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ABSTRACT

In this thesis, a novel silica nanosphere (SNS) lithography technique has been
developed to offer a fast, cost-effective, and large area applicable nano-lithography
approach. The SNS can be easily deposited with a simple spin-coating process after
introducing a N,N-dimethyl-formamide (DMF) solvent which can produce a highly close
packed SNS monolayer over large silicon (Si) surface area, since DMF offers greatly
improved wetting, capillary and convective forces in addition to slow solvent evaporation
rate. Since the period and dimension of the surface pattern can be conveniently changed
and controlled by introducing a desired size of SNS, and additional SNS size reduction
with dry etching process, using SNS for lithography provides a highly effective nano-
lithography approach for periodically arrayed nano-/micro-scale surface patterns with a
desired dimension and period. Various Si nanostructures (i.e., nanopillar, nanotip,
inverted pyramid, nanohole) are successfully fabricated with the SNS nano-lithography
technique by using different etching technique like anisotropic alkaline solution (i.e.,
KOH) etching, reactive-ion etching (RIE), and metal-assisted chemical etching (MaCE).

In this research, computational optical modeling is also introduced to design the
Si nanostructure, specifically nanopillars (NPs) with a desired period and dimension. The
optical properties of Si NP are calculated with two different optical modeling techniques,
which are the rigorous coupled wave analysis (RCWA) and finite-difference time-domain
(FDTD) methods. By using these two different optical modeling techniques, the optical
properties of Si NPs with different periods and dimensions have been investigated to
design ideal Si NP which can be potentially used for thin c-Si solar cell applications.

From the results of the computational and experimental work, it was observed that low
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aspect ratio Si NPs fabricated in a periodic hexagonal array can provide highly enhanced
light absorption for the target spectral range (600 ~ 1100nm), which is attributed to (1)
the effective confinement of resonant scattering within the Si NP and (2) increased high
order diffraction of transmitted light providing an extended absorption length. From the
research, therefore, it is successfully demonstrated that the nano-fabrication process with
SNS lithography can offer enhanced lithographical accuracy to fabricate desired Si

nanostructures which can realize enhanced light absorption for thin Si solar cell.
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Chapter. 1

INTRODUCTION

1.1. Background of Photovoltaic

After the discovery of the photovoltaic effect by Becquerel in 1839,[1] numerous
scientific and technical successes have been achieved to develop the first silicon solar
cells based on a diffused p-n junction at Bell labs in 1954.[2] Since the first foot step of
Si solar cell, solar cell industry has been rapidly grown and in 2014, ~ 45 giga watt (GW)
capacity of solar panels have been installed around the world.[3] This phenomenal
growth of solar industry has been motivated by global warming originated from the
excess carbon dioxide emission from traditional fossil fuel based power generation. In
addition, the risk of nuclear power which can produce almost irretrievable damage both
to human-being and environment make itself less ideal energy resource regardless of its
meager chance of accident. Therefore, there is growing interest in developing clean and
renewable energy to sustain human life accompanied by preserving our nature.

In addition to drawbacks of traditional power generation methods, recent global
population growth and rapid industrialization in 3™ world undeveloped countries have
casted a huge question how we will satisfy the exponential demand of energy in the
future to sustain our society. The question must be considered very seriously since as
shown in Figure 1, the global demand of energy will be exceeded far beyond possible
energy supply from traditional fossil fuel based energy generation.[4, 5] This energy

shortage has significant implication to the future of our society. For example, in order for
1



10 billion people to sustain their current level of lifestyle, the world needs at least ten
additional terawatts (TWs) which is equivalent to 150 millions of barrels of oil per day
until 2050.[6, 7] Furthermore, the energy crisis will be more exacerbated by the concerns
about global warming from greenhouse gas emission due to increasing fossil fuel
consumption. [8-10] Therefore, developing clean, un-depletable, and less geometrically
dependent energy resource is the major and very first challenge of our society to continue

the prosperity of human-being in this world.
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Figure 1.1. Historical and projected world energy supply and demand. [5]



