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0.3 Abstract

Thin-film solar cells have the potential to significantly decrease the cost of a fin-
ished device by cutting materials cost, and the characteristics of carrier transport
through a thin film can concurrently increase the device performance over that of a
wafer-based cell while tolerating a higher defect density in the absorbing material.
However, while silicon is an attractive material for use in solar cells due to its nearly
ideal band gap for single-junction cells and its relative abundance, its inefficient ab-
sorption of infrared light necessitates the development of light-trapping techniques
to avoid losses in current generation. This thesis research has focused on two im-
portant goals: the development of a scalable thin-film silicon deposition method that
produces high-quality material at minimal cost, and the evaluation of light-trapping
mechanisms that will increase photon absorption in these films. Hot-wire chemical
vapor deposition is used to fabricate silicon thin films with high crystalline fractions
even on inexpensive substrates, and films grown with appropriate growth conditions
exhibit initial open-circuit voltages above 450 mV, and while challenges in passi-
vation still exist, this research illustrates the potential of this highly scalable and
inexpensive deposition technique. Silver and silicon subwavelength structures were
then both fabricated and simulated on ultra-thin silicon films on SiOy to evaluate
their potential for increasing light absorption through plasmonic and physical scat-
tering mechanisms, and spectral response measurements demonstrate over a ten-fold
increase in carrier generation with a metal nanoparticle surface array. Periodic di-
electric structures exhibit Bloch modes in both measurement and simulation, with an
increase in overall quantum efficiency of over 11% from both a flat silicon layer and
one that is randomly textured. These results highlight the significant role of scat-
tering particle distribution in determining the light trapping characteristics in these
devices. Design guidelines have been explored for exploiting resonant modes in these

structures, and this thesis demonstrates the potential for both metal and dielectric
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surface arrays to dramatically increase light absorption in silicon thin films.
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Chapter 1

Thin-Film Silicon Solar Cells: Background

and Device Challenges

1.1 The case for solar cell technology

As a growing world population and expanding modernization efforts place increasingly
larger demands on energy supplies, the need for reliable sources of energy becomes
ever more apparent. The decline of fossil fuel availability and the detrimental effect
of its usage on the environment requires a clean and sustainable method of accommo-
dating this need. Rapidly increasing global consumption of fossil fuel is accompanied
by rising levels of atmospheric carbon dioxide; between 2004 and 2008, a population
increase of 5% was accompanied by a 10% increase in energy production and a con-
current 10% increase in COy emissions [1]. The total worldwide electricity demand
has increased in the past ten years from 15,400 terawatt-hours in 2000 to over 21,330
terawatt-hours in 2010, a rise of almost 40% and a clear indication of the substantial
need for a sustainable means of meeting this rapidly increasing demand [44].

While the U.S. Energy Information Administration reports that renewable energy
resources accounted for only 7% of total energy production in 2008 (Figure 1.1),
the increasing demand for clean and sustainable sources of energy has propelled the
recent growth of solar manufacturing capacity from less than 2 GW in 2006 to over
12 GW annual production in 2010 (Figure 1.2 [72]). The past decade alone has seen
a 40% increase in photovoltaic installed capacity [51]. This growth is projected to
continue over the next 25 years and beyond; in the United States alone, solar power

installations are expected to increase from 0.9 GW in 2010 to an expected total of



Renewable Energy Consumption, 2003

Total = 99.305 Guadrillion Btu

Total = 7.201 Quadrillic
i Bitu

Source: U. 5. Energy Information Administration

Figure 1.1. Distribution of energy consumption in United States in

2008 showing the total from renewable sources at 7% [72].

PV Market Size: Segmentation By Application (GW)

15
Source: Solarbuzz
12 —
2]
5]
2
o . I .
2006 2007 20038 2009 2010
Off-grid 0.19 0.20 0.23 0.28 0.37
EOn-grd 1.55 2.63 5.85 7.31 11.86

Figure 1.2. Growth of PV market in installed GW from 2006 to 2010
[51].

2.4 GW in 2011, with an additional growth of 30% anticipated for 2012 (Figure 1.3)
[52]. This growth is supported by incentives, subsidies, and increasing consumer
awareness, fueled further by the decreasing cost of energy harvesting components and
their installation due to advances in solar technology and manufacturing economies

of scale. Increases in leading markets have been fueled by feed-in tariff programs
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Figure 1.3. Primary energy resource distribution by fuel, as pro-

jected through 2035 [52].

that assign a higher value to solar-generated electricity than conventional sources,
and an increase in component production results in a significant decrease in cost [83].
Historically, a cost reduction of approximately 22% can be expected for each doubling
of installed capacity [51]. Even as subsidies are currently being reduced in leading
solar markets like Germany, Italy, and France, the price of installation was predicted
to decline close to 10% in 2011 [52]. This decline is accompanied by the climbing cost
of conventionally generated electricity attributed to resource scarcity and growing
demand; the price of electricity has consistently increased over the past decade, with
prices in the European Union experiencing cost increases exceeding 15% from 2005
to 2007 [78].

The expansion of clean energy technology to a prominent position in the global
market depends heavily on its cost-competitiveness. New solar technology must at
least meet the current cost of grid-provided electricity, and current estimates an-
ticipate this intersection will occur over the next 2-3 years for many industrialized
economies [78]. However, further cost reductions will accelerate the adoption of pho-
tovoltaic technology and compensate for concurrent reductions in federal and state

subsidies. The cost of a solar module represents 50% to 60% of the total installed cost



of the system, and thus offers a key target for potential cost reduction. The materials
used in cell fabrication account for a significant portion of the total module cost,
with the polysilicon used to make wafer-based silicon solar cells accounting for about
40% of the total cell cost [8]. Several factors, however, play a role in determining the
economic viability of photovoltaic technology, including materials costs, economies of
scale, and device efficiency. A technology that seeks to decrease materials costs using
scalable fabrication methods will succeed only if these developments are concurrent
with satisfactory device efficiencies. For this reason this thesis research has focused
on methods to reduce the cost of device production while maintaining or increasing

efficiency of energy capture.

1.2 Solar cell physics

Electromagnetic radiation from the sun covers the spectral range from 0.2 pym to
3 pm and reaches the Earth with an intensity of 1000 W/m?, dependent upon the
angle of incidence and atmospheric scattering. The conversion of this electromagnetic
radiation into electricity takes place in a solar cell device and is referred to as the
photovoltaic effect. The basic operation of a solar cell uses the energy of the absorbed
light to generate electrons and holes, which are separated at a p-n junction. These
charge carriers then diffuse to be collected at the contacts, thus generating electrical
current. A p-n junction is formed by doping a semiconductor with impurities that
create an excess of positive charge carriers on one side (p-type) and an excess of
negative charge carriers on the other (n-type). At the interface between these two
regions, the excess charge carriers will equilibrate by conducting electrons from the
n-type region to the p-type region until a sufficient charge across the junction is
produced to reach a steady-state with a built-in potential across the junction.
Current is generated from a solar cell by exciting electrons from the valence band
of a semiconductor to the conduction band. This is accomplished through the ab-
sorption of incoming photons with energy greater than that of the band gap of the

semiconductor (Figure 1.4). This process creates an electron-hole pair that is sepa-
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Figure 1.4. Energy band diagram at a pn junction.

rated by the built-in electric field generated by the p-n junction and generates current
as these carriers are collected by the device contacts. Figure 1.5 demonstrates the

basic operation of a solar cell via an idealized equivalent circuit. Represented here
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Figure 1.5. Solar cell equivalent circuit.

is an ideal diode in parallel with the current generated by the conversion of incident

photons to charge carriers. Here Jg,,1 is the current density produced by the p-n



junction as carriers diffuse across the depletion region; this is referred to as the re-
verse saturation current. Jjgn is the photo-generated current density from carriers
generated in the semiconductor and collected at the contacts of the device. Ry is
the series resistance inherent in a realistic solar cell device, and R, is the parallel
resistance caused by shunting between contact terminals. Figure 1.6 plots the re-
lationship between current density and voltage in the dark and under illumination

for an ideal diode. The overall current-voltage relationship of the device can then
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Figure 1.6. IV curve for ideal diode in the dark and under illumina-

tion.

be approximated as a superposition of the performance in both the dark and under

illumination, J(V)=Js-Jaark. The total dark current of the solar cell is determined
by:
av_
Jdark(v) = Jo(ekBT - 1) (1.1)
Jo is the dark saturation current and V is the built-in voltage across the p-n junc-
tion. The dark current is a reverse current that opposes and therefore reduces the

generated photocurrent, and a large dark current is indicative of a high rate of carrier

recombination in the device. The net current density generated by a solar cell is then



represented by the idealized diode equation:

v

J(V) = Joe — Jo(eF5T — 1) (1.2)

Jsc 18 the photocurrent generated in a short-circuited device and is an important
parameter in determining solar cell performance. This J,. is determined by the both
the incident photon flux and the quantum efficiency (QE) of the device; the QE of
a solar cell is the probability that an incident photon will generate a carrier that is
subsequently collected at the device contacts, and this measure depends both on the
absorption coefficient of the cell material and the collection efficiency of generated

carriers. The relationship between J,. and these factors is given by:

o= / b, (E)QE(E)dE (1.3)

Here O4(E) is the incident spectral photon flux density and the limits of the integral
are dictated by the applicable range of the incident spectrum. The J,. of a solar
cell is therefore an indication of carrier recombination and absorption efficiency and
is an important parameter in determining the performance of a solar cell device.
Another significant indicator of device performance is the open-circuit voltage (V)

that occurs at J(V)=0, where Jgur = Js, resulting in the following equation:

kT  Jse
Voe = —In(— +1 1.4
(% ) (14)

The V,. increases logarithmically with light intensity while decreasing with dark
saturation current (Jo). The Jg and V,. indicate the maximum possible current and
voltage output, respectively, from the solar cell device. The net efficiency of a solar
cell device is maximized when the power output density P=JV is maximized; the
maximum power point is used to determine the fill factor of the solar cell. The fill
factor (FF) of a solar cell is defined as the ratio of the maximum power output to the
product of V. and J,.:
ImazVimas

FF=—¢1mo— 1.5
JSC‘/OC ( )



This represented graphically by the squareness of the I-V curve in Figure 1.7, where
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Figure 1.7. IV curve for illuminated solar cell device showing maxi-

mum power generation and fill factor.

the shaded area of this plot represents the maximum power output of the device.

Mathematically, the efficiency of a solar cell device is related to the fill factor by:

_ JscVocF'F

b (1.6)

Ui

where P, is the spectral power density of the incident light. From these equations we
can identify several factors that affect the resulting efficiency of solar devices. The
dark saturation current, dictated by recombination of charge carriers before they can
be collected, decreases the V,., and consequently the device efficiency. The equation
for V,. also indicates that this factor is proportional to the J,., determined by the
number of generated carriers, which in turn is determined by the quantity of light
absorbed. Both of these efficiency determinants are represented in the equation for
Ve, and for this reason this measurement is often used as the primary figure of
merit when determining the potential performance of solar cell devices. This direct
relationship between device efficiency and V,. identifies carrier recombination and

short-circuit current density as two significant parameters dictating overall solar cell



device performance. To maximize cell efficiency, a device design that minimizes bulk
and surface recombination while simultaneously maximizing the amount of incident

light absorbed is required.

1.3 Overview of thin-film technology

The first solar cell was manufactured by Bell Laboratories in 1954, producing a 6%
efficient module using crystalline silicon as the absorbing material[10]. Technological
advances since then have enabled efficiencies up to 25% (as reported by University
of New South Wales) for c-Si cells, close to the calculated theoretical limit a single
junction solar cell of this material[25]. Since the birth of the photovoltaic market
in the 1950s silicon has been the semiconductor of choice for solar cell devices, and
today wafer-based silicon cells account for 80% the photovoltaic market [73]. Several
factors have placed silicon as the dominant material for photovoltaics. Silicon is
nontoxic and relatively abundant in the earths crust, accounting for 27.7% by mass,
and therefore avoids any scarcity issues associated with the acquisition of raw material
[58]. In addition, silicon processing is already a well-established industry, and solar cell
fabrication can thus capitalize on the wide availability of processing knowledge. While
silicon, as an indirect bandgap semiconductor, harbors challenges in light absorption,
the bandgap is nearly ideal for maximizing the largest fraction of the solar spectrum
in a single-junction solar cell device [89]. Even as crystalline silicon wafer-based cells
dominate the market now, any cost reduction in this technology is limited by inherent
materials expense.

A typical silicon-based solar cells has a thickness of approximately 100-300um, and
this silicon material accounts for about 40% of the total module cost [46]. For this
reason, we seek an alternative technology that can decrease production and materials
costs while maintaining marketable efficiencies; thin film silicon solar cells have the
potential to satisfy both of these requirements. Recently, alternative materials such
as amorphous silicon (a-Si), CdTe, CIGS, and GaAs have been the subject of recent

research for the advantages they offer, such as decreased materials cost (a-Si) and



increased theoretical efficiency limits (III-V materials). These alternative materials
represent a shift from wafer-based solar cells to thin films that can be supported by
inexpensive substrates, thus offering significant reductions in materials cost.

In addition to the lower material requirements and higher throughput that thin-
film solar cell fabrication offers, this cell geometry also has the potential to increase
the device efficiency. Having an active layer that is thinner than the carrier diffusion
length will reduce recombination losses in the active layer, consequently increasing
the open-circuit voltage of the device by decreasing the dark current and increasing
carrier collection efficiency at the contacts. However, the absorption length of silicon is
significantly larger than the diffusion length of the generated carriers. The absorption
depth, the thickness of silicon necessary to absorb at least 67% of incident light (with
1/e fraction of light lost to transmission through film), increases with increasing

wavelength (Figure 1.8). As a result, a large portion of the incoming infrared light is

absorption depth (microns)
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Figure 1.8. Silicon absorption depth with wavelength; thicker layers

are necessary for sufficient absorption at long wavelengths.

not absorbed by the silicon active layer. Figure 1.9 exhibits the absorption of light
for varying silicon thicknesses as a fraction of the incident AM 1.5 solar spectrum,
demonstrating significant losses as the thickness decreases from 10um to 220nm in

the entire wavelength range A=600nm to 1000nm, resulting in large power generation
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losses. Since the optical power absorbed decreases with decreasing thickness, thin
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Figure 1.9. Fraction of AM 1.5 solar spectrum absorbed by varying
silicon thickness, showing large losses in the infrared portion of the

spectrum with decreasing thickness.

films will suffer a significant decrease in carrier generation and J,. and cannot achieve
the performance of bulk cells unless this loss in absorption is prevented. To overcome
this hurdle, light trapping mechanisms can be employed to effectively increase the
path length of the incoming light through the absorbing thin film layer by directing it
laterally through the device. This can be accomplished via scattering, waveguiding,
or plasmonic field enhancement, and an increase in the effective path length of light

in the thin film results in an exponential increase in absorption.

1.4 Thin-film solar cell materials selection

As the market share of photovoltaics continues to grow, the manufacturability, avail-
ability of raw materials, and scalability of any developing technology must be con-
sidered. Currently there are several approaches to thin-film solar cells vying for
a prominent position in the solar market. Several semiconducting materials have

been investigated and used in thin film solar cells, and such factors as the availabil-
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ity of the active materials used and the environmental impact of the processing of
this material must be considered alongside the potential economic viability of each
type of photovoltaic device. Considerable research and product development has
been dedicated to such materials as Copper-Indium-Gallium-Selenide (CIGS), Cad-
mium Telluride (CdTe), Gallium Arsenide (GaAs), and Amorphous Silicon (a-Si)
(34, 35, 47, 56, 84, 87]. CIGS has a direct band gap accompanied by a high absorp-
tion coefficient, and for this reason is a promising active material for thin film devices.
CIGS is naturally a p-type material and as such is used in heterojunction structures,
most often with n-type cadmium sulfide (CdS) [89]. By controlling the stoichiometry
of this material, the band gap can be adjusted to maximize performance, but CIGS
cell fabrication is inherently complex, and at present the development of this tech-
nology is inhibited by challenges in the fabrication process. The current record CIGS
cell reports an efficiency of 19.5%]25], and there is significant potential for increasing
this efficiency, but the expansion of production levels is limited by the availability of
indium[89]. Devices fabricated with CdTe have demonstrated relatively high efficien-
cies; the record for a single junction CdTe solar cell has recently been set by First
Solar at 17.3%[77]. The band gap of CdTe is nearly ideal for a single junction cell,
1.45eV, however, the toxicity of cadmium is a concern, and important markets such
as the European Union and China have restrictions on the usage of this material or its
compounds[31]. GaAs is an attractive material for thin film solar cells due to its high
electron mobility and direct band gap but is currently very expensive. The potential
of this material, however, has been recently demonstrated by a record cell efficiency
of 28.2% from Alta Devices for a device based on GaAs|9, 15, 25]. In contrast to the
economic and environmental limitations currently placed on these materials, silicon is
readily available, non-toxic, and its production is easily scalable using well-established
manufacturing infrastructure.

Several technologies are currently employed and being developed to fabricate thin-
film silicon solar cells. Perhaps the most established technology is amorphous silicon
(a-Si), deposited via plasma-enhanced chemical vapor deposition (PECVD). Recently
a stabilized efficiency upwards of 10% has been reported by Oerlikon Solar Lab for

12



a thin amorphous silicon active layer deposited on soda lime glass[66]. This mate-
rial has an inherent disadvantage in its metastability and disorder, but remains a
viable technology due to its higher bandgap and inexpensive processing. Microcrys-
talline Si and nanocrystalline Si (uc-Si and nc-Si) are materials with crystallites in
the nanometer to micron range in an amorphous matrix, and which contains less
defects than amorphous silicon. Its lower band gap makes it particularly appropriate
as active material for the bottom cell in tandem and triple junction devices. The
combination of an amorphous silicon top cell and a microcrystalline bottom cell has
yielded promising results, and a cell efficiency >12% has been reported by Oerlikon,
but much work is needed to implement it over large areas and to limit light-induced
degradation. Finally, thin-film polysilicon solar cells, with grain size in the microm-
eter range, have recently emerged as an alternative photovoltaic technology. The
layers have a grain size ranging from 1m to several tens of microns, and are formed
at a temperature ranging from 600°C to more than 1000°C. In general, polycrys-
talline thin-film silicon can be deposited on a wide variety of substrates, depending
on the fabrication specifications and device parameters. For these films to be viable
as solar cell materials, they must demonstrate adequate doping, minimum surface
recombination, and stability over time. This thesis examines deposited silicon films
using Hot-wire chemical vapor deposition (HWCVD) and characterizes the electronic
and mechanical properties of these films to assess their potential for use in solar cell

devices.

