of various material such as silica, and of different sizes should also be

considered as a necessary supplement to the method.

In Chapter 3. Plasmonic induced light trapping through triangle and sphere silver nano
arrays fabricated using NSL techniques have been studied for a-Si:H solar cells.
Scattering from the silver triangle and sphere arrays deposited on top of conducting
ITO layer produce completely different cross-section profiles. Well-separated resonant
modes are identified in triangle arrays, with substantial red-shifts found as the triangle
spacing increases. At the same time, the thickness of the silver film tends to overlap
two primary resonance peaks into a broad peak when increased to above 200nm.
Scattering from higher order modes increases drastically with greater silver thickness,
whereas dipole peaks are less affected. Cross-sections in sphere arrays show a
continuous, broad peak across the main absorbing spectrum from 300nm to 700nm,
and the peaks further extend to infrared as the spheres become larger. The broad
scattering cross-section peak observed is a combination of multiple resonance modes
that are not well-separated at the UV-visible range. For solar photovoltaic applications,
the sphere arrays are more beneficial when generating broad scattering peaks than their
simulated triangle array counterparts. The sphere array are found to be advantageous
for a-Si:H PV applications for its broad overlapping scattering cross-section to the
spectral response a-Si:H cell. The parameters of NSL beads size and silver thickness
are optimized to support higher optical enhancement. The best candidates shows a
enhancement of 7.4% which has not yet been reported using front contact array. For
future works it is worth trying new geometry using similar approach, namely, the NSL.
NSL enables creating nanodots, nanopillars and nanorings hexagonal array at low-cost.
By changing the substrate or making a stacked mask, one can create non-close packed

with different symmetry other than hexagonal. Simulation has shown that a cubic
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symmetry favors the plasmonic enhancement more than a hexagonal array[31]. The
result of these new structure is interesting enough to be examined as a simulation
practice. Moreover, the plasmonic material should not be limited to silver. Gold is
generally more absorptive than scattering, however, gold has a flat dielectric function
around -2 at long wavelength, and it might be a source of even higher scattering.
Aluminum is also shown to have better plasmonic response than silver[159] and it has
not been tried with NSL supported arrays. Last, there are other enhancing mechanism
that need to be tested in the future, scattering and near field effect may not be the most
efficient way to help harvesting energy, nanoparticle diffraction and surface plasmon
polariton delivers consideration redirected irradiation back to the cell[63]. How should
one engineering the structure to extract more energy within the cell is attractive to
researchers. Implementing the NSL at back will at the same time, creates a textured
surface in the front contact, which in turns helps the light trapping. There is no doubt
the NSL can contribute more through back contact, the question is how it should be
implemented to maximize the absorption in i-layer. This needs input and optimization

from simulation.

In Chapter 4, the experimental proof-of-concept is implemented and characterized. The
enhancement is quantified with external quantum efficiency (EQE) and I-V
characterization which resolve the light trapping mechanism in optical and electrical
domain. Both EQE measurement and I-V characterization goes compliance with the
simulation result: the triangular nanoparticle array and thicker silver film show
degradation of cell performance while the annealed particle with smaller thickness and
inter-particle spacing obtain certain amount of enhancement. The discrepancies
between fabrication and simulated result can be attributed to the difference between the
perfect spherical nanoparticle and the real deposited and annealed nanoparticle, as well
as the losses during fabrication. The maximum optical enhancement by observation is
9.81% obtained from annealed array with NSL beads diameter of 500nm and silver
thickness of 25nm, and the cell efficiency obtained from the I-V curve shows more

than 20% enhancement compared to the reference cell. This is also the first time that
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the success of implementing a plasmonic front contact with more than 20% efficiency

enhancement is reported.

The thesis covers two experiment based studies and one theoretical study that
addresses the two hypothesis proposed at the beginning of the thesis. 1) Uniform
monolayer coverage over 90% of the surface is achieved by spin coating and interface
coating of polystyrene beads on glass, silicon and ITO. 2) Improved photo current
density of 9.34 mA/cm? is acquired from annealed silver nanoparticle array by
extraordinary scattering from 450nm to 700nm via silver nanoparticles, the Js.
enhanced from reference’s 8.18 mA/cm? by a factor of 14.2%. It is believed the front
contact plasmonic array enhanced a-Si:H solar cell, fabricated by inexpensive and
scalable NSL approach, promises the future a valuable candidate to approach global

sustainability.
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