1.2. Current Status of Photovoltaic

In terms of the effort to find new energy resource, recently various kind of clean
and renewable energy resources and generation techniques have been developed
including biomass, geothermal, wind, and solar energy. However, among these resources,
solar energy is considered as the most ideal candidate for future energy resource which
can satisfy the conditions as clean, un-depletable, and less geometrically dependent
energy source. In Figure 2 for average solar irradiance map of the world clearly shows
that the enormity of the distributed solar resource and its highly open accessibility
regardless of location. Therefore, solar energy has a huge potential to replace

conventional fossil fuel in addition to its safety.
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Figure 1.2. Average solar irradiance map of the world. (Copyright Mines
Paristech/Armines 2006)
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Figure 1.3. Total world energy consumption by sources (2010)

As shown in Figure 3, however, fraction of world energy consumption from solar
energy is less than 0.1% among total world energy consumption. In addition, even
compared with other renewable energy resources, energy supply from solar is still too
meager to be meaningful energy supply source. The major barrier for this very limited
energy consumption from solar energy is attributed to the high cost and/or insufficient
efficiencies of existing solar cells. Therefore, many of recent PV researches have focused
on developing high or reasonable efficiency of solar cells accompanied by economical

viability to compete with traditional fossil fuel.



Module Record Area/kW
effic. commercial and

(lab) efficiency,
$0) (%) (m2/KW)?
c-Si
Mono-c-Si 16 - 22 13-19 22 (24.7) 7 25 (30)
Multi-c-Si 14 -18 =5 20.3 8 25 (30)
TF
a-Si 4-8 71(10.4) 15 25
a-Si/p.c-Si /-9 10 (13.2) 12 25
CdTe 10 -1 11.2 (16.5) 10 25
CI(G)S 7-12 121 (20.3) 10 25
Org.Dyes 2-4 4 (6-12) 10 (15) na
CpPVv na 20-25 >40 na na
a) A module efficiency of 10% corresponds to about 100 W/m?

Table 1.1. Performance of commercial PV technologies (Data from EPIA, 2011) [11]

In Table 1, commercially available solar cells are listed with their performances,
[11] and from the Table 1, it is obvious that conventional bulk (or thick) c-Si PV still
offers superior performance compared to newly developed PV with different materials
which has developed to provide cost-effective PV. This inferior performance of newly
developed PV cannot provide sufficient grid parity (i.e. the parity between the PV
generation cost for residential and commercial systems and the electricity retail price for
householders) due to their poor performance despite the lower mass production cost
compared to convention bulk c-Si PV. Furthermore, suitable PV processing technologies
must be developed to produce PV from new material with reasonable grid parity.

However, unlike c¢-Si PV which already made tremendous advancement in the



microelectronics, metal contact, and dielectric passivation techniques due to the long
history of c-Si PV and its technical compatibility with Si based semiconductor area, the
immature technical and infrastructural basement of new PVs is considered as a barrier for
their continuous development. Therefore, as shown in Figure 4, conventional bulk c-Si

PV is still playing a dominant role in the global PV market.[12]

CIGS 1%

Ribbon-Si 1% _.

Figure 1.4. Pie chart of capacity percentage of different type of PVs.[12]

However, as discussed previously, despite the numerous advantages of bulk c-Si
PV, the high production cost has prevented its wide deployment to replace traditional
energy resources. Therefore, milestone innovation must be achieved to improve its

efficiency and/or economical viability.[13, 14]



1.3. Nanostructured Thin Si Solar Cells

1.3.1. Problem of conventional approach and goal of nanostructured Si solar cells

To produce a cost-effective, but high efficiency Si PV, there is a growing
attention for thin c-Si PV to save material cost which has 20~30% of total module cost.[]
In addition, thin Si PV also has a great potential for increased efficiency compared to
bulk Si PV since thinner absorber produces less bulk recombination for increased short-
circuit current (Jsc) and recent state-of-the-art amorphous Si (a-Si) passivation technique

has achieved more than 750mV open circuit voltage (Voc) with thinner Si wafer.[15, 16]
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Figure 1.5. The absorption length of crystalline silicon juxtaposed against the AM1.5G
solar irradiance. The blue, green, and red colored regions indicate the region with the
highest optical absorption, the region with the highest solar irradiance, and the region
with absorptions lengths in excess of 100um, respectively.[17]