1.5 Challenges to thin-film solar cell technology

In order to be a viable alternative to bulk-based silicon solar cells, thin film silicon cells
must offer a competitive efficiency. One of the main limitations to thin-film silicon
solar cells is their inability to capture a large portion of the incident solar flux due to
the indirect band gap and low absorption coefficient of this material. For this reason
much research has been dedicated to the development of light-trapping methods for

these devices. This thesis examines the potential for several different approaches to
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light scattering: physical scattering of the incident light at either /both the front and
back of the cell, plasmonic near-field enhancement using metal nanoparticles, and
physical scattering into resonant modes of the scattering structures. The goal of this
thesis is to explore the potential for achieving a high efficiency cell utilizing a low-cost

material by appropriately designed cell architecture.

14



Chapter 2

Hot-Wire Chemical Vapor Deposition for
Silicon Thin-Film Growth

2.1 Scalable methods for uniform and high-quality
film deposition

Methods for thin-film growth must produce high quality films at sufficiently high
growth rates while providing uniform deposition over a large area for feasible applica-
tion to solar cell device manufacturing. Several deposition techniques have been
researched and utilized extensively for depositing silicon films, including plasma-
enhanced chemical vapor deposition (PECVD), molecular beam epitaxy (MBE), and
hot-wire chemical vapor deposition (HWCVD). PECVD is a commonly used thin
film deposition method that has been shown to produce device-quality silicon films.
However, this method is expensive, has a relatively slow growth rate, and introduces
ion damage to the growth surface [39]. The MBE technique involves the evapora-
tion of a silicon source with subsequent deposition onto a substrate under ultra-high
vacuum conditions, and this method has also been shown to produce high-quality
films; however, this method is expensive and has low through-put and therefore not
practical on an industrial manufacturing scale. The economic feasibility of a deposi-
tion technique relies on a high growth rate and scalable production, and to this end
HWCVD has been explored for high-quality growth of crystalline and amorphous sil-
icon. HWCVD film growth is an attractive method for deposition of thin-film silicon

for use in the manufacturing of photovoltaic devices due to efficient use of precursors,
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fast deposition rates, and passivation of defects due to hydrogen inclusion, while at
the same time offering scalability, low cost, and a low-temperature deposition process
that permits the use of low cost substrates. HWCVD silicon thin film solar cells
deposited on inexpensive soda lime glass have the potential to match the efficiency of
wafer-based silicon solar cells at the low cost of a-Si thin film-based cells [17]. For this
reason the growth of silicon thin films via this method has been investigated, with
optimal deposition conditions evaluated for high-quality thin film growth. As will be
discussed in detail in the course of this chapter, an examination of films deposited
on crystalline silicon substrates reveals epitaxial growth, while silicon films grown on
glass substrates demonstrates significant crystalline fractions despite the absence of a
seed layer. This result demonstrates the potential for the fabrication of device-quality
silicon layers on inexpensive substrates. However, these films are not fully crystalline
and can have varying physical structures depending on the deposition conditions that
affect the material and electrical characteristics. While thin-film devices can tolerate
a higher density of defects due to the decrease in necessary path length for efficient
carrier collection, the increased surface-to-bulk ratio increases the significance of sur-
face geometry and defects, while a finite grain size increases the likelihood of bulk
recombination at trap sites between the grains. Efficient carrier collection requires
sufficient passivation at grain boundaries to increase the probability of minority carri-
ers diffusing to the junction rather than combining at these boundaries; the degree of
defect passivation determines in large part the optimal electrical performance achiev-
able by photovoltaic devices fabricated from these films. This study therefore focuses
on the correlation between both bulk and surface passivation with the electrical prop-
erties of the films, with the goal of maximizing the stabilized performance of HWCVD

films for use in thin-film silicon solar cells.

2.2 HWCVD background

This method of using heated wires to decompose source gases as a mechanism for

thin film growth was first reported in 1979 by Weismann, et al., who demonstrated
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Figure 2.1. Record efficiencies for thin film silicon solar cells are

significantly lower than those of wafer-based silicon cells. [25]

the thermal decomposition of silane by heated graphite and tungsten sheets to yield
amorphous hydrogenated silicon (a-Si:H) [64]. This method was further developed by
Matsumura, et al., as an attractive alternative to PECVD, beginning in 1985, and by
optimizing the deposition conditions they were able to demonstrate growth of device-
quality amorphous Si [49]. The potential for producing films at a high growth rate
(100A/s) and of a device quality superior to those grown via widely used PECVD was
demonstrated by Mahan, et al., in 1991, indicating the potential for HWCVD films
to be used as active layers in solar cell devices on a manufacturing scale [16]. Alberi,
et al., fabricated an allHWCVD solar cell with an efficiency greater than 5% with
a heterojunction of 2um of n-type epitaxially grown silicon with a-Si top layer on a
Si-wafer template at process temperatures compatible with the use of soda lime glass
substrates, here demonstrating the potential to further decrease the costs of devices
made with these films by allowing low-cost substrates instead of ¢-Si [23]. Current
thin-film silicon solar cell technologies and their record efficiencies are reported in
Figure 2.1 and exhibit a large disparity between the performance of the these cells
and wafer-based silicon cell efficiencies, which have reached 25%. [25] This again
highlights the necessity for increased performance from thin-film silicon absorbing
layers, and this chapter address methods for maximizing the V,. through appropriate

film deposition parameters.
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Figure 2.2. Schematic of vaccum chamber setup for HWCVD film
growth.

2.3 HWCVD experimental setup

The deposition of thin films via HWCVD is accomplished by introducing gaseous
precursors into a vacuum chamber in which the gases then thermally and catalyt-
ically decompose at a resistively heated wire filament. Using silane and hydrogen
as precursors, the silicon will break down to subspecies (H, Si, SiHy_3) and deposit
onto the substrate. This process is accompanied by hydrogen etching of the surface
as well as H-deposition at dangling bonds, resulting in removal and redeposition of
species at the surface and bulk passivation where hydrogen is incorporated. The role
of hydrogen and its incorporation in the film is determined by the temperature of the
substrate and the ratio of SiHy/Hs, hereafter referred to as 'R’. The setup includes a
cluster tool with a centralized vacuum chamber through which a robotic arm moves a
substrate holder to the designated deposition chamber (Figure 2.2 ). The deposition
chamber contains a substrate holder distanced from a wire assemby by 7cm. The wire

assembly is connected to power via two electrical leads passed into the chamber and
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isolated with ceramic spacers; the wire is resistively heated to temperatures ranging
from 1400°C to 1700°C as determined by an optical pyrometer. For the HWCVD
films grown in this study, 5% silane in argon, diluted to the appropriate R-value
by varying the hydrogen flow was used, with a total chamber pressure varying from
4mTorr to 120mTorr and with the partial pressure of SiH, maintained at a constant
value. For doped films, 1% trimethylboron (TMB) diluted in argon was used for
p-type and 1% phosphine (PH3) diluted in argon was used for n-type. Films were
deposited on both soda lime glass and Czochralski-grown silicon(100) wafers doped
with phosphorous to a concentration of 1x10"%cm™2, and the samples were prepared
with a heated RCA2 clean followed by a 30s buffered HF dip to remove, respectively,
organic contaminants and the native oxide layer. The samples were then immediately
placed on the substrate holder and put under vacuum in the load lock of the cluster

tool.

2.4 Mechanisms for thin film growth

One of the primary variables that determine the physical and electrical properties
of a HWCVD silicon film is the quantity of hydrogen available to interact with the
decomposed SiH, during film growth. In order to understand the role of hydrogen in
film morphology during film growth, several studies have been conducted to determine
an appropriate growth model for films grown with HWCVD. For sufficiently heated
wires, the SiH4 and Hy precursors are completely decomposed into atomic H and Si at
the wire [18]. Under low pressure deposition conditions, the Si and H resulting from
this decomposition at the heated filament can have subsequent reactions with other
gaseous species present in the chamber before depositing on the substrate [41]. These
subsequent reactions produce SiHjs, SisH,, and SisHy, along with atomic hydrogen
and Hs, each of which in turn act as the primary deposition species at the substrate
in proportions that are highly dependent upon deposition conditions such as substrate
temperature and gas partial pressure [26]. Tao, et al. proposed a model for epitaxial

growth based on the free energy change as silane species form bonds with the Si on
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the substrate surface [85]. The incoming Si species will form Si-Si and H-Si bonds
with the surface. Due to the presence of excess H, any dangling bonds present will be
saturated, and the net free energy change under formation of these bonds is negative,
resulting in a stable configuration. The crystallinity of the deposited silicon film is
determined by this hydrogen incorporation at dangling bonds and desorption during
deposition as well as diffusion of surface species [43]. Mason, et al., proposed that
this inclusion of hydrogen in the growth species prevents contaminant incorporation in
the film while allowing silicon deposition [61]. Studies conducted by Holt, et al., have
further indicated that incoming hydrogen will preferentially etch amorphous silicon
deposited on the substrate, resulting in an enhancement of crystalline growth [22].
The properties of the resulting film are therefore highly dependent upon temperature
of the wire and the substrate temperature; an increase in substrate temperature
will result in an increase in diffusion of surface species into a crystalline structure
with a lower free energy, while the initial deposition species are determined by the

temperature of decomposition at the filament.

2.5 Hydrogen and film properties

For HWCVD films to be useful in a solar cell device, they must demonstrate sufficient
and stable electronic properties. The initial measurement and the stability of V,. of
these films is an indication of the extent of the bulk and surface passivation and
is determined in large part by the incorporation of hydrogen in these films. The
presence of hydrogen during HWCVD film growth greatly affects both the material
and electrical properties of the silicon film, influencing the growth rate, density, and
bulk and surface passivation. Due to this incorporation of hydrogen in HWCVD
silicon thin films, different hydrogen dilution ratios (Hs/SiH4) result in films with
varying characteristics. Since an amorphous morphology inherently contains many
structural and bonding defects, this often results in a large density of dangling bonds,
and for this reason a high crystalline fraction is expected to yield a higher and more

stable V,.. The surface morphology and growth evolution of silicon films grown
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Figure 2.3. SEM micrograph of HWCVD silicon film surface in a.)

plan-view and b.) at a 75° angle.

under various levels of hydrogen dilution is therefore examined in this study, and the
resulting variety of film structures provides insight into the subsequently measured

electrical properties of these films.

2.5.1 Material properties with hydrogen dilution

The influence of hydrogen content in these films on the resulting physical character-
istics was explored by systematically varying the hydrogen flow during film growth.
The physical properties and structural evolution of these films with varying growth
parameters was examined through cross-sectional transmission electron microscopy
(XTEM) and Raman spectroscopy. Previous studies have demonstrated an increase
in porosity with increasing hydrogen dilution during film growth due to the incorpo-
ration of hydrogen in these films [74]. A typical film is shown in Figure 2.3 and shows
a granular surface texture with pores permeating to the substrate interface.

Cross sectional transmission electron microscopy (XTEM) was employed to deter-
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Figure 2.4. XTEM images show evolution of thin-film silicon cross-
section with hydrogen dilution, exhibiting increasing porosity with
increasing hydrogen incorporation. SAD patterns demonstrate a
higher degree of crystallinity for films grown with higher values of
R.

mine the extent of this network of pores, and the crystalline structure of the film was
obtained through the use of a selected area diffraction pattern (SAD). This analysis
technique uses the regular arrangement of atoms in a crystalline structure to create
a pattern of spots resulting from the regular diffraction of incoming light. By using
a small (selected area) aperture in the TEM focused on the region of interest, the
crystalline nature of the film can be determined. In contrast, an amorphous film
will exhibit no regular pattern; the SAD images therefore yield insight into the over-
all crystalline nature of the silicon film. The resulting images illustrate the physical
cross section of the film as well as the atomic structure, and these observations demon-
strate the effect of hydrogen on the evolution of the film during growth (Figure 2.4),

and distinct regimes are observed with the variation of hydrogen. Films grown with
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no additional hydrogen (R=0) are dense and a mixture of amorphous and polycrys-
talline, as indicated by the accompanying selected area diffraction (SAD) pattern. A
high density of stacking faults is observed, and some disordered porosity is detected
throughout the film. When hydrogen is mixed with the incoming silane (R=244)
during deposition, the film is much more pore-permeated and far less dense than
films grown with no additional hydrogen. The accompanying SAD pattern shows
that these films are twinned polycrystalline.

Previous studies have determined an increase in the crystalline fraction and crys-
talline grain size of the film with increasing hydrogen dilution during growth [21, 74].
This phenomenon was verified in these films by using Raman spectroscopy to corre-
late the crystalline fraction with hydrogen content and porosity. Raman spectroscopy
is a materials characterization method that measures the inelastic scattering of an
incident light source; this technique works by measuring the shift in the energy of the
light as it interacts with phonons in the sample, with the shift being characteristic of
the type of bond being probed by the incoming light. Various types of bonds have
different vibrational modes that cause a unique shift in the energy shift of the light,
and the observation of these signature shifts gives us insight into the composition of
the material studied. For the purposes of these measurements, the relative heights
of peaks corresponding to crystalline and amorphous silicon are examined; a peak
at 521lem™! is indicative of crystalline silicon (2nd-order TO mode), while a peak
at 480cm~! indicates amorphous silicon. These Raman spectroscopy measurements
show that all of the films grown with additional hydrogen (R< 0) are fully crystalline,
indicated by the silicon peaks at 521lcm ™!, while the film grown with no additional
hydrogen (R=0) appears to have an amorphous fraction, with a shoulder emerging
towards the amorphous 480cm™! peak (Figure 2.5). This demonstrates that addi-
tional hydrogen results in fully crystalline films, but an increase in H-dilution does
not necessarily cause a concurrent increase in crystalline fraction.

Identical films were then grown on both Si(100) and soda lime glass to compare
the effects of hydrogen dilution on the growth morphology of films on a non-crystalline

template with those grown on ¢-Si(100). The objective was to determine if sufficient
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Figure 2.5. Raman spectroscopy measurements with changing hy-
drogen dilution show high crystalline fraction for all values of R>0;
the y-axis is an arbitrary scale with measurement results shifted to

highlight peak location.
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Figure 2.6. Raman spectroscopy measurements for a.) crystalline sil-
icon(100) substrate and b.) soda lime glass demonstrate that a high

crystalline fraction is achievable even on an amorphous substrate.

hydrogen dilution during growth is able to cause growth of a crystalline film, even
without the template of a crystalline wafer. Here the results show that while films
grown with the same hydrogen dilution have a sharper crystalline peak for films grown
on a crystalline substrate than for those on glass, indicating, as expected, that the
use of a crystalline substrate provides a template for epitaxial growth that allows for
a higher crystalline fraction in the resulting film. (Figure 2.6). The film for R=10 on

1 while a

glass shows a significant shoulder towards the amorphous peak at 480 cm™
clearer crystalline peak is seen for the film grown with R=60 on glass. The shift down
of this location of this peak may indicate a smaller crystallite size or a higher amor-
phous fraction [57]. Thus the addition of hydrogen is seen to promote crystallinity
for films grown on amorphous glass substrates, but more hydrogen may be necessary

to achieve the same level of crystallinity when growing films without a crystalline

template. H-dilution greater than 0 does not result in fully crystalline films as it does

25



for films grown on ¢-Si(100). Most significantly, this shows that hydrogen dilution
assists crystalline growth even in the absence of a crystalline template, indicating that
a highly crystalline film is achievable even in the absence of a crystalline template.
The results of these measurements indicate that diluting the precursor gas with hy-
drogen not only promotes crystallinity but also results in a columnar, pore-permeated
structure. Hydrogen content is therefore observed to strongly influence the density
of the silicon film as well as the crystalline fraction. Pore-permeated growth with hy-
drogen dilution could be detrimental, despite its role in promoting crystallinity and
passivation, in that oxygen may be allowed to penetrate deeply into the films and
cause high lateral resistivity. For this reason the electrical properties of these films
are examined to determine the potential for carrier collection in porous films with

high-hydrogen incorporation.

2.5.2 Electrical characteristics of HWCVD films

To correlate the film morphology with the electrical characteristics of these films,
the open-circuit voltage (V,.) was measured and compared for each, since the V,.
can provide insight into such film characteristics as surface and bulk passivation.

Recombination in the film will increase the dark current, resulting in a lower V..

KT, 1y
‘/OC — —(ln lght)

2.1
q [dark ( )

Here Ig4,4 is the sum over all defects and impurities of the product of the recom-
bination rate and the defect density. V,. is therefore an indication of the level of
passivation in the film and a valid predictor of the ultimate performance of the fin-
ished solar cell. The inherent surface passivation of these films via native oxide or
hydrogen contained in the film can therefore be inferred from the shift in V,. over
time. To acquire the V., a Sinton Consulting Suns-V,. measurement system was
employed. This method illuminates the sample with a slowly varying light source
while simultaneously measuring the output current and voltage from the device. The

variation in incident light intensity is measured by using a calibrated test cell with
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a known photogeneration rate. The principle behind this technique is that it mea-
sures the light intensity with V., rather than the standard method of measuring the
variaiton in short-circuit current with V. [76]. This has the important advantage of
allowing measurements at any point after junction formation, eliminating the need
for metallization and requiring instead a minimal probe. This method can be used
to study the junction and film quality of our device without the added complexity of
added variables necessarily introduced with contact formation.

Since Raman spectroscopy demonstrated fully crystalline silicon films for all values
of R, the increase in V. is therefore not likely due to an increase in crystalline fraction
with hydrogen dilution. The added hydrogen content during growth is likely playing
a different role in enhancing V,. than merely increasing the crystalline fraction of the
film. To investigate this, the V,. of p-type boron-doped films grown via HWCVD on
n-type 1x10 ¢cm™3 phosphorous-doped Si(100) substrates was measured. The V. of
films grown under conditions of varying hydrogen dilution has been measured both
immediately following growth and after 1 week in ambient air (Figure 2.7).