Reduction in absorber thickness for commercial Si solar cells requires multiple
elements to come together, including thin wafers; good surface passivation; low
temperature processing; and a high degree of light absorption. Among these elements,
particularly, demonstration of high degree of light absorption with thin Si wafer has been
one of major concerns in the field due to the material limit of Si conveying low
absorption coefficient at longer wavelength region which requires significantly increased
light absorption length as shown in Figure 5. However, the thin Si wafer only provides a
short optical length; in a consequence, large fraction of light loss, especially from longer
wavelength region, will be expected. Therefore, special surface architecture must be
introduced to increase optical length of physically thin Si absorber.

In general, surface texturing is the most widely used approach to increase light
absorption of Si solar cells which can provide significantly reduced surface light
reflection. The most well-known method for c-Si texturing is anisotropic etching in
alkaline solution such as KOH to texture the surface with randomly arrayed pyramids
having dimensions in the range of several microns.[18] However, this conventional
pyramid structure is not ideal for thin Si solar cell application due to its large material
loss during etching process in addition to its insufficient optical property.

Nano-scaled Si surface texturing, therefore, has been widely studied to replace
conventional large-scaled pyramid structure due to its reduced material loss from etching
process in addition to its highly enhanced AR effect and light absorption.[19, 20]
However, regardless of the great potential of Si nanostructures, their excess close-
packing and high aspect-ratio have been considered as main barriers to produce high

efficiency nanostructured Si solar cell. This is because its complicated surface geometry

8



is highly challenging for effective surface passivation [21-23] and intimate electrode
contact [6] which produce large surface defect density and poor photo-generated carrier
extraction, respectively. In a consequence, poor performance of fabricated device is
unavoidable. Therefore, well-designed Si nanostructure must be presented which can
offer not only enhanced optical path length within thin Si absorber, but also high level of

process compatibility for high performance device fabrication.

1.3.2. Current Status: Summary of Nano-lithography techniques

Prior to fabrication of nanostructure on Si surface, highly well-defined surface
patterning in nano-scale must be introduced to determine the period, dimension and/or
shape of nanostructures since the structural optical properties can be varied depending on
physical conditions of fabricated nanostructure. For surface patterning, optical
lithographic techniques are the major conventional lithographic approach which create
pattern through the use of photons or electrons to modify the chemical and physical
properties of the resist. However, nano-fabrication with photo-resist based lithography
has limited resolution due to diffractive effects.[24] Since a large number of research
groups are working on nanostructure to utilize diverse electrical, physical, and optical
advantages of nano-scaled structure, electron beam lithography (Figure 6 (a)) and laser
interference technique (Figure 6(b)) have been widely developed to fabricate
nanostructures in a desired physical dimension due to their high lithographical resolution

for 1-D or 2-D structure in periodic or aperidic array.[25] These techniques, however, are



not adequate for wide application due to their time-consuming, expensive, and small area

restricted processes.
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Figure 1.6. (a) Schematic illustration of e-beam generation (left),[26] and overall
patterning process in 6 steps (right),[27] (b) mechanism of laser (or multi-beam)
interference lithography technique (left), and possible patterns with different combination
of lasers (right).[25]

(b)

Because of these barriers from conventional nano-lithography processes, a lot of
researches are ongoing to find a cost-effective, less time-consuming and large area nano-
lithography process that provides acceptable lithographical accuracy and reproducibility.
As a part of this effort, currently various novel nano-lithography and fabrication
techniques have been developed and investigated for their wide application. Nano-

imprint lithography technique, Figure 7(A), is one of those and it has been proven its
10



great potential as a highly accurate nano-lithography approach which also offers
enhanced capability for large-area application.[28-30] However, regardless of the great
potential of nano-imprint lithography technique, it still requires conventional nano-
lithography processes including electron beam,[31] and laser interference lithography[32]
techniques to fabricate a master mold to produce secondary mold for nano-imprinting
process. Nanosphere lithography (NSL), Figure 7(B), approach, therefore, has been
widely studies since NSL can produce directly nano-patterned surface using nanosphere
as a mask layer for etching, but also the patterned surface can be used as a master mold
for nano-imprinting application.[33] Furthermore, NSL provides convenient control of
the lithographical scale just by introducing different sizes of nanospheres to fabricate
intended scales and shapes of nanostructure on the surface by using proper etching

techniques.
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Figure 1.7. Schematic illustration of (A) nano-imprint lithography,[28] (B) nanosphere
lithography processes. [34]
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In our research, therefore, we have introduced and developed nanosphere
lithogpraphy (NSL) technique rather than nano-imprint process because of its wider

applications.

1.3.3. Current status: Summary of Nano-fabrication techniques

In addition to nano-lithography methods, nano-fabrication process is also highly
crucial to produce nanostructure in an intended physical dimension without any change
for fabricated nanostructure. Fortunately, due to the key role of Si material in modern
semiconductor area and the immense potential of Si nanostructure for various
applications, enormous developments in nanotechnology have been made in the past
decades and wide range of Si nanostructures from 0-D to 3-D have been demonstrated,
such as nanocrystals,[35] nanowire (or nanopillar),[36] nanotube,[37] and porous Si.[38,

39]
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Figure 1.8. Schematic illustration of various nano-fabrication method; (a) CVD, (b) RIE,
(c) ECE, and (d) MaCE.[40-43]

Modern nano-fabrication methods can be roughly divided into two categories
which are (1) bottom-up and (2) top-down structure fabrication methods. The bottom-up
method basically introduces seed materials (or growth catalyst) on the Si surface to
facilitate the growth of nanostructure. In case of top-down method, it is relatively
straight-forward compared to bottom-up method since nanostructures can be prepared
through dimensional reduction of bulk Si by introducing proper etching techniques which
determine the shape of fabricated nanostructure. In Figure 8, examples of currently

available nano-fabrication methods are presented with their rough etching mechanism
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including chemical vapor deposition (CVD),[43] reactive-ion etching (RIE),[42]

electrochemical etching (ECE),[41] and metal-assisted chemical etching (MaCE).[40]
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e

Figure 1.9. SEM images of Si nanowire (or nanopillar) by using (a) CVD,[44] (b)
RIE,[45] (c) ECE,[46] and (d) MaCE.

In Figure 9, four different Si nanowire (or nanopillar) are shown which fabricated
by different nano-fabrication techniques mentioned previously. Each SEM images well
represent the overall nano-fabrication nature of each technique. Specifically, in our
research, we have chosen MaCE process to fabricate Si nanopillar (Si NP) and this is
because (1) CVD process is highly challenging to control the dimension and orientation

of structure in addition to its high-cost, (2) RIE process produces certain amount of

14



under-cutting of structure during etching which causes unexpected physical dimension
change, and (3) ECE process is highly challenging to control the etching rate for desired
nanostructure fabrication. On the other hand, MaCE can offer a fast and low-cost etching
process that also achieves effective vertical etching with minimal size variation of the

NPs from top to bottom.

1.4. Aim of This Work

The aim of this dissertation is to develop fast, cost-effective nano-fabrication
process which can produce highly accurate Si nanostructure in a desired period and
physical dimension. Via our nano-fabrication approach, we have fabricated various
nanostructures including Si nanopillar, nanotip, nanohole and inverted pyramid.
Especially, we have investigated the optical property change of Si nanopillar depending
on the structural dimension. In particular, (1) grating effect of periodic Si NP array will
be computationally studied by using rigorous coupled wave analysis technique and (2)
scattering behavior of Si NP will be also investigated with finite-difference time-domain
(FDTD) method. From the computational work, we will fabricate the Si NP to compare
the results from experimental and computational works to find ideal Si NP dimension
which can provide not only enhanced optical property for thin Si solar cell application,

but also potentially high compatibility with actual device fabrication process.
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Chapter. 2

NANO-LITHOGRAPHY & NANO-FABRICATION

2.1. Deposition of 2-Dimensional Silica Nanosphere (SNS)

2.1.1. Motivation and Background

High uniformity and large area substrate coverage are fundamental requirements
for self-assembled colloidal particle monolayer deposition processes to be used in
nanosphere lithography.[47-49] A variety of techniques have been explored to produce
uniform colloidal particle monolayer assembly, including Langmuir-Blodgett
deposition,[50, 51] convective self-assembly,[52, 53] and dip-coating.[54] Even though
these techniques have successfully provided close-packed colloidal particle monolayers
with high uniformity, substrate area limitations and slow processing are barriers for their
wider scale use.