The increase in V. for films grown under lower hydrogen dilutions demonstrates
that these films are limited by surface passivation, and thus sufficiently hydrogen-
passivated in the bulk. Sufficient bulk passivation can be assumed in films that
demonstrate an increase in V,. with the formation of native oxide to passivate the
surface; if the device performance was limited by bulk passivation, the increase in
V,e from surface passivation would not be observed. For films grown with higher
H-dilution, a decrease in V,. is observed over time in ambient air. Referring to the
XTEM images (Figure 2.4), higher H-dilution results in a pore-permeated growth
structure. This greater surface area and porous network for films from this higher
H-dilution regime will make them more difficult to passivate at the surface and in the
bulk, limiting the ability of native oxide to have the same effect as on denser, lower
H-dilution films. In addition, the higher porosity may allow a more rapid rate of
hydrogen desorption from the film, decreasing the level of bulk passivation over time.
In a subsequent series of film growths, the initial V,. was measured after 2 weeks in

ambient air, and then after an HF dip removing the native oxide (Figure 2.8).
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Again a decrease in V. is observed after this extended period in ambient air for
those films grown with high H-dilution. The HF dip is shown to increase the V.
for low H-dilution films, but decrease for films with high H-dilution. As seen in the
previous measurements, if the films are sufficiently passivated by H-termination of
defects in the bulk, then an increase in Voc with native oxide formation is expected.
A subsequent HF dip would then be expected to decrease the V,. as this oxide is
removed and the surface is exposed. For films with low H-incorporation, the bulk
may not be sufficiently passivated, so little increase in V,. over time is expected.
Hydrogen from the HF dip, however, may penetrate these pores and passivate defects

within, resulting in the observed increase in V,,. with HF post-deposition treatment.

2.6 HWCVD-grown p-n junctions

The quality and characteristics of junction at the interface between a crystalline
silicon substrate and a grown film differ significantly from those of a junction at an
interface between two grown films. To determine the quality of these grown junctions,
n-type silicon films with p-type emitter layers were deposited in succession on a n+
Si(100) substrate. The XTEM image shows such a junction deposited on a crystalline
substrate (Figure 2.9). The cross section indicates that different dopant types affect
the material structure of the resulting film in different ways. Both layers are grown
with no additional hydrogen dilution, and both have a high amorphous fraction, as
demonstrated by the accompanying SAD patterns. The n-type film also shows a dis-
ordered pore-permeated growth, while the p-type layer shows the emergence of a more
regular columnar growth. The following XTEM image exhibited in Figure 2.10 shows
a film with an identical layering structure as the previous image, but grown with a
hydrogen dilution ratio of R=20. Referring to the SAD patterns, both the n- and
p-type layers display a more crystalline structure than those grown with no additional
hydrogen. This result is again attributed to the influence of H-dilution in promoting
crystalline morphology during growth. The same pore-permeated structure in the

n-type is observed, again giving way to a columnar structure in the p-type. The
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Figure 2.9. TEM cross-section of grown p-n junction on silicon(100)

substrate for R=0.
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Figure 2.10. TEM cross-section of grown p-n junction on silicon(100)

substrate for R=20.
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SAD also indicates a higher amorphous fraction in the n-type film, indicating that
dopant incorporation effects the resulting structure of the film. Raman spectroscopy
compares the crystallinity of these past two films seen in crossection. Subsequent
Raman spectroscopy measurements reveal a highly crystalline peak for the structure
grown with R=20, but a signature amorphous peak for the structure grown with no
additional hydrogen. While an initial examination could lead to the conclusion that
this is further evidence of the role of hydrogen in promoting crystallinity in these
films, a further study of the Raman measurement technique requires an alternate
perspective of this plot. The laser used for Raman measurements has a wavelength
of A=514nm, which has a penetration depth in crystalline silicon of approximately
762nm. For the junction structure with R=0, the penetration depth coincides with n-
type layer, while for the R=20 structure this depth coincides with the p-type structure
due to differences in thickness that result from varying growth rates with H-dilution.
The results of the Raman measurements therefore affirm not the role of H-dilution
with crystalline structure, but reveal instead the influence of doping type in deter-
mining film morphology and demonstrate that boron incorporation may increase the
crystalline fraction of the silicon film (Figure 2.11). The growth morphology and
crystalline fraction of HWCVD silicon thin films is thus determined by both hydro-
gen content and doping incorporation; to realize a well-passivated crystalline n-type
film grown will require additional hydrogen flow during growth, while for a p-type

structure additional hydrogen may not be necessary.

2.7 Dopant incorporation

The incorporation of impurities in HWCVD silicon films not only plays an important
role in determining film structure, but also determines in large part the resulting elec-
trical characteristics of the device. Optimal dopant incorporation is vital to device
performance and has historically been a formidable challenge in HWCVD films. A
highly doped emitter, in this study the p-type silicon layer, is necessary to increase

the quality of contacts to the device; however, increased recombination results from
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Figure 2.11. Raman spectroscopy of grown junctions for R=0 and
R=20 illustrate the effect of dopant incorporation on crystalline frac-

tion.
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the increased doping level, and maximizing the potential device efficiency requires
optimization of the emitter doping considering these factors. An optimal doping con-
centration has been calculated for this device structure through the use of PC-1D
simulation software. PC-1D is a program developed by the University of New South
Wales that solves the electron and hole transport equations for one-dimensional travel
through a semiconductor structure and allows input parameters such as device thick-
ness, contact resistance, surface recombination velocity, and diffusion length. The
output of this program can provide insight into device design optimization, and sim-
ulations for structures representative of HWCVD devices illustrate emitter doping
above 1x10'cm™ results in maximum fill factor of close to 77% for the device (Fig-
ure 2.12).

Previous studies of HWCVD silicon films have revealed higher incorporation of
phosphorous atoms than boron atoms with the same concentration of doping gas
during deposition, a result attributed to the variation in dissociation probabilities for
doping gas elements [28, 55]. Spreading resistance analysis of HWCVD silicon films

grown in our own facilities demonstrate moderate doping for TMB-doped films but
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extremely low dopant levels for those grown with PHj as the dopant gas (Figure 2.13)
[74]. The incorporation of dopants depends on the thermal dissociaton of the doping
elements by the heated filament in HWCVD deposiiton; if the PH3 is not efficiently
separated into its constituent elements, subsequent phosphorous incorporation in the
silicon lattice is less likely. In addition, if boron-incorporation is indeed promoting a
more highly crystalline growth morphology, boron can reside at substitutional sites in
the silicon lattice, resulting in a more highly stable structure than a more amorphous
structure with phosphorous inclusions. Previous studies present evidence for this
phenomenon by using Raman spectroscopy to illustrate a suppression of crystallinity
in HWCVD silicon films with increasing PH3 dilution during growth[32]. For this
reason alternative methods of depositing n-type silicon films may be necessary to
achieve the doping concentration necessary for optimal device performance; the use

of PECVD for n-type film deposition in conjunction with HWCVD for p-type silicon
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films may be an attractive option for optimizing device performance while maintaining

the advantages of a high growth rate and scalability inherent in HWCVD fabrication.

2.8 Open-circuit voltage for grown junctions

A high crystalline fraction again is not a guarantee of desirable electrical behavior
from a device fabricated from this film, and the inadequate doping of the emitter
layer of the grown-junction structure will severely limit the resulting V,.. To examine
the relationship between film morphology and device performance, the V,. of these
grown-junction structures was measured immediately following film deposition, after
60 days in ambient air, and after a 10 minute dip in hydrofluoric acid (Figure 2.14).
The initial V,. measurement reflects the influence of hydrogen incorporation during
growth, while the measurement after 60 days exhibits the electrical performance of
these films after some hydrogen desorption takes place. A subsequent HF dip serves
to not only remove the native oxide that has formed on these films during ambient
air exposure, but also to potentially allow hydrogen to be re-incorporated in the film.
The results for junctions grown on Si(100) wafers show a trend in V,. with hydrogen
dilution contrary to that observed for a film-wafer stack (Figure 2.14).

The initial V. is seen to decrease with increasing hydrogen dilution, not increase.
Exposure to ambient air is seen to result in a significant decrease in V. at all hydrogen
dilutions, while a removal of the native oxide with an HF dip results in a notable
increase. From the XTEM images previously shown, the p-type layer at the surface of
these films is shown to be columnar and pore-permeated, likely allowing for significant
oxygen penetration into the bulk of the film. The benefits of hydrogen passivation
therefore may be outweighed by the detrimental effect of oxygen penetration in these
films, and the use of grown junctions for solar cell devices therefore requires a means

for denser growth with alternative means of passivation.

37



Change in Voc for deposited junctions with post-dep treatment

500 - —u—|nitial Voc
450 . Voc after ~60 days
1 —a4a—Voc after 10min. HF dip
400 . !
350 - i
300 ]
Z 250 ]
:g 200 - .
. . _
1507 pfororore— \ ]
100 - A -
50 - i
0 - i
| T T T T T T T T
0 10 20 30 40

Hydrogen Dilution (H_/SiH))

Figure 2.14. Change in open-circuit voltage with hydrogen dilution

for grown p-n junctions.

38



remove Si handle

Figure 2.15. SOI thin-film device design with interdigitated back

contacts.

2.9 Fabricated thin film devices on SOI with HWCVD
emitter

To fully test the performance of HWCVD thin films for use in solar cell devices, thin
film silicon test cells were fabricated using a 2um c¢-Si device layer on oxide (SOI)
structure as the base. The device design was based on the eventual use of a transpar-
ent glass superstrate and interdigitated back contacts for maximal carrier collection
with minimal front shadowing as illustrated in Figure 2.15, with the ultimate goal of
employing HWCVD and PECVD silicon films deposited on glass as the active layers
in the device.

The purpose of this study was to build and measure a control cell to compare to
subsequent thin film cell grown with HWCVD. By using a crystalline absorber layer
and fabricating a suitably doped emitter, this control device can predict the highest
expected performance from HWCVD cells grown with the same geometry. This de-
sign eliminates the need for a large minority carrier diffusion length through the use of
closely-spaced interdigitated back contacts and utilizes oxide passivation layers fabri-
cated via chemical deposition or thermal oxidation. The fabrication steps are outlined
in Figure 2.16, and as an intial step toward realizing this device structure, cells with in-
terdigitated fron contacts were first constructed on crystalline silicon substrates. SOI
wafers with a 2m device layer thickness of silicon doped with phosphorus to 10*°cm =3

were diffusion-doped with boron nitride wafers in a tube furnace under nitrogen flow
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Figure 2.16. Fabrication steps for SOI thin-film device.

to form a p-type emitter layer with a thickness of 300nm; this method produces a
suitable abrupt junction and sufficiently high doping levels, as confirmed by spreading
resistance analysis performed by Solecon Laboratories (Figure 2.17). Interdigitated
contacts were then fabricated by using several photolithography steps, metallization
via thermal evaporation, and alignment processes, resulting in aluminum contacts to
the p-type emitter and Ag contacts to the n-type base layer (Figure 2.18). The device
was then characterized by measuring the current response through a two-point probe
applied at each of the contacts under AM 1.5 illumination at 100W/m? and varying
the voltage between -0.5V and 0.5V; the resulting current-voltage plot is presented
in Figure 2.19.

This device demonstrates a J,. of approximately 0.1 mA /cm? and a V. of 64mV,
and the shape of the curve is characterized by an ideality factor much greater than
1. A large ideality factor is indicative of a high rate of carrier recombination in the
space charge region of the device, and additional passivation measures are therefore

necessary at the diffused junction. In addition, the slope of this curve and its deviation
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from the square shape of an ideal cell is indicative of large series resistance at the metal
contacts, despite the inclusion of annealing steps in contact fabrication. The low J.
can be attributed both to high shading losses from the front contact structure (about
38%) and inefficient carrier collection at the contacts. The low V,. could also be
attributed to poor contact formation. The photolithography and subsequent etching
steps require accurate alignment and etching processes, and non-uniformity in the
etch or alignment across the sample will result in shunting between the device layers.
While this device does exhibit diode characteristics and thus validates the general
geometry of this device structure, the challenges with contact formation point to the
use of a simpler structure for subsequent evaluation of electrical characteristics of these
films. These complications with contact formation guided the direction of subsequent
projects, and the remainder of this thesis focuses on optical characterization of silicon
thin films to gain insight into potential methods for light trapping and enhanced

absorption without the added complexity of contact characterization.

2.10 Prospects for HWCVD silicon films in pho-
tovoltaic devices

Due to the high growth rate and low cost of HWCVD, this method is highly attractive
for use in thin film silicon solar cell fabrication. The results of this study indicate that
crystalline growth can be achieved with hydrogen incorporation during growth, but
the porous nature of these films may limit carrier mobility and inhibit passivation.
In addition, adequate doping levels have not yet been achieved for a suitable emitter
layer in a solar cell device using this deposition technique. To fully capitalize on
the advantages of HWCVD, a stable means of bulk and surface passivation must be
developed, accompanied by alternative means of producing a highly-doped emitter
layer. The potential for large-scale utilization of this technology may lie in combining
HWCVD base layers with PECVD-grown emitter layers in a vacuum cluster tool that

permits subsequent layer deposition without breaking vacuum. PECVD can also be
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utilized to grow a-Si and SiN, layers that can potentially act as both antireflection
and passivation layers. For this reason, a PECVD chamber was added to the cluster
tool, and subsequent research in this research group has been conducted to optimize
deposition parameters and characterization of these materials. While the remainder
of the research for this thesis did not focus on PECVD thin films, research results
presented in the upcoming chapters can potentially be implemented on these thin

film structures.
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Chapter 3
Metal Nanoparticle Arrays for Enhanced
Light-trapping

3.1 Scattering properties of metal nanoparticles

Due to the unique properties of light interaction with metal nanoparticles, much
recent research has examined the effect of incorporating these nanoparticles in thin
film structures to determine their effect on light scattering and capturing in thin film
devices. These particles can exhibit large optical field enhancements, resulting in large
enhancements in the absorption or scattering of the incoming light. The interaction
of light with a metal nanoparticle causes the conducting electrons in the metal to
oscillate; the collective oscillation of these electrons is defined as a plasmon and
results in large optical field enhancements [54]. This phenomenon can result in either
the conversion of the energy of the incident light into thermal energy via absorption
or the acceleration of these electrons and subsequent radiation as scattering. Thin
film solar cells can potentially benefit greatly from increased near-field enhancement
associated with metal nanoparticles, and increased scattering can result in a greatly
enhanced path length through the thin film by laterally redirecting incident light
and increasing the fraction of light trapped in the film by total internal reflection.
When the particles are placed at an interface between two materials, the light will be
preferentially scattered into the materials with the higher optical density, so placing
metal scattering particles on silicon will direct the scattered light into this underlying
substrate due to the higher density of optical states available in the higher index
material [2, 69, 79]. If the particles are small relative to the wavelength of light
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they can be described as point dipoles, and the interaction of these metal dipoles
with incident light can be characterized by their relative scattering and absorption
cross sections. The absorption cross section describes light absorbed by the particle
and converted to thermal energy, while the scattering cross section accounts for the
fraction of light scattered, with the total extinction cross section equal to the sum
of these quantities, Cy.ot+Caps. The mathematical expression for these cross sections
was developed by Gustav Mie using Maxwell’s equations to describe the behavior of

electromagnetic wave radiation with a sphere [65]:

1 27
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[5].

To increase the light interaction with the absorbing material of a solar cell device
and minimize parasitic losses to metal absorption, the scattering cross section is
maximized. Since the scattering cross section increases as the square of the particle
volume, we expect larger particles to be more effective scatterers, up to the limit of the
diameter approaching the wavelength of light, at which point the scattering efficiency
can no longer be described by using a dipole approximation. Additionally, at the
surface plasmon resonance, when E, = 2E,,, the scattering cross section becomes
significantly larger than the physical scattering cross section of the metal particle,
and large enhancements in the absorption of light at these resonant wavelengths are
expected [7]. The features of this scattering and field enhancement due to surface
plasmons can be tuned by varying the geometry of the nanoparticles and the array. In
addition to the dependence of scattering cross section on particle diameter, variations
in particle shape, distribution, and material composition have shown to effect the
behavior of light interaction with a dielectric substrate, and for this reason much
research has explored the development of precise and scalable fabrication of metal

nanoparticle arrays[20, 87].
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3.2 Metal nanoparticle array fabrication methods

Various methods for the synthesis of Ag arrays have been developed and utilized. One
method is to evaporate and subsequently anneal a thin film of Ag on the substrate
[68]. The annealing causes an agglomeration of Ag clusters with moderately uniform

distribution, but non-uniform shape and size (Figure 3.1).  Using this fabrication

Figure 3.1. Distribution of Ag clusters after thermal annealing [68].

technique, Stuart and Hall demonstrated the use of Ag metal islands to couple into
waveguide modes of a 165nm-thick silicon photodetector, with photocurrent enhance-
ments of over 18 observed at the resonant wavelength and an overall enhancement

over a large portion of the spectrum[80]. Pillai, et al., reported a 19 % enhancement

.

Figure 3.2. Distribution of colloidal suspension of Ag particles [48].
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Figure 3.3. Array of metal nanoparticles fabricated with e-beam

lithography [92].

in photocurrent with the addition of Ag metal islands on a wafer-based silicon device
and a 33% enhancement for a 1.25um-thick SOI structure [33]. A second method
for metal nanoparticle array fabrication is the deposition of a colloidal suspension of
Ag nanoparticles in a monolayer on the substrate, resulting in an array with uniform
diameters but non-uniform pitch (Figure 3.2)[48].

While both of these methods are easily scalable, annealing does not allow precise
control over particle diameter, while the dispersion of a colloidal suspension does not
permit accurate manipulation of interparticel spacing; to realize the full potential of
light trapping with metal nanoparticles, precise control of array geometry is necessary.
To simultaneously control both the size of the particles and pitch of the array, e-beam
lithography has been employed to fabricate regular nanoparticles arrays of various
metals (Figure 3.3)[92]. This method permits a large degree control, but is impractical
to use over large areas; to address these challenges in array fabrication, a templating
method has been developed that achieves both uniform diameter and pitch over large
areas; these parameters can be controllably varied over a large parameter space for

optimization of array geometry to maximize light scattering and trapping.
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3.3 Anodic aluminum oxide templates for metal
nanoparticle fabrication

Anodizing aluminum in an acidic solution results in the formation of a regular ar-
ray of pores separated from the aluminum substrate by a thin oxide membrane at
the bottom of these pores. This regular hexagonal array forms as a result of repul-
sive forces between neighboring pores as the aluminum is oxidized, and the resulting
structure can be used as a template for fabricating regular arrays of nanoscale struc-
ture [13, 62, 63, 82]. The parameters of these arrays can be controlled by the pH
of the solution and the voltage used during anodization, and templates with control-
lably varied pitch and diameter have been fabricated with this technique [45, 84].
A through-hole membrane can be fabricated by anodizing and subsequent etching
steps, and these membranes can then be utilized as a template through which metal
can evaporated to produce regular arrays of nanoparticles. This anodization process
has a long history in industry. The porous nature of anodic oxide coatings and their
formation was first discussed in the 1940s, and the anodization of aluminum has been
practiced on an industrial scale as both an aesthetic enhancement and a corrosion
preventative since 1923 [12, 75]. The self-regulating nature of the array of pores ob-
served was explained by a model in 1970 based on the electric field variation in the
pores, introducing the concept that pores initially form due to irregularities in the
substrate [67]. The electric field increases in the thinner regions, and pores reshape
themselves until equilibrium is reached. The pores change in number and diameter
to form a steady state between the increased oxide growth that accompanies the in-
creased e-field and the increased dissolution rate that occurs with thicker oxides. Su,
et al., propose a mechanism for the subsequent growth of the pores into a regular,
close-packed array using a steady-state model. The rate of dissolution of the Al,O3 is
balanced by an increased rate of oxide growth: a thick oxide will be reduced rapidly
by this reaction until it is thin enough that the increased electric field across the
thin oxide membrane causes an increase in the oxide growth rate. In this manner a

constant oxide thickness is achieved through this equilibrium [81]. The equilibration
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of the oxide layer thickness applies also to the oxide between the pores, and they
consequently impinge on each other to a constant interpore distance, which is accom-
modated by a close-packed, hexagonal array. This steady state oxide thickness, as
well as the pore diameter, is observed to be in direct correlation to the anodization
voltage, presenting a method for control of the array geometry through anodization
conditions. Keller, Hunter, and Robinson demonstrated the parallel nature of these
pores in 1953 in a close-packed hexagonal structure [50]. Masuda, et al., first used
these self-organized templates to fabricate a through-hole membrane through which
metal could be evaporated to form ordered arrays [62]. By using this technique, large
arrays (>10um) of Ag nanoparticles were fabricated with varying pitch, allowing the
optimization of array distribution for maximum light capturing in a thin film silicon

substrate.

3.4 Experimental procedure for AAO template fab-
rication

By varying the voltage and anodizing solution, previous work in this research group
has demonstrated successful fabrication of membranes and corresponding metal nanopar-
ticle arrays with interpore distances of 50nm to 200nm. An example of these vary-
ing array distributions is presented in Figure 3.4. Using this procedure as a guide,
through-hole membranes were fabricated for Ag nanoparticle array fabrication on
SOI structures for electrical and optical characterization in the method outlined in
Figure ?7.

Following the procedure detailed by Nakayama, et al., 99.9999% grade aluminum
sheets were first degreased in acetone in an ultrasonic bath for 5 minutes [84]. The
sheets were then electropolished to flatten the surface in a solution of HyO (80mL),
H3POy4 (330mL), HoSO4 (75mL), and ethylene glycol (15mL). Using the Al sheet as
the anode and a glassy carbon sheet for a cathode, the solution was heated to 70 oC

and 20V-30V was applied to maintain a constant current density of 250mA /cm? for
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Figure 3.4. SEM micrograph of variation of AAO membrane pitch

with resulting metal nanoparticle arrays [84].

5 minutes. The sheets were then rinsed in H,O and acetone. To prevent bubbles
from forming on the Al and causing surface roughness, it is important to refrain from
stirring during this electropolishing step and to periodically lightly tap the Al sheet
to remove any bubbles forming on the surface. In order to make templates with
the highest order patterning, two separate anodization steps are necessary. The first
anodization step initializes the pores and dictates the pore-spacing of the resulting
template, but may be disordered due to surface irregularities. After the first anodiza-
tion step, this disorder can be removed via etching, and the subsequent anodization
step results in a regular, ordered array. The anodization solution can determine ar-
ray features, depending on the pH of the electrolyte and the voltage applied during
anodization. A mixture of 0.3M/L oxalic and malonic acids was used with an applied
voltage of 60V-100V, and the anodization was performed in an ice bath, keeping the
temperature below 15°C under constant voltage. The length of anodization time
varies depending on the voltage used, but does not give evidence of being a highly
critical parameter. This anodization step was performed for 1-2 hours. Next, the ox-
ide layer formed during this anodization step was selectively etched using a solution
of chromic and phosphoric acid (6g CrOs, 20g H3POy, 300gH20) heated to 50 °C and
immersing the aluminum sample for several (>4) hours. The resulting structure is
that of regularly ordered pits on the surface of the aluminum. The second anodization

step is more critical, as the length of time of this step will determine the resulting
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Figure 3.5. Fabrication steps for AAO template fabrication [84].

thickness of the template. Using the same solution used for the first anodization,
and using a voltage of 80V, the second anodization was conducted for a total of 4
minutes, which resulted in approximately 500nm-thick AAO membranes. After this
step the bottom of the pores was accessed to obtain a through-hole membrane. This
was accomplished by mechanically removing the back side of the AAO sheet; clear
nailpolish was applied to the front side for protection during this step, and a box
cutter blade was used to remove the layer of oxide on the back. Left with bare Al on
the back of the sheet, the remaining material can be chemically etched to the bottom
of the pores using a solution of iodine and methanol (15g iodine, 15g methanol) for
approximately one hour. Since this etching reaction is exothermic, the solution will
bubble and heat up as the aluminum is removed. When the solution begins to return
to room temperature, this indicates that the etching is complete. Acetone is then
used to remove the nailpolish protective layer. The pores in the resulting membrane
are still closed at the bottom at this point, as illustrated in Figure 3.6. To remove

this layer, the back side of the membrane is coated with nailpolish, which results in
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Figure 3.6. Porous membrane resulting from AAQO process prior to

through-hole etch.
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a hydrophobic surface. Using a 30°C water bath, the membrane is placed on a flat
surface in this heated environment, and a 1/20 H3POy4-aq mixture is deposited with a
dropper onto the top side of the membrane. Since this step will not only etch through
the bottom of the pores but will also widen these pores, the etch time is critical. The
minimum time for complete removal of the pore bottoms is 70 minutes for templates
used in this study. Adhesion between the membrane and substrate was accomplished
by floating the porous membrane onto the substrate with water, then wicking the
water away until contact is made between the membrane and the SOI. The result is
a completely porous template through which nanoparticle material can be thermally
evaporated (Figure 3.7), and in this study 150nm of Ag was evaporated at a rate of
approximately 104 /s.

Substrate

Figure 3.7.  Schematic of porous AAO template as evaporation
mask, with SEM micrographs of membrane and resulting nanopar-

ticle array.

The thickness of the material evaporated will determine the height of the nanopar-

ticle array and is limited by the thickness of the membrane used. An important con-
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sideration when conducting the evaporation step is the directional dependence of the
evaporation species. If the substrate is not placed directly above the source, shad-
owing of the pores will take place and deposition may not reach the substrate at the

bottom of the pores.

3.5 Control of array parameters

The geometry of these metal nanoparticle arrays can be controllably varied by mod-
ifying appropriate fabrication steps. The pitch is predominantly determined by the
anodization voltage used. Nakayama observed a pitch range of 63nm to 300nm for a
voltage range of 25V to 120V [84]. This linear increase in pore spacing with forming
voltage has also been observed in previous studies, and permits a systematic variation
of the pitch of the nanoparticle array[50]. Keeping the anodization voltage constant
but varying the through-hole phosphoric acid etch time allows for changing the di-
ameter of the nanoparticles keeping a constant pitch. Additionally, the aspect ratio
can be increased by increasing the metal evaporation thickness through the AAO
membrane. Armed with a close control of pitch, diameter, and aspect ratio, any
metal nanoparticle array can be optimized to match the performance requirements of
our device. In the case of this study the goal is to maximize photocurrent in 220nm-
thick Si layers. To assist in determining the optimal array properties, electromagnetic

simulations were conducted to guide subsequent fabrication.

3.6 FDTD simulations

To optimize the metal nanoparticle array geometry, full-field electromagnetic simu-
lations of SOI structures decorated by metal nanoparticle arrays were employed to
predict and optimize the field enhancement and light trapping attributable to the Ag
nanoparticle arrays on the surface of 220nm-thick Si. Using commercially available
Lumerical software, a finite-difference time domain (FDTD) algorithm was utilized

to determine the electromagnetic field characteristics resulting from light interaction
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with these arrays on thin film structures. This method uses Maxwells equations,
specifically the derivative expressions, to solve for the EM field at discrete space and
time intervals to determine the field profile in the simulated structure. These deriva-
tive equations are known as Amperes Law and Faradays Law and are expressed,

respectively, as:

J 16F
B=— 4+ __— 2
Ve ec? + 2 ot’ (3.22)
—uoB
ViE = ’;f . (3.2b)

J is the electric current density, B and E are the magnetic and electric field intensities,
and p and € are the permeability and permittivity of the medium through which the

light is travelling. These equations yield the following expressions:
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These finite difference expressions describe the time variance of the B-field in terms of
the space derivative of the E-field and the time variance of the E-field in terms of the
space derivative of the B-field. The FDTD algorithm approximates these differential
equations by solving at finite increments. The spatial derivative of a function, for

example, can be approximated by equation (3.4):

df (z) Nf(900+%)—f($o+g)
dx - )

r=x0

(3.4)

This approximation is then applied to a simulation environment that has been both
spatially and temporally discretized. The FDTD algorithm alternately solves each of
these equations at discrete time steps and uses the resulting solution as input for the
other equation, thus proceeding through the requisite number of time steps in a leap
frog fashion. The advantage of this simulation method is that it is a numerical algo-

rithm that can be applied to a wide variety of geometries and can be used to describe
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Figure 3.8. Device structure used in FDTD simulations.

behavior of non-linear and dispersive materials, while the primary limitations include
numerical dispersion and instability resulting from the finite nature of the calculated
solutions to Maxwells equations. In addition, simulations of larger structures using
a reasonable mesh size require a large amount of computing resources and time to
achieve sufficient accuracy. The basic simulation structure used for this study is a SOI
wafer with a 220nm-thick silicon device layer on 3um silicon dioxide. Periodic arrays
of silver nanostructures on the surface structure were simulated by defining a unit cell
and applying periodic boundary conditions in the x and y directions, with perfectly-
matched-layer (PML) conditions applied in the z-direction. Previously measured n
and k data acquired via ellipsometry were used to define the metal and dielectric
materials in this structure. A monitor of power flux was placed above the surface to
record reflectivity data, and an additional power monitor was placed below the film
to determine the net absorption in the 220nm of silicon. By subtracting the reflected
light and the light lost through the rear interface of the 220nm device layer, a max-
imum achievable external quantum efficiency (EQE) was calculated for this device
structure. This calculated EQE is the probability that an incident photon will be
absorbed; the internal electrical effects, such as recombination, and contact features,
are not taken into account in this model, so this calculation represents a maximum
possible EQE for each type of structure. This number assumes that each photon
absorbed generates one carrier and that all carriers are collected as photocurrent,
which is a reasonable assumption since the minority carrier diffusion length in the
crystalline silicon film exceeds its thickness. An optical generation rate was also cal-

culated using this same assumption by integrating over the dielectric absorber layer
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at discrete wavelengths:
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The optical generation rate and the EQE calculations were then used as a guide to

determine the optimal structure for light trapping.

3.7 Simulation model

The fabrication method for these arrays allows a high degree of control over the
pitch, aspect ratio, and particle diameter. To explore this large parameter space,
periodic arrays were modeled with varying pitch and diameter to acquire insight
into the scattering behavior of individual and interacting particles. A hemispherical
structure was chosen both to most accurately represent the fabricated structure, but
also to reflect the particle geometry that is expected to be most effective based on
previous studies that have demonstrated an increase in scattering to the underlying
substrate with decreasing integrated distance between the scattering feature and the
substrate [7]. To economize simulation time, a regular square array was built by

defining periodic boundary conditions in the x-y plane.

3.8 Simulation results: 200nm pitch, varying di-
ameter

Simulations with a constant 200nm pitch and a changing diameter reveal the influ-
ence of particle proximity on the location of field enhancement in the silicon film.
For particles separated by a distance greater than 10s of nanometers, the influence
they have on each other will be dictated by the interference of the scattered waves
from each particle. However, for particles impinging on one another, the near-field
enhancement of each particle resulting from the plasmon excitation will interact with

the near-field of the adjacent particle [14, 60, 88]. As the particle diameter is in-
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creased while maintaining a constant pitch, the distance between the circumference
of the hemispheres decreases and near-field effects are expected. A mapping of the
optical generation rate from these simulations reveals enhancement peaks centered at

wavelengths of 505nm, 590nm, and 690nm (Figure 3.9). The location of these peaks

Optical generation rate enhancement with changing particle diameter
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Figure 3.9. Simulated optical generation rate enhancement with

changing particle diameter.

is constant across the simulated spectrum and can therefore be attributed to the pe-
riodic modes of a 200nm pitch array. The intensity and width of these peaks varies
across the spectrum, however. The peaks are broad with lower amplitudes for smaller
diameters, but gain in intensity and narrow in bandwidth as the diameter increases.
The spectral location of the enhancement remains constant with sharply increasing
amplitude due to this near-field interaction between the particles. An increase in
diameter with constant pitch corresponds to increased proximity between metal par-

ticles; this increased proximity increases the interaction between the Ag hemispheres
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and intensifies the effect of the resonance from the periodic Bloch modes. In addi-
tion, the increased diameter corresponds to a larger effective scattering cross section
with less parasitic absorption in the metal. Figure 3.10 illustrates the light trapping
behavior at one of these peak wavelengths, A=690nm, by mapping a cross section of
the light intensity in the simulated device. This plot compares the pattern of light

trapping for a 50nm diameter particle with that of a 200nm diameter particle. The
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Figure 3.10. Cross sectional view of light trapping patterns in arrays

of a.) 50nm diameter and b.) 200nm diameter Ag hemispheres.

light is localized in the same pattern for both diameters, but, as evidenced by the
scale bar, the enhancement is significantly higher for the larger diameter. This sub-
stantial increase in light absorption occurs in spite of almost full metal coverage of
the surface, illustrating the significant influence of increased effective scattering cross

section in preferentially redirecting incident light into silicon substrates.
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Figure 3.11. Simulated optical generation rate with metal nanopar-
ticle array pitch. A pitch less than 200nm yields less light absorption

than flat silicon

3.9 Pitch variation with periodic Ag arrays

Further enhancements may be possible by varying other array parameters, and for so-
lar cell devices the spectral location of the enhancement must also be considered. An
ideal enhancement peak will be located in a high-power portion of the solar spectrum
to efficiently utilize the enhancement effect. Since the wavelength-dependence of this
light absorption enhancement depends greatly on pitch, this parameter was varied in
FDTD simulations to optimize to overall integrated optical generation rate enhance-
ment. The calculation results for the optical generation rate of an array with varying
pitch and particles with 100nm diameter are plotted in Figure 3.11 for comparison
with a flat 220nm silicon layer and exhibit a significant enhancement in optical gen-

eration rate for sparser arrays with pitch 200nm. While a 200nm pitch Ag array
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shows an optical generation rate greater than that of a flat silicon layer over almost
the entire spectrum of interest, an array with a smaller pitch shows progressively less
absorption, an effect that is more pronounced at short wavelengths. This effect can
be attributed to the increase in metal coverage as the pitch is decreased, resulting
in an increase in reflectivity. These results prompted a more detailed investigation
of the influence of pitch, and further simulations examined a wider pitch range from
200nm to 400nm. Figure 3.12 plots the results of EQE calculations at each simu-
lated wavelength and pitch. The interaction of scattered fields from a regular array
of nanoparticles produces an interference pattern that is dependent on the spacing
between the particles. The resulting linearly shifting peak enhancement with pitch is
attributed to the constructive interference from this interaction, referred to as Bloch

modes due to their periodic nature. The existence of these periodic modes permits
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Figure 3.12. Simulated optical generation rate enhancement with

changing pitch of Ag nanoparticle array.

tuning of the location of the peak enhancements to optimize light harvesting in a thin

film structure by changing the pitch of the array. The emergence of these modes is
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exhibited as the pitch exceeds 200nm, indicating the shift from the near-field coupling
to far-field scattering interference. Additional simulations have exhibited these same
periodic modes to be present for all diameters, though the effect is most significant

at diameters of 150nm due to the large effective cross section at this diameter.

3.10 Aspect ratio variation

The aspect ratio of these structures was also varied to determine the effect of this
parameter on light scattering. Previous studies have concluded that increased overall
proximity of the metal nanoparticle to the substrate will result in a decrease in ef-
fective cross section due to the interference between the incident and scattered waves
[7]. However, increased coupling can also be expected with increased proximity to the
substrate. For this reason a lower aspect ratio is expected to show increased scatter-
ing into a silicon thin film, but the presence of a wavelength-dependent modulation
is also anticipated due to the change in effective cross section due to the interference
near the interface. FDTD simulations of these structures confirm this expectation
by showing a shift of our generation rate peaks to longer wavelengths and oscillatory

behaviour of these peaks.