Because of these issues, spin-coating methods have been developed to offer fast
and inexpensive large-area colloidal particle monolayer assembly.[55] However, the poor
silicon surface wettability or fast evaporation rate during spin-coating of the commonly
chosen solvents (e.g. water) have made the spin-coating process challenging.[49, 55]
Therefore, there is a clear need for well-designed material preparation and an improved
spin-coating process that leads to a well close-packed colloidal particle monolayer

assembly with high coverage.
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Previous reports have addressed these conventional solvent issues in several ways.
In one approach, additional surfactant mixtures were added to induce improved solution
wettability and colloidal particle dispersion in solution in addition to delayed evaporation
rate.[56, 57] However, many surfactant approaches are restricted to low density
polystyrene spheres (PS ~1.0 g/cm’) where it is relatively easy to produce a direct effect
by adding small amount of surfactant.[49, 57] For example, Triton-X is a widely used
surfactant for improved interparticle interaction and delayed evaporation rate of methanol
based PS solutions and is typically mixed in a 1 : 400 ratio for enhanced quality PS spin-
coated films.[57, 58] This surfactant approach is very challenging for the high density
silica spheres dispersed in water which has a high surface tension at the liquid/solid
interface as shown in Figure 3(a). A relatively large amount of the highly viscous Triton-
X is required which makes it more difficult to produce a uniform monolayer of silica
spheres even with a delayed solvent evaporation rate. Other than Triton-X, ethylene
glycol (EG) is reported as a surfactant and the spin coating of colloidal silica films on 1-
inch square glass substrates was demonstrated.[56] However, the high viscosity of EG
(16.9 cP at 25°C, water = 1.0 cP) causes the same issues as Triton-X. Therefore, it is
challenging to find the right surfactant and its optimal mixture ratio for silica sphere spin-
coating. Takashi et.al. have introduced a no-surfactant spin-coating method; however,
this method requires additional control of the humidity and temperature during spin-
coating in order to slow the solvent evaporation rate and resulted in only 72% average
SNS coverage on a 2-inch round surface area.[55] Additionally Jiang et.al., reported a no-
surfactant spin-coating method to create non-close-packed SNS arrays but it requires a

surface polymerization process for improved wetting.[59]
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We introduce the use of the organic solvent, N,N-dimethyl-formamide (DMF) for
silica nanosphere (SNS) monolayer spin-coating on Si surfaces which shows great
potential for high-throughput spin-coating processing. We show that the DMF can
replace the conventional solvents, and provide enhanced uniformity and coverage of a
close-packed SNS monolayer on large surface areas (> 2-inch round Si surface) even
under ambient laboratory spin-coating conditions. The quality of SNS assembled
monolayers and the coverage after spin-coating with the DMF solvent are compared to

films made with the most widely using solvent, water.

2.1.2. Experimental Section

Both the experimental DMF and control water solvent solutions were prepared in
the laboratory and spin coated on identical substrates. The SNS solution was prepared
with a powder of 310nm diameter silica nanospheres (Bang Lab.) which were dissolved
either in the solvent, DMF (Sigma-Aldrich) or de-ionized water (DI-water). The solutions
were sonicated for 5 hours to produce complete dispersion of SNS in the solution. 2-inch
and 4-inch round polished n-type Si (100) substrates (280um and 460um thickness,
respectively) were cleaned in a piranha solution [H2S04 (96%):H202 (30%) = 4:1] for
15-min to form a hydrophilic Si surface followed by 10-min DI-water rinse.

SNS solution and its monolayer were evaluated with various characterization
techniques. The SNS dispersion for each solvent was characterized by measuring

absorbance using a UV-VIS spectrophotometer. The SNS spin-coated samples were
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observed by scanning electron microscopy (SEM, JEOL XL-30), and the coverage of the
SNS monolayer was calculated by the direct counting of the SNS covered area on the Si
surface through image analysis software, “image J” (National Institutes of Health,
USA)18, which has been widely used for particle related surface analysis.13, 19-23 The
wettability of solvent on a Si wafer was determined by measuring the contact angle with

an EasyDrop contact angle measurement system (KRUSS).