3.11 Summary of simulation results

These optical generation rate calculations show that smaller particles with smaller
pitch demonstrate a decrease in performance over much of the spectrum range, but
remarkably the largest enhancement is exhibited by dense arrays where the Ag par-
ticles are impinging on each other, despite the large fraction of metal coverage with
this array geometry. At longer wavelengths, greater enhancement is exhibited with
smaller diameters, with only 50nm diameter particles exceeding the performance of
bare silicon; at these longer wavelengths there is little coupling into metal, and con-
sequently less scattering. In this wavelength range the increase in reflection from the

metal coverage dominates and decreases absorption for increased particle size.
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Figure 3.13. Simulated optical generation rate with changing aspect

ratio of Ag hemispheres.

3.12 Photoconductivity measurements

Two-point dark and light I-V measurements were performed both before and after
nanoparticle deposition to determine any change in the photoconductivity resulting
from the influence of a nanoparticle array. To prepare devices for electrical measure-
ments, aluminum pads were thermally evaporated with a separation of 1 cm on the
SOI structures and contacted with fine-tip probes. Contact formation was performed
before nanoparticle deposition. These measurements revealed an increase in over-
all photoconductivity with Ag nanoparticle arrays, and the change in conductivity
corresponds to over a ten-fold increase in photogenerated carriers (Figure 3.15).

In order to examine the portion of the spectrum causing this increase in photocon-
ductivity, the wavelength-resolved spectral response of these devices was measured.
A xenon lamp was used as a white light source and sent through a monochromator,
and an optical chopper wheel and a lock-in amplifier were used in tandem to improve

the signal-to-noise ratio. The resulting single-wavelength light then illuminates the
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Figure 3.14. Fabricated structure with schematic showing contact

layout.

sample. To allow carrier collection, a 0.5 volt bias was applied across the contacts
and the device current was measured at each discrete wavelength, normalizing by the

power output at each wavelength.

3.13 Measurement results

Wavelength-resolved spectral response measurements reveal an increase in perfor-
mance with an array of Ag nanoparticles with a 300nm pitch, corresponding to 120V
anodization, but a decrease in photogenerated carriers is observed for smaller diame-

ter and pitch (Figure 2.13). This correlates well with initial predictions based on the
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Figure 3.15. Measured photoconductivity comparison with and
without Ag nanoparticle arrays; Ag arrays result in a > 10-fold in-

crease in photogenerated carriers.

Mie approximation presented at the beginning of this chapter, as well as with simula-
tion results showing optimal light trapping with larger diameter and pitch. Peaks in
spectral response enhancement are observed around wavelengths of A=620nm, 780nm,
820nm, and 880nm, with little enhancement observed at shorter wavelengths due to
increased reflectivity at these wavelengths, as observed in simulation results. Fig-
ure 3.17 compares these peaks to full-field simulation results, and good agreement
exists between measurement and calculation of the spectral location of these en-
hancement peaks. However, additional peaks are observed in these simulation results
that are not present in the spectral response measurements. The additional peaks ob-
served at A~680nm and 780nm in the simulation may be a consequence of additional
periodic modes that, due to the decreased uniformity and presence of irregularities in
the actual fabricated sample, may not be represented fully in the measured spectral

response of our sample.
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Figure 3.17. Comparison of simulated and measured spectral re-

sponse for 300nm pitch Ag nanoparticle array.

3.14 Summary of light-trapping features with Ag
nanoparticle arrays

The results of full-field electromagnetic simulations of regular arrays of Ag nanopar-
ticles on a thin film silicon structure exhibit tunable enhancement peaks in optical
generation rates that vary with pitch and particle diameter. The wavelength at which
these enhancement peaks are centered is controlled by the array pitch, while the ampli-
tude and bandwidth of this peak is dictated by the diameter of the Ag nanoparticles.
These models demonstrate the ability to optimize array geometry to maximize light
trapping in the underlying thin-film silicon layer. A method for fabricating regular
arrays of metal nanoparticles is demonstrated using AAO membranes as templates
for thermal evaporation, and this technique allows control of both the pitch and di-
ameter of the particles. This templating technique is therefore a viable method for

realizing a structure optimized for light trapping. Ag arrays were fabricated on SOI
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structures with 220nm-thick Si device layers, and spectral response measurements
confirm the enhancement in photocurrent with metal nanoparticle arrays. The re-
sults of this study demonstrate the potential for increased light trapping in solar cells
by incorporating metal nanoparticle arrays on the surface, and a viable method for

fabricating such arrays in a post-processing step has been successfully demonstrated.

69



70



Chapter 4
Dielectric Surface Textures for Enhanced

Light Trapping

4.1 Theoretical potential for light absorption in
thin-film structures

Arrays of metal nanoparticles have demonstrated enhanced photocurrent generation
due to their plasmonic properties and increased effective scattering cross section
[7, 29]. However, the performance of these types of devices is restricted by the losses
due to light absorption in the metal and increased reflection at the surface from metal
coverage. An alternate technique for engineering structures that maximize light trap-
ping in sub-micron silicon films is to exploit the scattering mechanisms of dielectric
arrays on the surface of the absorbing material. The scattering properties of these
arrays are determined by the geometry and material properties of the surface features,
and by changing the size, pitch, and shape of these arrays, the light scattered into
the film and absorbed can be maximized. In the ray optics limit, Yablonovitch, et
al., assumed idealized scattering conditions and combined geometrical and statistical
optics to calculate a maximum optical absorption enhancement in weakly absorbing
thin films [90]. Assuming a perfect back reflector and isotropic scattering at the sur-
face (Figure 4.1), these calculations find that incident light that is totally internally
reflected will pass back and forth through a semiconductor layer, with index of re-
fraction n, an average of 2n? times. With each pass a distance of 2 times the layer

thickness, this results in an effective optical path length of 4n? times the thickness.
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Back reflector

Figure 4.1. Structure illustrating Lambertian scattering of incident

light by surface features.

Since the path length of light on a flat layer with no back reflector is simply the
thickness of the semiconductor, the textured geometry offers an enhancement in the
path length of light of 4n%. Due to the subwavelength dimensions of these structures,
however, this ray optics approach does not sufficiently describe the characteristics of
light propagation in these films, and a wave optics analysis must be utilized. One
of the underlying assumptions utilized in this calculation is that light is fully ran-
domized upon interaction with the surface and all the available photonic states are
equally occupied. An important feature of a wave optics analysis of light trapping
in these films is the potential ability to surpass the 4n? limit in specific wavelength
ranges by manipulating the density of photonic states as determined by the array ge-
ometry, and recent studies have illustrated the potential for periodic arrays to surpass
this Lambertian limit, albeit for a limited angular range [71]. Additionally, recent
studies have assessed the potential for increased light absorption for both random
and ordered dielectric surface arrays, using a ray tracing approach to determine the
dependence of light scattering with surface feature and array geometry [6]. While
many of these studies report increased light absorption in silicon layers of 1pm thick-
ness or greater, this study examines an ultrathin silicon layer, less than 220nm. This
thickness regime allows for the existence of waveguiding modes that can be accessed
by the obliquely scattered light, introducing an additional mechanism for light trap-
ping. The scattering that occurs at these surface features can redirect light into thin

film and periodic modes of the absorbing film, exploiting both the periodicity of the
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Figure 4.2. Device structure prototype.

surface texture and the waveguide structure of the device. This examination of the
effect of dielectric surface textures is first focused on the analysis of scattering re-
sulting from regular square arrays of silicon cylinders etched into 220nm-thick silicon
device layer on oxide, and this prototypical structure is used for both simulation and
experimental measurements as illustrated in Figure 4.2.

The incident and scattered light result in a regular interference pattern with char-
acteristics determined by the thickness of the underlying silicon film and the period-
icity, geometry, and dielectric function of the array material. The scattered light sat-
isfies the Bragg condition for constructive interference in a periodic pattern, resulting
in significant enhancement of light absorption centered at the corresponding resonant
wavelengths. This chapter will focus on optimizing the incoupling and absorption of
incident light by minimizing the reflectivity losses and exploiting the periodic and
thin-film waveguiding modes of the silicon film. The potential for incorporating these
design guidelines in a fabricated structure is demonstrated through the use of a novel

fabrication technology and illustrates a significant step towards the development of
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an inexpensive and highly efficienct thin-film silicon solar cell.

4.2 FDTD simulations

Full-field FDTD simulations were employed to predict the light trapping character-
istics of these dielectric arrays and to assist in the analysis of the scattering and
confinement behavior in the absorbing silicon layer. An initial 220nm thick silicon
layer is selectively etched in the simulation structure to produce a pattern of silicon
cylinders on the surface, decreasing the overall volume of the absorbing layer from
that of a flat 220nm silicon film. Using previous simulations of flat 220nm silicon
layers, an optimum thickness of 100nm SiO, for use as an anti-reflection coating was
added as a conformal layer on the surface of the silicon device layer. Periodic bound-
ary conditions are used to simulate a square array of dielectric surface structures, and
optical constants for Ag and Si are the same as those determined previously via ellip-
sometry. A bnm mesh step is utilized in the area that includes the scattering figure.
The wavelength ranges from 400nm to 900nm, where silicon exhibits the largest spec-
tral response, and is simulated as a monochromatic source in 5nm increments. From
these simulations, the correlation between light scattering and absorption in the thin-
film device structure and the dielectric array geometry is examined and mechanisms

for increased light confinement are elucidated.

4.3 Reflectivity and surface geometry

For either thick or thin solar cells, incoupling of light can be maximized by minimiz-
ing the reflective properties of the surface. A bare silicon surface loses close to 40%
of incident light to reflection; for this reason anti-reflective coatings have long been
utilized in the fabrication of solar cells. A SiN, layer with thickness ﬁ has been the
manufacturing standard, decreasing the reflectivity to below 20% when averaged over

the solar spectrum due to destructive interference between the incident and reflected

light [27]. SiN, has an index of refraction that provides good impedance matching
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between air and the underlying silicon, while the low extinction coefficient of this
material prevents unintended absorption in this layer. This technique, however, is
predominantly effective only over a narrow angular range. Various techniques have
been studied to minimize reflectivity over a broader range of angles, including surface
texturizing via anistropic chemical etching [30], and multilayer anti-reflective coatings
using porous silicon or titianium dioxide to create a graded index of refraction [40, 59].
The anisotropic etch approach is a simple fabrication step, but due to the large di-
mensions of the surface features produced with this etch, this technique can only be
applied to devices with films of thickness greater than 10um. A multi-layered struc-
ture minimizes reflectivity by introducing a gradual change in the index of refraction
at the reflection interface. This method is significantly more effective than a chemical
etch but is much more complicated to fabricate. The use of subwavelength dielectric
arrays is suitable for large-scale fabrication due to a recently developed nanoimprint
lithography method, and the approach of this study is to evaluate the reflectivity
properties from dielectric textures to determine the function of array geometry in

determining light scattering behavior attributed to these structures.

4.4 Fabry-Perot modes in 220nm silicon layer

To provide context for the numerous scattering effects produced by this scattering
geometry, this study begins with an initial examination of the modes of a flat film of
silicon without any surface texture added. A flat silicon film will exhibit Fabry-Perot
peaks as the reflected wave interferes with the incident plane wave. The location
of these peaks can be predicted by calculating the wavelength at which the phase

difference between these waves will yield destructive interference,

2
¢ = ;dsm@ (4.1)

Here n is the index of refraction of the silicon layer, d is the thickness of the film,

and O is the incident angle measured from normal incidence. The spectral features
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that result from the interference between the reflected and incident light are evident
when comparing the absorption for a single pass through a silicon absorbing layer
with the absorption for multiple passes, and Figure 4.3 plots the light absorption for
light that passes through 220nm Si once only, compared with multiple passes through
the layer upon reflection at the back interface. Figure 4.3 shows the absorption of a
220nm silicon layer on oxide when light is permitted only one pass through the silicon
and when multiple passes are allowed. The peaks that occur with multiple passes (at
A=420nm,450nm,530nm, and 650nm) can be attributed to this Fabry-Perot effect in

subsequent reflectivity studies.

4.5 Reflectivity with pitch variation for dielectric
arrays

An important parameter in determining the potential for light trapping in thin films
with dielectric surface arrays is the spacing of a periodic array. The variation of this
pitch can not only change the incoupling efficiency of incident light and resonant
modes of the structure, but can also have a significant effect on the anti-reflective
properties of the surface. FDTD simulations were conducted that systematically
varied the pitch of a square array of cylindrical dielectric structures to determine the
effect of pitch on reflectivity. The simulated structure was a base layer of 145nm
silicon on an oxide base, with 75hnm height silicon cylinders, to represent a 220nm
silicon layer etched to produce 75nm height cylinders, and the pitch was varied from
200nm to 600nm (See Figure 4.2). A power monitor was placed above the simulation
structure, and the transmission through this monitor is normalized by the source
power to yield the reflectivity at the surface of the silicon film.

The simulated reflectivity of the arrays with 200nm and 300nm pitch indicates
a significant decrease in reflectivity losses over the majority of the visible spectrum
when compared with an untextured silicon layer. Figure 4.4 plots the reflectivity of

each of these array for comparison to a flat 220nm silicon layer and exhibits strong
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suppression of reflectivity, especially in the shorter wavelength regime. Significant
suppression of reflectivity is observed at wavelengths that exhibit Fabry-Perot reso-
nances in a flat silicon layer, at A=420,450,530, and 650nm. The scattering at the
cylinders suppresses these resonances by perturbing the coherence of the incident
light and the light reflected at the back interface, and consequently the suppression
of reflectivity is most significant at these peaks. The decrease in reflectivity observed
with a 200nm pitch array surpasses that of a 300nm pitch array for much of the visi-
ble wavelength range above A=525nm. This effect can be attributed to the increased
density of scattering cylinders for a smaller pitch, thereby increasing the redirection
of incident light into angles subject to total internal reflection in the silicon film.

To determine the pitch that results in the minimization of reflectivity, the fraction
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of light reflected is weighted by the AM 1.5 solar spectrum to yield a total number
of photons per wavelength reflected at the silicon layer interface. This is then inte-
grated over the visible spectrum and normalized by the total incident light to yield
a net fraction of photons reflected at each pitch. The results of this calculation are
exhibited in Figure 4.5 and indicate that a smaller pitch is ideal for optimizing the
anti-reflectivity properties of these surface arrays. A close-packed array of dielectric
cylinders will allow the maximum transmission of incident photons into the underly-
ing silicon absorbing layer. However, since the silicon layer is an inefficient absorber at
longer wavelengths, incident photons in this range will not produce carriers even with
effective transmission into the silicon film unless methods are employed to increase

the path length of the light within this film. For this reason an optimal anti-reflective
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array pitch exhibits evidence of periodic Bloch modes.

surface may not result in maximum light absorption in the film, and the overall light

absorption with varying pitch therefore must be considered.

4.6 Pitch optimization with total absorption

The periodicity of the surface geometry in these structures is a significant parameter in
determining the characteristics of light absorption in the underlying film. A regularly
periodic dielectric array will produce periodic Bloch modes resulting from interaction
between scattering structures and waveguiding modes of the film, resulting in light
confinement patterns determined by the pitch of the array. By calculating the optical
generation rate in these films using the results of FDTD simulations, the effect of
varying pitch on light absorption over the visible spectrum can be evaluated. Shown
here is the enhancement in optical generation rate of a patterned array over the optical

generation rate in a flat 220nm silicon layer (Figure 4.6).
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The influence of the periodicity of a dielectric array is demonstrated by the exis-
tence of several Bloch modes, indicated by light absorption peaks that change linearly
with pitch. The increasing distance between features and a resulting red-shifting of
the pitch-dependent resonance of the array is indicative of the dependence on distance
between array features rather than the geometry of the individual surface structure.
A decrease in the amplitude of the enhancement peaks is also observed with increas-
ing pitch, indicative of a decrease in the interaction between particles. Both of these
observations indicate strongly the importance of periodicity in the light trapping fea-
tures of these structures. A smaller pitch demonstrates enhancement largely due to
its increased efficiency as an antireflective layer, while for larger pitches a decrease
in performance in the blue portion of the spectrum occurs due to increased reflectiv-
ity. Since the scattering efficiency of these features is higher for short wavelengths,
scattering from an array with a smaller pitch will more significantly decrease the re-
flectivity as the density of the scattering structures increases. A smaller pitch will
also result in an overall increase in scattering due to the higher density of scattering
structures and increased absorbing volume, and broadband enhancement is exhibited
for higher density arrays with pitches from 200nm to 300nm. The interaction be-
tween waves scattered at each Si cylinder results in the creation of resonant modes
at wavelengths at which constructive interference occurs between these wavefronts.
Referring to Figure 4.6, an arbitrary pitch exhibits several modes, indicated by the
intersection of the pitch and the line of the optical generation enhancement peaks.
Specifically, for a 400nm pitch array peaks are observed at A=520nm, 650nm, 700nm,
and 740nm. Each of these wavelengths accesses a different mode of the structure,
and to examine this further a cross section of the optical generation rate through the
structure is presented in Figure 5.8. For A=520nm and 700nm, much of the absorp-
tion is taking place in the silicon cylinder rather than the silicon film, while for the
mode occurring at A=650nm, much of the absorption occurs at the high order mode
within the film. For A=520nm and 650nm, modes of a higher order are exhibited,
while for the lower order mode at A=740nm clear interference between the Fabry-

Perot pattern and the Bloch mode is observed. To evaluate the net absorption with
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Figure 4.7. Comparison of simulated optical generation rate cross

sections for multiple modes found in a 400nm pitch silicon array.

pitch, the optical generation rate in the silicon is calculated and weighted by the AM
1.5 spectrum. The resulting spectra are integrated to determine the total number of
photons absorbed for each pitch and plotted in Figure 4.8. A maximum of absorbed
photons occurs for a 325nm pitch array, despite the high reflection losses calculated
for this pitch. This result illustrates that even though fewer photons are transmitted
into the film for a 325nm pitch array, the modes present in this structure geometry
result in higher absorption of the transmitted light and consequently higher overall
carrier generation. This optimal pitch is dependent on film thickness as the periodic
modes of the array interact with the thin-film waveguiding modes of the silicon film,
and this optimal quantity determined here is applicable specifically to a patterned

220nm silicon film.

4.7 Dielectric arrays as photonic crystals

The periodic structure of these dielectric arrays suggests an additional analysis of

this system in terms of a photonic crystal. Photonic crystals are an optical material
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made by periodically modulating the dielectric constant on a scale comparable to
the wavelength of the interacting light. In analogy to the behavior of electrons in
semiconductors, light propagation in these crystals can be described by Bloch func-
tions, with resulting modes producing photonic band gaps. In principle, this design
has the potential to exceed the 4n? limit previously determined by Yablonovitch for
a randomly textured surface. With isotropic scattering at the surface, the incident
photons are assumed to be redistributed evenly among all the photonic states, giving

a mode density in k-space of (%)3 The net intensity enhancement is given by:

[42]. For isotropic scattering, this calculation yields the predicted 4n? enhancement.
However, this equation illustrates the potential to exceed this limit by increasing the
density of states in the spectral range of interest. In the same manner that a periodic
distribution of electrons gives rise to an electron energy band gap, a periodic array of
dielectric or metal structures results in a range of forbidden wavelengths at which light
cannot propagate; this results in a peak in reflectivity in this band. The interaction
between light and a photonic crystal can be predicted by examining the photonic
density of states in this structure. Analogous to the band structure that results from
the periodic potential of an atomic lattice in a semiconductor, a photonic crystal will
have no available states within the photonic band gap, but a high density of states at
the band edge. The potential for light absorption enhancement in a photonic crystal
lies in the ability to engineer the band structure to optimize absorption in a high-
power portion of the solar spectrum while shifting the photonic band gap outside of
the spectral range of useful light. The location of the photonic band gap in a 2D
photonic crystal structure can be determined using FDTD simulations. Each of the

frequency-dependent modes of the structure can be written as the periodic function:

E(z) = exp(ika)u(x) (4.3)
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Figure 4.9. Photonic band structure for periodic Si array.

where u(x) is a periodic function of x. Randomly oriented dipole sources in this
simulation excite these modes of the structure, and these modes can be identified by
performing a fast Fourier transform (FFT) of the electromagnetic fields versus time.
The dispersion of all the modes within the frequency range of interest, w(k,,oq4e), 18
then plotted in Figure 4.9, resulting in a photonic band structure.

The bandstructure for the dielectric arrays based on the prototypical structure
used in this study was calculated, and the resulting photonic band structure is
presented for wavevector x within the irreducible Brillouin zone of this periodic 2-
dimensional crystal structure. Since additional values of x outside of this zone are
redundant, the entire dispersion can be represented by this reduced range. The re-
sulting plots demonstrate that a photonic band gap does not exist for this structure
geometry in the wavelength range of interest. A very narrow gap is observed for a
200nm pitch array, but the spectral location of this gap corresponds to a wavelength
far below the spectral range of interest for photovoltaics. The lack of a photonic band

gap in the visible spectral range is a fortuitous result since the overlap of a photonic
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band gap with the visible light spectrum would result in a peak in reflectivity due
to the presence of forbidden modes within the gap. While further studies may yield
techniques to exploit the photonic band gap effect by manipulating the geometry of a
dielectric array, these results predict that this structure will not exhibit effects from

this phenomenon.

4.8 Shape of scattering structures

The influence of the shape of the scattering object on the reflectivity at the surface
was next examined. The textured portion of the silicon layer has an effective re-
fractive index between that of air and the underlying solid layer of silicon due to
its modulation between the refractive indices of the two materials, and consequently
could be described as a graded index of refraction. Since such a graded index of
refraction will suppress reflectivity at an interface, the surface geometry was exam-
ined in terms of the effective refractive indices gradient through the dielectric surface
features. Both a pyramidal and cylindrical geometry were simulated in this study;
since the pyramidal structure will provide a more gradual graded index, this geom-
etry may be expected to exhibit a larger suppression of reflectivity compared with
the cylindrical structure, especially at short wavelengths where reflective scattering is
most pronounced. To determine the reflectivity, three varying scattering geometries
were constructed in the FDTD simulation environment representing a close-packed
pyramid surface with a pitch of 400nm and a height of 75nm, a pyramid structure
with a pitch of 400nm, a 200nm base, and 75nm height, and a cylindrical structure
with a 400nm pitch, 175nm diameter, and 75nm height. (Figure 4.10). The close-
packed pyramid represents the most gradual change of refractive index from air to
that of silicon, while the second pyramid geometry represents a more abrupt change
in index. The cylinder represents the least gradual of the structures since it allows
only one intermediate index between air and silicon for the entire thickness of the
structured layer. A decrease in reflectivity at shorter wavelengths is observed for the

200nm pitch pyramid structure compared with the 400nm, close-packed pyramids,
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indicating that the observed anti-reflective properties cannot solely be attributed to
a graded index effect. Most notably, however, a significant decrease in reflectivity at
smaller wavelengths is seen for the cylindrical structure, despite its discrete changes
in index at the interfaces between the surface texture and both the air and the un-
derlying substrate. This phenomenon clearly demonstrates the significant role of the
periodicity of surface arrays in the collection of incident light in these structures. A
reflectivity map over varying pitches reveals peaks in reflectivity for a 400nm pitch
array of silicon cylinders are most pronounced at A=675nm, 750nm, and 775nm and
increase linearly with wavelength as the pitch increases. This corresponds to the three
highest peaks seen for cylinder arrays in the reflectivity versus wavelength plot, and
moreover confirms that this modulation of peaks is a result of periodic modes in the

surface structure.

4.9 Thin-film waveguide modes

The scattering that occurs at the dielectric cylinders on the surface of this thin-
film silicon structure facilitates light absorption by diffracting light into the resonant
modes of the thin film. The periodicity of the scattering geometry, the thickness of
the absorber layer, the dielectric function of the materials, and the wavelength and
angle of the incident light determine the location and intensity of these modes. Due
to the subwavelength thickness of the film, this geometry can support guided modes
and can be studied in terms of a dielectric slab waveguide. A waveguide is a high-
refractive index dielectric material embedded between two lower index materials, in
our structure a silicon layer on an oxide substrate with a 100nm conformal surface
layer as exhibited in Figure ??7. This structure supports both a finite number of modes
guided parallel through the film, as well as an infinite number of evanescent modes

decaying perpendicular to the film. A waveguiding mode must satisfy the condition:

k(2dcos®) — 2® = m(27) (4.4)
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Figure 4.11. Geometry of dielectric slab waveguide.

Here k is the wavevector in free space, n is the wavelength-dependent index of refrac-
tion of silicon, m is a positive integer indicating the mode number, © is the angle of
reflection in the film, and ® is the phase change upon reflection at the boundary of

the film. A propagation constant can be defined as:

n2m

Bm = ksin®,, = Tsm@m (4.5)

If this is described in terms of light travel in one dimension along the x-axis, the
propagation of electromagnetic waves through this structure is described by the wave
equation:

V2 E +kn*E =0 (4.6)

Solutions must be continuous at each of the interfaces between silicon and the oxide

layers and are of the form:
E(z,t) = E(x)exp(i(wt — fz)) (4.7)

where (3 is the propagation constant that represents the phase and decay of the light as
it travels through the film. In each dielectric layer, the propagation can be described
by:

(B + (Kn? — 5°)B(a) = (48
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This equation shows that for kn(Si02)<f<kngi, sinusoidal solutions exist in the
52

silicon layer, since 5-"F(x) < 0, whereas elsewhere the solutions are exponentially
decaying, since 8%2E (x) > 0. These sinusoidal solutions have a periodicity of %” in

the direction of propagation and are defined as the guided modes of the dielectric
structure. Due to the momentum mismatch that exists between the wavevector of
the light incident from free space and the waveguide mode of the silicon film, a means
of providing this additional momentum is necessary for coupling to these modes.
Surface scattering via dielectric cylinders is one means of overcoming this mismatch
by providing the added momentum needed to couple to the waveguide mode from
free space. From Snells Law, the in-plane component of the incident light is given
by kosin® for angle of incidence ©. Additionally, the momentum provided by the
scatterers is equal to 2”7” for a=pitch of the array and n=nonzero integer [93]. This
equation can be used to determine the wavevector(s) of incident light that will couple
into a dielectric slab waveguide for a given angle of incidence. For coupling to the

waveguide modes to occur, this condition must be satisfied:

2mn

kwaveguide) = kosin© + (4.9)

pitch

A method of incoupling must be employed to access these waveguiding modes, and this
is accomplished in this structure through light scattering at the dielectric cylinders.
Incident light is scattered anisotropically when it strikes these cylinders; this light
can be expressed as a plane wave with wavevector ko and angle of incidence ©y. The

angle of travel through the silicon film is determined by Snells law:

n1cos(01) = nycos(Os) (4.10)

If the condition for total internal reflection is satisfied, that is if ©5 exceeds the critical
angle for total internal reflection, the light will then be confined to the waveguide.
Resonant coupling of light to the modes of the waveguide occurs when the wavevector
of the light diffracted at the scattering structure matches that of the guided modes in
the thin film. The number of guided modes that can be supported by this structure
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Figure 4.12. Calculated power density distribution in cross section

for various modes of a 400nm pitch array.

is determined by the thickness of the waveguide, the indices of refraction, and the
wavevector of the incident light. The calculated pattern of light intensity throughout
the cross section of these films reveals the geometry of light trapping in relation to
the dielectric surface features. To highlight the modal nature of this light trapping,
the geometry of several mode orders is illustrated via a cross sectional view of the
power density distribution through the structure (Figure 4.12). The wavelengths rep-
resented in Figure 4.12 reflect the wavelengths that yielded prominent enhancement
peaks for a 400nm pitch array. The distribution at A=740nm is illustrative of approx-
imately a first-order waveguiding mode, with higher order modes evident at A=650nm
and A=520nm, and offers a quantized view of previously observed mode profiles. The

waveguide modes in this SOI structure were further determined by varying the thick-
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thin film waveguide mode coupling.

ness of the thin Si film in FDTD simulations. By applying perfectly matched layer
(PML) boundary conditions in this model, any periodic effects are eliminated and
any features that result from the systematic thickness variation can be attributed to
waveguiding modes. As the thickness increases, the wavelength for which a partic-
ular mode order exists will red shift and additional modes are expected to emerge.
To determine the role of these thin-film waveguide modes on light absorption, the
resulting optical generation rate spectrum is calculated and plotted in Figure 4.13.
In this plot of the generation rate, a thickness of 140nm Si results in peaks in light
absorption at A=500nm, 600nm, and 640nm. As the thickness is increased to 180nm
Si, these peaks shift to A=560nm, 640nm, and 680nm, respectively, with evidence of
an additional mode emerging at A=460nm. These peak locations can be extrapolated

to align with the previously observed peaks in calculated optical generation rate for
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the prototypical structure with a base silicon thickness of 145nm, with peaks exhib-
ited at A=520nm, 650nm, and 700nm, and therefore offer evidence of the waveguiding
nature of this geometry. This plot elucidates the role of a singular scatterer in pro-
viding the additional momentum needed to couple into these modes, apart from any
consideration of array geometry. The scattering of a singular particle will be further
examined by identifying the diameter-dependent spectral features of light absorption

in these films.

4.10 Diameter variation

The use of a dielectric patterned surface allows access to the modes of the thin-film
structure, but analysis of a single scattering object will allow the further examina-
tion of the influence of the geometry and size of a discrete scattering feature. The
influence of the diameter of an individual scattering object is studied to determine
the most effective geometry for light coupling into a thin absorber. When the size
of the surface features is of the same order as the wavelength of light, the light may
interact with the particle with an effective extinction cross section that exceeds its
physical cross section due to the interaction of the light with the modes of the de-
vice structure. The light will either be absorbed or scattered by the surface feature,
and by optimizing the scattering cross section the redirection of light into the ab-
sorbing substrate can be maximized. In contrast to a metal nanoparticle, photon
absorption by a dielectric particle could potentially produce a carrier capable of be-
ing collected at the contacts. However, while some of the carriers generated in the
silicon cylinders may be able to diffuse to the junction for collection, the increased
surface and bulk combination associated with the increased distance to the junction
may prevent efficient collection of carriers from the patterned surface features. Fur-
thermore, efficient collection is less likely for materials with a lower diffusion length,
and if multi-crystalline silicon thin films with a higher density of defects are used,
the maximization of scattering will still result in the most effective light absorption.

This increased scattering will lead to an enhancement of the optical path length both
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by obliquely redirecting incident light and by accessing the thin film modes of the
underlying silicon layer. For these reasons a maximum scattering cross section with
a minimum absorption cross section is desired. To optimize the diameter of these
particles, the Mie approximation is used to calculate the scattering efficiency of a
singular scattering in the same manner used to derive the effective scattering cross
section for Ag nanoparticles in the previous chapter. For simplicity, a Si sphere is
used as the scattering object, with the expectation that the results of this calcula-
tion will yield general insights into the scattering behavior with particle size, as the
behavior of light extinction is expected to change systematically with particle geom-
etry and dielectric environment. The wavelength-dependent scattering cross section
of silicon spheres in a vacuum was calculated using the same dielectric functions used
for FDTD simulations, and a general increase in scattering cross section with size is
observed, as anticipated due to the increase in physical size of the scattering object.

These calculations predict scattering that occurs at a single structure; the interaction
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between these structures is expected to produce significant additional effects in light
confinement in these films. To determine the collective effect of a scattering array,
a 400nm pitch square array of silicon cylinders is studied by varying the diameter
in the electromagnetic simulation environment and examining the resulting quantum
efficiency with diameter. The results of these simulations are plotted as the calculated
enhancement in quantum efficiency over a flat 220nm silicon film in Figure 4.15. The
emergence of resonant modes is clearly exhibited with increasing diameter. A mode
is identified at A=590nm that increases in intensity with increasing diameter, with an
additional mode appearing at A=690nm when the diameter exceeds 100nm; both of
these modes exhibit a constant spectral location and an increase in magnitude with
increasing diameter. For cylinders with a small diameter placed far apart, they can
be described as dipole scatterers, and the interaction between them is dominated by

the interference of these scattered waves with the incident light. For larger diameter

95



x 107

h

P

N
oh N W o h O

o

80 100 120 140 160 180 200
diameter (nm)

—

# of photons absorbed (1l(cn?*s))
w

Figure 4.16. Total photons absorbed in AM 1.5 spectrum with sur-

face cylinder diameter.

cylinders, these features can no longer sufficiently be described as point dipoles, and
instead the shape of the cylinder plays a larger role in determining the scattering
pattern. The relative invariance of the spectral locations of the generation rate peaks
indicates that these modes are a characteristic of the array pitch and independent of
particle diameter; referring to Figure 4.14, the existence of these resonant modes is
confirmed at these wavelengths for a 400nm pitch array. The increase in quantum
efficiency enhancement with increasing diameter is commensurate with the increased
effective scattering cross section of the individual particle, resulting in an increase in
the fraction of light scattered into the film. To optimize the diameter of these arrays,
the calculated quantum efficiency is weighted by the AM 1.5 spectrum and integrated
to yield a total number of photons absorbed for each diameter. The resulting plot
exhibits a systematic increase in photons absorbed with increasing diameter, a result
of the maximized scattering cross section as well as the maximized overall absorbing

volume for larger diameter particles (Figure 4.16). As previously stated, however,
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photons absorbed in the scattering cylinders are less likely to be efficiently collected,
and subsequent electrical simulations and measurements are required to determine the
actual carrier collection to aid in further refinement and optimization of this device

design.

4.11 Angle-resolved spectral response

Most practical installations of solar devices do not include a tracking system that
keeps the incident angle of the sun constant with respect to the absorbing layer.
For this reason, sufficient absorption over a broad range of angles is required for
overall maximization of light absorption efficiency in thin-film cells. The practical
application of dielectric surface arrays for solar cell devices therefore depends upon
the efficiency of light capturing over a wide range of incident angles. The angle-
dependent light absorption is evaluated using FDTD simulations. This plot shows
the enhancement of the simulated optical generation rate over a flat 220nm silicon
layer, with the presence of periodic modes clearly illustrated by the linearly varying
peaks in intensity. Enhancement peaks are illustrated for all simulated angles and are
further evidence of the existence of periodic Bloch modes in this structure. Although
the reflectivity increases with increasing angle, the periodic array still exhibits an
increase in overall light absorption over a flat silicon layer throughout the measured

angular range.

4.12 Fabrication: nanoimprint lithography

A fabrication technique with high resolution is required to realize these periodic di-
electric arrays. While AAO membranes can be used to manufacture relatively uniform
arrays over areas up to lem?, this fabrication method is not practical over larger areas.
In addition, the resulting arrays are not perfectly periodic, and the perturbation of
this periodicity is expected to have a significant effect on the light trapping behavior
in the absorbing film. E-beam lithography can be used for high-resolution pattern
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fabrication, but this technique is impractical for industrial-scale applications. Opti-
cal lithography can be used for high-fidelity pattern formation on an arbitrarily large
scale, but since the resolution of this patterning technique is limited by the diffraction
of light subwavelength features cannot be produced with this method. Nanoimprint
lithography is a technique that has been explored to overcome the scalability and
resolution restrictions presented by other fabrication methods. A method of nanoim-
print lithography has been recently developed at Philips Research that allows for
fully conformal coating of the resist-coated substrate, allowing high fidelity pattern
transfer even for substrates that are not fully planar [86]. First a master pattern is
fabricated on a Si wafer via any standard process, and for this study e-beam lithog-
raphy is employed. A composite PDMS stamp is molded from the master and used
to emboss a substrate coated with resist, allowing the pattern to be transferred and
the master stamp to be reused thousands of times. The method used here, substrate
conformal imprint lithography (SCIL) was developed to allow for high fidelity printing
over wafer-scale areas, even for substrates that are not fully planar. In this method,
the PDMS stamp is a composite of high-modulus PDMS, which defines the nanoscale
features, and low-modulus PDMS, which provides flexibility. The silicone rubber is
then glued to a flexible glass sheet, as illustrated in Figure 4.18. The silicone rubber
is rigid enough that the pattern fidelity is maintained, and the glass is thin enough
that the rubber stamp structure is sufficiently flexible to fully conform to the sub-
strate geometry. The stamp can be used to pattern many different resists, such as
UV-curable photoresists as shown in Figure 4.19, and a silica sol-gel is employed for
the samples fabricated for this study. Substrates are first coated in the sol-gel resist,
then step-wise contact between the rubber stamp and the resist is performed by the
use of a series of pneumatic valves that release in series as the stamp contacts the
substrate. The resist is then cured with the excess solvent diffusing into the stamp,
and the stamp is removed from the hardened resist with the same step-wise motion.
For the structures used in this study, SOI wafers were patterned using this SCIL
method, resulting in an array of subwavelength features embedded in sol-gel pattern

on the surface of the silicon device layer. This surface was then etched using reactive-
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used to emboss a resist-coated substrate. The master stamp can be

reused thousands of times.

100



UV resist curing

—

Figure 4.19. Fabrication steps performed in substrate conformal im-
print lithography (SCIL): a.) Sequential low pressure imprint cycle
and UV resist curing. b.) Sequential stamp release avoids high

forces.

ion etching (RIE) to transfer the array pattern into the silicon device layer, and the

remaining sol-gel layer is removed with an HF-dip (Figure 4.20).

4.13 Fabricated devices

Several different types of arrays were fabricated via SCIL on 150mm SOI wafers with
220nm silicon device layer thickness at Philips Research (Figure 4.21). To elucidate
the role of periodicity in determining light trapping behavior, initial studies focused
on regular square arrays with cylindrical geometry. Cylinder diameters ranging from
75nm to 175nm were patterned, and cylinder heights of 75nm were defined with RIE
after SCIL patterning. Arrays with both 400nm and 500nm pitches were examined.
These various arrays were patterned in 6mm by 6mm squares, and several examples

of each pattern were fabricated to account for any non-uniformity across the wafer.
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Figure 4.20. Schematic of cross section before and after RIE etch

and sol-gel removal. SEM micrographs show representative arrays.
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Figure 4.21. Silicon cylinder arrays fabricated on SOI wafer via

SCIL. Each color represents a 6mm by 6mm array with varying sur-

face geometry.
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To enable electrical measurements, aluminum contacts with a width of 300um were
defined via photolithography and deposited using e-beam evaporation. Each device
area was then defined with a mesa etch using 64HNO3:3NH4F:33H,0, with an ob-
served etch rate of 8nm/s. Several different device areas were fabricated to enable
comparison between measurements across different areas to ensure consistency be-
tween measurements by accounting for the sheet resistance of the patterned silicon

film.

4.14 Spectral response measurements

The photoconductivity of fabricated devices was determined by evaluating the change
in sheet resistance resulting from illumination. Devices were inserted into a circuit
board and mounted on a motorized post that allows the angle of incident light to be
systematically varied. A supercontinuum laser was used as the light source to obtain
a continuum of wavelengths from A=400nm to 900nm. Signal-to-noise optimization
was obtained through the use of an optical chopper wheel and lock-in amplifier, and a
5V bias was applied across the sample contacts to enable carrier collection. A fraction
of the incident light is redirected via a half-mirror to a reference diode, allowing the
measurements to be normalized to the input spectral power density. The photocon-
ductivity measurement results are then normalized and compared to the simulated
quantum efficiency calculations obtained through FDTD device modeling. Angle-
resolved measurements were conducted by controllably tilting the sample through
an angle range of 0° to 26°. First examining a regular, periodic array of 400nm
pitch cylinders with a 175nm diameter, linearly varying peaks in photoconductivity
are observed with angle variation. These peaks are evidence of the Bloch modes at-
tributed to the periodicity of the array, and their location corresponds approximately
to the modes predicted by FDTD simulations presented previously (Figure 4.22).
However, while these measurements demonstrate distinct modes indicative of the ef-
fect of periodicity on light interference and trapping, the spectral location of these

modes deviates slightly from those predicted by FDTD simulations. Additionally,
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the photoconductivity measurements exhibit several additional modes not predicted
by simulation. The additional modes and spectral shifting may be a result of the
variation in shape between simulated and fabricated structures; actual structures
fabricated with SCIL are rounded squares, while the simulated structures are per-
fect cylinders. To test this assertion, an image obtained from a high-resolution SEM
micrograph was imported into the simulation environment, and the resulting optical
generation rate was compared with that of a perfectly cylindrical array (Figure 4.23).
This plot of the normalized optical generation rate for both the realistic structure
recreated from the SEM micrograph and the perfectly cylindrical structures exhibits
general overall agreement, but shifts are evident for the peaks that emerge between
A=400nm to 500nm, and A=700nm to 800nm. In addition, a more prominent peak is
observed for the fabricated structure around A=660nm, and this features corresponds
to an additional mode observed at this wavelength in the angularly-resolved plot of
the measured photoconductivity. Despite these discrepancies, however, the general
behavior of light absorption is consistent between simulation and measurement. Most
significantly, the evidence of resonant Bloch modes exhibited by the spectral response
measurements confirms the light trapping behavior predicted by FDTD modeling and
highlights the sizable influence of periodicity in determining light absorption charac-

teristics from a dielectric array.

4.15 Comparison of Ag vs. Si arrays

The wavelength-dependence of scattering, reflection, and absorption enhancement for
silicon thin films with subwavelength surface arrays differs dramatically with the ma-
terial used for the scattering array. While metal nanoparticles produce a localized
surface plasmon that results in significant near-field enhancement of light intensity
in the thin film substrate, dielectric materials will not produce this effect. However,
parasitic losses and the higher reflectivity that results from metal nanoparticles on
the surface of the absorbing layer result in a decrease in light absorption. The scat-

tering cross section, reflectivity, and optical generation rate enhancement of both
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Angle-resolved spectral response measurement: 400nm pitch array
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Figure 4.22. Comparison of measurement and simulation results for

angle-resolved light absorption for a 400nm pitch silicon array.
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Figure 4.23. a.) SEM micrograph imported for FDTD simulation.
b.) Idealized structure used for initial simulation. c.) Comparison

of calculated EQE for realistic vs. ideal surface structures.

types of arrays are compared to determine which material offers the greatest poten-
tial enhancement in light absorption when used in conjunction with thin-film silicon
absorbing layers. For similar geometries, the difference in effective scattering cross
section relies on the dependence of the dielectric functions on the polarizability of the
material used. Again assuming a point dipole geometry and utilizing the mathemat-
ical expressions derived from the Mie approximation, scattering efficiencies of Si and
Ag spheres are compared. The enhancement of the effective scattering cross sections
for 150nm diameter spheres throughout the spectral range of interest are calculated
and presented in Figure 4.24. Prominent peaks in cross sectional area are exhibited
for silicon spheres at A=500nm and A=620nm, while a general large enhancement ex-
ists for silver spheres at short wavelengths; these peaks predict the spectral location
of increased scattering into the underlying silicon film and are expected to increase
with increasing diameter. To further evaluate the influence of particle diameter on
scattering from both of these materials, FDTD simulations were conducted for ar-

rays with a constant 400nm pitch and diameters varying from 50nm to 200nm. The
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Figure 4.24. Comparison of calculated scattering cross section en-

hancement for Ag and Si spheres in free space.

enhancement in quantum efficiency was then plotted for all diameters and plotted in
Figure 4.25. A general increase in light absorption is observed with increasing diame-
ter for both materials, with wavelength-dependent peaks exhibiting a slight red-shift
with increasing diameter. In addition, the Ag array exhibits an area of significant
enhancement in the quadrant with the largest wavelength and smallest diameter par-
ticles due to the resonant plasmonic nature of these metal nanoparticles. Since a flat
silicon film does not efficiently absorb light at longer wavelengths, a large potential
for enhancement exists in this portion of the spectrum and is evident in the dramatic
increase in quantum efficiency enhancement at longer wavelengths for both types of
scattering material. In general, the increase in quantum efficiency enhancement with
increasing diameter is indicative of the larger effective scattering cross section, and
the peaks around A=500nm and A=620nm for a 150nm diameter silicon cylinder array
correlate well with the peaks in effective scattering cross section for silicon spheres
plotted in Figure 4.24. Despite a slight red-shifting with increasing diameter, the
spectral location of resonant enhancement peaks remains relatively constant across

the entire diameter, a signature of the presence of Bloch modes that shift only with
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Figure 4.25. Comparison of calculated quantum efficiency with vary-

ing diameter for a.) Ag and b.) Si arrays.
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pitch. To illustrate the dependence of light trapping characteristics on array peri-
odicity for both metal and dielectric scattering arrays, the quantum efficiency with
varying pitch is plotted for both materials in Figure 4.26. While both Ag and Si
arrays exhibit linearly varying peaks in quantum efficiency with increasing pitch, Si
arrays yield a higher intensity in these resonant modes. Ag arrays, conversely, show
more invariance in the spectral location of absorption enhancement with pitch vari-
ation, an indication that enhancement from these structures can be attributed more
to the diameter of the particles and the existence of resonant modes due to individual
particle size and geometry rather than the periodicity of their distribution. In addi-
tion, as the pitch of a Si array increases, the intensity of light absorption decreases,
while the Ag array exhibits a relative invariance in enhancement amplitude through-
out the range of pitches considered in this study. As the diameter of the scattering
object increases, more metal coverage from the Ag scattering array is expected to
result in an increase in reflectivity from the surface. Consequently, a silicon array is
predicted to yield greater enhancement than a silver nanoparticle array at these larger
diameters. To test this prediction, the antireflective properties of both metal and di-
electric arrays are calculated from FDTD simulation results. These calculations for
a 400nm pitch array of 150nm diameter scattering objects are plotted in Figure 4.27.
Evidence of Fabry-Perot resonances are evident for both a flat silicon layer and a thin
film decorated with an Ag array, while the Si array exhibits a suppression in reflec-
tivity over much of the measured spectral range. The overall integrated reflectivity is
significantly reduced with periodic dielectric patterning of the surface, and the results
of this study assert that appropriately textured silicon is an effective anti-reflective

surface for this device structure.

110



g a.) Ag array

40 7
6
_.500
£ 5
=
£ 600 4
=)
&
< 700 3
>
g =2
800
1
900 s . 0
200 250 300 350 400
pitch (nm)
2
T 1.5
E
=
= =1
(7]
o
>
©
2 0.5
200 300 400 500 600 0
pitch (nm)

Figure 4.26. Comparison of calculated quantum efficiency with vary-

ing pitch for a.) Ag and b.) Si arrays.
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Figure 4.27. Comparison of calculated reflectivity spectra for 400nm

pitch arrays of Ag and Si structures on Si substrate.

4.16 Summary of light-trapping characteristics of

Si cylinder arrays

Periodic dielectric arrays patterned on silicon films have been evaluated with both
simulations and measurements and have exhibited enhanced light absorption across
the visible spectrum when compared with flat silicon films without patterning. The

periodicity of the arrays produces resonant modes that result in enhanced light ab-
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sorption in the underlying silicon by constructive interference patterns, and a large
potential exists for manipulating the surface geometry to optimize these resonant
modes. In addition to these periodic modes, the scattering from these dielectric sur-
face features allows incident light to access waveguiding modes of the silicon film. The
combination of both of these effects results in overall enhancement that is optimized
for large diameter surface cylinders spaced at either very small or very large pitches,
with the maximum overall enhancement for features impinging on one another due
to the increased scattering as well as the maximized overall volume of absorbing ma-
terial. In general, the dielectric arrays exhibit substantially larger enhancement over
similar Ag arrays, and this phenomenon is attributed to an increase in reflectivity and
parasitic absorption with metal arrays. Practical application of these observations is
enabled by recent developments in large-scale nanoimprint lithography, and future
work in this area should include large-scale device fabrication and further optimiza-
tion of antireflective properties of periodic arrays by adding an additional dielectric
coating, such as SiN or a-Si. In addition, the potential for using multi-crystalline
silicon in this type of geometry should be evaluated and will be highly dependent on

the diffusion length of carriers generated in the dielectric surface cylinders.
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Chapter 5
Scattering and Light Confinement from

Ordered vs. Random Dielectric Arrays

5.1 Manipulation of light absorption enhancement
with aperiodic structures

In the previous chapter the resonant modes of a periodic dielectric array and the
effect of such arrays on patterns of light confinement in the thin film substrate were
examined. The peaks in light absorption enhancement were observed to be highly
angle-dependent and span a relatively narrow spectral rang, and an increase in the
distribution of these peaks over a higher portion of the solar spectrum is desirable
for further optimization of light trapping over the entire spectral range. One means
of accomplishing this is by perturbing the periodicity of the dielectric patterning,
thus widening the peaks of light absorption enhancement that result from the reso-
nant Bloch modes of the surface geometry. Experimental comparison of random and
periodic arrays previously conducted with arrays of metal nanoparticles exhibit this
broadening with disorder, but this effect coincides with a significant decrease in en-
hancement peak intensity [11]. Additional materials and surface geometries have also
been studied to determine the light trapping potential for these constructs and con-
firm the significant angle-dependence observed in this study. Zhou, et al., examined
2-dimensional periodic structures on a-Si:H and demonstrated a theoretical enhance-
ment in photocurrent beyond the Lambertian limit for a restricted wavelength range

[39]. Using a 1-dimensional grating structure, Lee, et al., also observed enhancement
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in light absorption over a narrow wavelength range in the infrared [24]. Sheng, et al.,
studied the light trapping characteristics of pyramid structures and again observed
enhancement in the infrared that is heavily dependent upon the angle of incidence
[37]. A perturbation of the periodicity of grating structure is necessary for achieving
angle invariance, and an isotropic angular response was achieved experimentally by
Ferry, et al., for a-Si:H thin film solar cells with conformal deposited layers over a
pseudo-random patterned metal back structure [36]. The issue of random versus pe-
riodic structures was addressed also by Lim, et al., in a study of metal nanoparticles
on the surface of the absorbing layer, with the observation that random arrays exhibit
photocurrent enhancement over a broader wavelength range [11]. Often this observed
peak-broadening is accompanied by a decrease in peak intensity, however. The goal
of this study is to determine the overall potential for enhancement in light absorp-
tion using periodic and aperiodic dielectric structures by evaluating the photocurrent
over the entire spectrum of interest, with the goal of developing more general design

guidelines for optimizing the light trapping in thin-film silicon solar cells.

5.2 Incremental increase in disorder

To systematically determine the effect of lattice perturbation in these dielectric ar-
rays, an initial array of 9 cylinders is constructed as a base structure for FDTD
modeling. The degree of disorder is increased first by perturbing one silicon cylinder,
then the cylinders are perturbed by a randomly generated amount between 0 and
50nm. The regular array represents a 400nm pitch arrangement of silicon cylinders
of 75nm height and 175nm diameter, and all the following perturbed arrays represent
the same cylinder geometry and density over a 3 cylinder by 3 cylinder area. The
surface geometry used for FDTD simulations is depicted in Figure 5.1. In this manner
the degree of perturbation is increased while maintaining a constant density of scat-
terering structures on the surface. All arrays are simulated with periodic boundary
conditions with the same power monitor locations used previously to determine the

absorption and reflectivity in the silicon film.
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Figure 5.1. Incremental variation of nine-cylinder pattern. Quan-

tum efficiency is calculated from simulation results and demonstrates

peak shifting and suppression with increasing degrees of disorder.

Peaks in quantum efficiency characteristic of periodic Bloch modes are evident in
the plot for the 500nm pitch array, for example at A=520nm, 600nm, 760nm, 820nm,
900nm, and 1060nm. When one cylinder is shifted, a decrease and broadening in
amplitude is seen for several of the peaks, while a shift in location is seen for others.
Namely, a decrease and broadening for the peaks at A=600nm, 820nm, 900nm, and
1060nm is observed, with a blue-shifting of the resonance peak at A=760nm. The
shift is due to a deviation in the spectral location of the modal resonance, while the
decrease and broadening is due to a perturbation of the coupling to these modes. As
the disorder is further increased by perturbing all of the cylinders by 50nm, these
peaks are further suppressed and broadened. While peak broadening is desirable to
access a greater fraction of the spectral range, the accompanying decrease in enhance-
ment peak magnitude detracts from the overall total light absorption, necessitating

further evaluation of the total integrated carrier generation with varying degrees of
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disorder in the arrays of surface features. Therefore an examination of the integrated
carrier generation is necessary to determine the relative performance of each of these
distributions. To evaluate the overall effectiveness of each of these surface arrays,
the net photon absorption is calculated by weighting the quantum efficiency by the
AM 1.5 spectrum and integrating over the spectral range to yield a net number of

absorbed photons.

5.3 Long-range disorder

To further probe the effect of array distribution on overall light intensity enhancement
a pattern with an intermediate level of disorder was simulated and fabricated for mea-
surement. Using a penrose pattern, the effect of long-range disorder in comparison
with the short-range disorder of a truly random array can be investigated. A penrose
pattern is characterized by a lack of translational symmetry and a long-range corre-
lation length; a simulation area of 2 um by 2um is used to ensure a sufficiently large
field to avoid significant effects from periodicity resulting from the use of periodic
boundary conditions. The array is generated such that the overall density of scatters
remains consistent between the arrays being compared, and the results presented here
represent the density equivalent of a 500nm pitch array. The quantum efficiency was
calculated from these simulation results and is presented with the calculated quantum
efficiencies of both a flat 220nm silicon layer and a periodic 500nm pitch array for
comparison in Figure 5.2.

While the flat layer and the penrose surface track very closely, some peak shifting
is observed (A=440nm-450nm), a peak emerges for the penrose array around A=460,
and general perturbation due to surface scattering is evident between A=500nm and
A=600nm. By weighting the quantum efficiency by the AM 1.5 spectrum and inte-
grating, a total number of absorbed photons can be calculated. This total is divided
by the net total of incident photons to yield an overall quantum efficiency of 10.35%
for a flat silicon layer and 10.55% for the penrose patterned surface. This increase in

quantum efficiency with patterning is accompanied by a decrease in overall absorber
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Figure 5.2. Calculated quantum efficiency comparison of long-range

disorder (penrose) with periodic dielectric arrays.

volume, highlighting again the significant role of surface geometry in light absorp-
tion. Most notable in this plot, however, is the increase in quantum efficiency with
a periodic surface array, which results in an overall integrated quantum efficiency of
21.48%, a large increase over both the flat layer and penrose arrays over the majority
of the spectral range of interest. This plot exhibits both evidence of periodic modes,
indicated by several sharp peaks, and broad enhancement in the short wavelength
range, where the increased scattering at these wavelengths works in tandem with
coupling to the thin film modes of the structure. The previous chapter demonstrated
the dependence of light trapping enhancement on the angle of incident light for a
periodic array, as exhibited by distinct Bloch modes. One of the potential advantages
of a random array of scattering structures is the expected angle-invariance of light
trapping, avoiding a decrease in light absorption at oblique angles and ensuring more
consistently performing devices. To evaluate the angle-dependence of light trapping

with a penrose array, the quantum efficiency of the penrose array structures was cal-
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culated for ©=0° to 25° (Figure 5.3). The density of scatterers used in this FDTD

0.9
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Figure 5.3. Calculated angle-resolved quantum efficiency for pen-

rose array.

simulation is identical to the density used for the calculations presented for periodic
arrays, allowing a reasonable comparison between varying degrees of disorder without
altering the volume of scattering material. The largest quantity of light absorption is
observed at very short wavelengths, and this absorption is relatively angle-invariant
(Figure 5.4). These short wavelengths are more sensitive to the scattering cross sec-
tion of the individual surface structures rather than the periodic modes of the overall
array; the density of the scattering structures in this range is a more significant factor
in determining light trapping characteristics than the geometry of the array. No dis-
tinctive modes are evident as the angle is varied, in contrast to the angle-dependent
light absorption for a periodic array (Figure 5.4). In addition, this array geometry
shows relative angle-invariance in this range, with less than a 25nm blue shifting in

the spectral location of features as the angle increases from 0° to 25°.

120



400

[$))
o
o

[+2]
(=]
o

wavelength (nm)

-30 -20 -10 0 10 20 30
angle (degrees)

Figure 5.4. Calculated angle-resolved quantum efficiency for peri-

odic array.

5.4 Penrose array: angle-resolved spectral response
measurement and simulation comparison

To verify these simulation results, a penrose patterned surface was fabricated via
SCIL on an SOI structure for photocurrent measurements using the method outlined
in Chapter 4, with the resulting structure illustrated in Figure 5.5, accompanied by
that of a regular periodic array in profile. Each of these patterns depicts one 6mm
square of the patterned SOI wafer in this image. The calculated reflectivity of both a
penrose and a periodic array are depicted in this plot, with significantly lower reflec-
tivity exhibited by a periodic array over the majority of the spectrum. Photocurrent
measurements were conducted on the fabricated devices, and Figure 5.6 depicts the
results of both spectral response calculations and measurements for a penrose array.
Both measurement and simulation results exhibit modulation with changing angle.

Since the simulation has a periodicity of 2um due to the boundary conditions placed
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Figure 5.5. Fabricated periodic and penrose arrays on SOI wafer via

SCIL.

on the structure model, and the measured penrose array has longer range disorder,
these modulation effects are attributed to the influence of feature diameter. Reso-
nant modes and increased effective scattering cross section in an individual structure
causes a systematic change in light absorption with changing angle in both measure-
ment and simulation. In addition, both of these plots exhibit enhancement at short
wavelengths across all angles, a result of the significant increase in scattering efficiency
in this range. The slight suppression seen at short wavelengths in the photocurrent
measurement is attributed to inefficient collection of carriers generated in the scat-
tering features due to the increased path length to the device contacts; the quantum
efficiency for the simulated structure represents a maximum in that it assumes total
collection of generated carriers, and as such does not reflect this suppression in car-
rier collection. Another inconsistency is observed for normally incident light for long
wavelengths (A>650nm). This could be a result of a decrease in scattering efficiency

for the imperfect fabricated structure due to a loss in feature definition, and this effect
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Figure 5.6. Comparison of simulation and measurement of spectral

response for penrose array.

would be most significant at longer wavelengths where oblique scattering is required

to achieve photon absorption.

5.5 Random dielectric arrays

To test this assumption, an array with a pseudo-random distribution is simulated
to determine the effect of the net density of scattering features on light trapping in
these structures. In this case any periodic effects will be obscured by a randomly
generated distribution and by simulating over a sufficiently large area (2um by 2um).
The resulting simulation configuration reproduces the same net density of surface
features as the simulation areas used for the periodic and penrose structures. The
plot of light trapping with randomly distributed structures demonstrates significantly
less reliance on incident angle when compared with the penrose array. The same peak

in enhancement is observed around A=450nm over all angles, and this is attributed
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to the resonant scattering related to the diameter of an individual particle and is

therefore angle invariant.

5.6 Random distribution and size

To further highlight the effects of increasing disorder, a randomly generated distribu-
tion of silicon cylinders with varying diameters of 75nm, 100nm, and 125nm was sim-
ulated and fabricated via SCIL. The calculated reflectivity of this array is compared

with that of a flat silicon layer and a periodic array in Figure 5.7. The reflectivity of
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Figure 5.7. Reflectivity spectrum for flat 220nm Si, periodic array,

and array with random size and distribution.

both the periodic and the random array is less than that of a flat silicon layer over
the majority of the spectrum of interest. The periodic array suppresses reflectivity
more effectively than a random array between A=400nm and 550nm but surpasses
that of a random array for a range centered around A=600nm. To determine the net

anti-reflection performance of these arrays when implemented in solar cell devices, the
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calculated reflectivity was integrated over the solar spectrum. The resulting calcula-
tion yields a net number of photons reflected, which is divided by the total spectrum
to give a percentage reflection. The results of this calculation are noted on the re-
flectivity plot in Figure 5.7. The behavior of this array with an additional degree of
disorder is evaluated over a range of angles calculating the quantum efficiency with

incident angle. The results of this calculation are presented in Figure 5.8. In contrast

==( degrees
==20 degrees

200 500 600 700 800 900 1000 1100
wavelength (nm)

800

wavelength (nm)
©
[=]
S

-20 -15 -10 -5 0 5 10 15 20
angle (degrees)

Figure 5.8. Calculated angle-resolved quantum efficiency for array

with random size and distribution.

to the angle-resolved spectral response of periodic or quasi-periodic arrays, a random
distribution exhibits relative angle-invariance across the visible spectrum.

As angle-resolved EQE results demonstrate, the calculated quantum efficiency
of this device structure is highly wavelength-dependent. To maximize overall light
trapping, the calculations must also account for the spectrum of incident light. The

total integrated quantum efficiency was calculated for a range of incident angles by
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weighting the calculated EQE by the AM 1.5 spectrum and normalizing the result:

IEQE * PAM1.5d)\
J ParrisdX

net EQE = (5.1)

The results of these calculations are plotted in Figure 5.9 for a 400nm pitch periodic
array and a penrose array.
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Figure 5.9. Comparison of total integrated EQE with varying angle

of incidence for penrose and periodic arrays.

The shape of these plots differs significantly, with the periodic array exhibiting
an integrated quantum efficiency that is highly dependent on the angle of incidence,
while the penrose array is relatively flat across the range of angles calculated. This
demonstrated angle-invariance of the penrose array helps to ensure consistent device
behavior through a range of incident light angles, but the total light trapping that
results from scattering from this array is significantly less than the light trapping from
a periodic array. The overall calculated and integrated EQE is almost twice as large

for a periodic array; a periodic array exhibits a quantum efficiency larger than 0.74
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throughout the angular range of interest, while the penrose array does not exceed 0.44
quantum efficiency in this same range. Also notable is the overall increase in quantum
efficiency for both arrays as the incident angle is increased, indicating that more light
is scattered at an angle sufficient for total internal reflection within the silicon thin
film. Additionally, the periodic array shows a minimum in integrated EQE around an
incident angle of 12° while the penrose array shows linear angle dependence. In the
previous chapter a similar dependence on pitch was noted for a periodic array, with a
clear minimum in quantum efficiency evident for a 325nm pitch array; as the angle of
incident light increases the effective pitch of the array will concurrently increase, and
the minimum in integrated EQE exhibited here correlates well with the minimum in

EQE with pitch previously observed.

5.7 Summary of light-trapping characteristics of
pseudo-random arrays

The objective behind increasing the degree of disorder in a scattering array is to in-
crease the overall integrated light absorption across the entire solar spectrum, broad-
ening peaks caused by light trapping from periodic and waveguiding modes of the
thin-film structure. Additionally, the performance of these devices is ideally angle-
independent to ensure consistent performance. Random arrays have demonstrated
these achievements both in simulation and measurement. However, the magnitude
of light trapping is severely diminished as a result of this perturbation and dilution
of the resonant periodic modes. Calculations that total the net number of photons
absorbed over the AM 1.5 spectrum reveal a significantly larger enhancement for
regular, periodic dielectric array, with steadily decreasing light absorption concur-
rent with increasing degrees of disorder. Despite the spectrally narrow enhancement
peaks exhibited by periodic arrays, their performance dramatically exceeds that of

perturbed arrays when incorporated on the surface of thin-film silicon.
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Chapter 6

Conclusions and Future Work

Inexpensive fabrication methods and effective light trapping are requisite for thin-
film silicon solar cells to attain cost-competitiveness in the global energy market. To
realize highly efficient cells at minimal cost, HWCVD has been examined as a scal-
able and inexpensive deposition method of fabricating high quality thin-film silicon
layers. Highly crystalline films have been grown on soda lime glass substrates by
introducing additional hydrogen during growth, despite the absence of an epitaxial
template. P-n junctions have been realized at the interface between two HWCVD
layers; however, the doping level achieved for n-type films is insufficient for optimal
solar device performance, indicating the need for alternative deposition methods for
emitter layer fabrication. In addition, crystalline thin-film silicon devices have been
fabricated using SOI templates and electrically characterized to determine a realistic
optimal performance expected from HWCVD silicon devices. Due to complications
with contact formation, accurate characterization of these devices was inhibited, and
detailed insight into the photovoltaic properties of these films was not possible. To
isolate the optical and electrical properties of the silicon film from the added con-
volution of device fabrication, FDTD simulations were employed to determine the
optimal expected optical characteristics of a thin-film device structure and to exam-
ine the potential of surface structures for increasing light absorption in these films.
The results of these simulations were used to guide the design of surface arrays.
Various surface structures were examined by modeling SOI structures with 220nm-
thick silicon device layers and decorating the surface with nanoparticle arrays of both
metal and dielectric material. The goal of these calculations was to gain insight into

the potential for scattering structures on the surface of a thin-film silicon solar cell to

129



increase the fraction of incident light redirected laterally into the film, thus increasing
path length and absorption. Through examining the scattering cross section, Bloch
modes, thin-film waveguiding modes, and plasmonic near-field enhancement resulting
from these surface arrays, this study finds significant enhancement in light capturing
with these structures.

The reflectivity and quantum efficiency were calculated using electromagnetic
modeling results for both Ag and Si nanoparticle arrays. For metal nanoparticles,
large enhancement in light intensity in the film is observed even with a close-packed
array; this enhancement occurs despite the increase in reflectivity that accompanies
an increase in metal coverage and clearly demonstrates the large enhancement in
effective cross-section with these particles. This effect is observed primarily for parti-
cles with diameters greater than 150nm due to the increased light interaction from a
larger effective scattering cross section. A systematic varying of the pitch of regular
Ag arrays reveals Bloch modes that shift linearly with pitch size, and these results il-
lustrate the potential for maximizing light absorption by shifting the spectral location
of enhancement maxima to higher-power portions of the solar spectrum. The realiza-
tion of Ag nanoparticles is enabled by a scalable fabrication technique using anodized
aluminum oxide membranes as a porous template for through-hole deposition. By
adjusting the fabrication parameters, these templates can be produced with a wide
range of pitches and particle size to satisfy the optimal device surface geometry. The
spectral response of fabricated devices is measured and exhibits a 10-fold increase in
carrier generation over devices measured without metal surface arrays.

Since a solar device with metal nanoparticles on the surface is subject to increased
losses from reflectivity and parasitic absorption in the metal, dielectric arrays were
explored to circumvent these issues and evaluate their potential for producing similar
periodic and waveguiding modes in thin-film silicon. Silicon structures on the surface
of a thin-film silicon layer were both modeled and measured and show a large en-
hancement in light absorption when compared with absorption in a flat silicon layer.
Structures were fabricated with SCIL, a scalable method of producing arrays with

high fidelity, and angle-resolved spectral response measurements show good agree-
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ment with simulation results. The pattern of enhancement peaks is attributed to
Bloch modes, indicating a significant dependence of the light trapping characteristics
on the periodic nature of the dielectric array. The pitch of a dielectric array was
optimized for this device structure at 325nm for an array of 150nm diameter cylin-
ders by weighting by the AM 1.5 solar spectrum, a result that is highly dependent
upon the thickness of the silicon absorbing layer due the interaction between Fabry-
Perot modes, thin-film waveguiding modes, and periodic Bloch modes. Additionally,
suppression of reflectivity over both that of a metal array and a flat silicon layer is
illustrated by these simulations. Light absorption is also observed to increase with
increasing diameter, an effect that is attributed to an increase in overall absorbing
volume since carriers generated in the scattering structures of a silicon array may
contribute to the overall photocurrent of the device. To examine the potential for
aperiodic arrays to broaden absorption peaks, systematically increasing degrees of
disorder were introduced to the dielectric arrays. Both spectral response measure-
ments of fabricated structures and FDTD modeling calculations reveal a decrease
in light absorption with increasing disorder, reinforcing the conclusion that periodic
arrays of dielectric materials have the greatest potential among the surface structures
examined in this study for maximizing light trapping in thin-film silicon solar cell
devices. These results outline the design parameters necessary for optimizing regu-
lar arrays, with the performance shown to be highly dependent upon array pitch for
a given absorber thickness. The spectral location of light absorption enhancement
is determined by the interaction between periodic scattering modes and thin-film
waveguiding modes, and the results presented in these chapters outline a method for
optimizing the light absorption spectrum by varying these parameters.

In summary, the incorporation of sub-micron surface structures on thin-film silicon
has resulted in a dramatic increase in light absorption due to decreased reflectivity
and increased light trapping enabled by the scattering characteristics of these sur-
face structures. While both metal and dielectric arrays demonstrate this result, the
use of periodic dielectric cylinders yielded significantly more enhancement in light

absorption in the silicon film. Recently developed fabrication techniques provide an
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opportunity for incorporating these structures on a large scale, and the utilization of
such structures on thin-film silicon grown via chemical vapor deposition is a promising

method for achieving inexpensive and highly efficient solar cells.

6.1 Future Work

6.1.1 Exploration of parameter space for design optimization

This thesis has demonstrated the existence of an optimal pitch for a given silicon
thickness, feature height, and feature diameter. However, the SCIL method allows
for full control of device geometry, permitting a much larger parameter space for
optimization. Future work with this approach should therefore employ methods of
exploring this parameter space. Based on the results presented in this thesis, the
pitch of a scattering dielectric array is expected to have a more significant influence
on light trapping characteristics than the diameter. However, the resonant Bloch
modes may be shifted by the particle size

The significant role of the pitch of a scattering array has been demonstrated with
enhancement peaks that systematically vary with varying pitch or angle of incident
light. However, a dependence on diameter has also been observed, and the presence of
individual resonant modes in each scattering structure is predicted to play a coopera-
tive role with the array geometry in determining the overall light scattering behavior.
The resonant behavior of light interaction with a sub-wavelength sphere has previ-
ously been studied and described in terms of whispering gallery modes, where the
light waves are totally internally reflected and focused by the surface of the sphere
[19, 38]. These studies exhibit the potential for tunable light absorption enhancement
in a silicon substrate using resonant dielectric surface structures, and this optimiza-
tion of this effect could greatly increase the potential for increased light trapping. In
addition, the description of a periodic array of dielectric scatterers can be described
as a two-dimensional photonic crystal (see Chapter 4), and further studies of pitch

and scattering geometry could reveal an optimized design for tailoring the photonic
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band structure, thereby increasing the available photonic states in optimal ranges of
the solar spectrum [3, 53]. While this large parameter space illustrates an immense
potential for optimization of scattering structures, the exploration of this parameter
space presents a computational challenge and will require significant computing power

to predict the optical behavior with each of these parameters.

6.1.2 Alternative methods for fabricating planar device-quality

thin-film silicon

While the study of dielectric scattering structures presented in this thesis addresses
their use on single-crystalline silicon layers, the useful application of this light trap-
ping method lies in its incorporation in cheaply fabricated thin-film silicon layers.
We have presented such a method, HWCVD, as a potential technique for depositing
device-quality layers. However, this method can result in a pore-permeated structure
along with a high degree of surface roughness. While the SCIL method of nanos-
tructure fabrication can be applied to non-planar surfaces, the resonant modes would
likely be dramatically suppressed without a sufficiently ordered base surface structure.
For this reason future work on the incorporation of dielectric structures on thin-film
silicon solar cells should investigate the use of alternative fabrication methods to
produce silicon thin films with a more highly planar surface. Previous research has
investigated the use of an epitaxial lift-off technique to manufacture thin-film silicon
layers [4, 70, 91]. This method induces thermal stress in a bulk silicon structure by
applying a material with a different thermal expansion coefficient to the surface of a
silicon substrate and subsequently cooling the structure. This thermal stress results
in a propagating crack, and by carefully controlling the temperature, this crack can be
propagated laterally through the film, resulting in a separated thin layer that can then
be removed by the use of a selective wet chemical or vapor etch. The stress-damaged
layer of the separated film is then removed, resulting in a silicon film that is fully pla-
nar and ideal for patterning with SCIL to produce dielectric surface structures. The

remaining silicon substrate can be reused, resulting in very high materials utilization,
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and the efficacy of this method has been demonstrated on films with surface areas
up to 50 cm? [4, 70, 91]. By exploiting this epitaxial lift-off method with the SCIL
technique, devices that are closely similar to the simulation structures used in this
thesis can be fully realized. By further optimization of the scattering array geometry,
an enhancement in light trapping efficiency can be expected to exceed those predicted
and measured for the specific geometries explored in this thesis, demonstrating the
significant potential for carefully structured thin-film silicon photovoltaic devices to

offer dramatic increases in light absorption and current generation.
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