2.1.3. SNS Dispersibility in Solution.

Prior to SNS spin-coating, the SNS must be well-dispersed in the solution to
avoid aggregated SNS deposition on the surface. In Figure 2.1(a), we show the
normalized absorbance of 0.5wt% 310nm SNS in DMF and water and compare to the
calculated absorbance based on the extinction cross-sections of isolated SNS in each
solvent. Mie theory was used to fit the experimental results and to compare SNS
dispersibility.[60] The data shows that DMF produces a high level of SNS dispersibility
in the solution since the experimental absorbance behavior of SNSpvr (DMFyv.yis, red
solid-line) has a well-matched trend with its calculated absorbance (DMF .. red dash-
line), indicating SNSppr was in nearly complete dispersion. For SNS in water (SNSyater),
however, the experimental absorbance (WATERyy.vis, black solid-line) is substantially
broadened compared to the calculated absorbance (WATERcq., black dashed-line),
which suggests that larger than 310nm SNS exist in the water and therefore supports the

fact of clustering of SNSyater-
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Figure.2. 1. SNS dispersibility comparison between DMF and water; (a) absorbance (a.u.)
plotted by UV-VIS spectrophotometer measurement (UV-VIS), and calculation (Calc.) of
a single 310nm SNS in each solvent. SEM images of (b), and (c) shows SEM images of
the SNS assembled surfaces with SNSpyp, and SNSyaeer, respectively.

Figure 2.1 (b) and (c) are SEM images of the spin coated films on silicon with the
water and DMF solvent solutions, respectively. Consistent with the absorbance data,
there are no noticeable SNS clusters observed on SNSpyr based films shown in Figure
2.1(c), in contrast to that of SNSyater, Figure 2.1(b). The existence of SNS clusters in the
solution is especially problematic during spin-coating since they produce anchored SNS
clusters in the middle of the surface consequently acting as a barrier for subsequent SNS
to be distributed beyond that cluster. As shown in Figure 2.2, the non-dispersed SNS
cluster in the solution produces a large SNS-free area that follows the radial direction of
the substrate and significantly affects the coverage of SNS after spin-coating. Therefore,
a high level of SNS dispersibility in solution must be achieved in advance to produce

good uniformity and coverage of an SNS assembled monolayer with spin-coating.
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Figure 2.1. The SNS cluster effect producing non-uniform SNS distribution followed by
reduced coverage.

2.1.4. SNS Solution Wettability on Silicon Surface.

The contact angles (o) of DMF and water on the Si surface which has a thin
hydrophilic wet-oxide formed by piranha cleaning were measured to compare the degree
of wettability of each solvent. From Figure 2.3 (a) and (b), it is clear that DMF offers an
outstanding wettability (apmr = 0, un-measurable) when compared to water (Oater = 26.97)
on the piranha-cleaned Si surface. The importance of solvent wettability has been
mentioned in early reports, and those show that wetting of solvent is a crucial factor to
obtain uniform colloidal particle monolayer coverage.[49] This is because the high
wettability of solvent can provide fast, uniform, and omnidirectional solution spread-out
during spinning (or even before spinning) due to its low surface tension (y) at the
liquid/solid interface. For a direct wettability comparison, 300ul of 100mg/ml SNSyater

and SNSpwmr solutions were dispensed on piranha cleaned 2-inch round Si wafers. From
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Figure 2.3 (c), and (d), the SNSpmr solution revealed a complete wetting layer; in
contrast, the same volume of SNSy;r solution produced only a partially covered surface

due to its poor wettability.
. =26.9°

Figure 2.2. Contact angle measurement of (a) water (a = 26.9°), and (b) DMF (a = 0 or
un-measurable). The comparison of wettability with 300ul (50mg/ml) of (c¢) SNSyater,
and (d) SNSpumr solution droplets on piranha cleaned 2-inch Si substrate, and after-spin-
coating surface images of (€) SNSyater, and (f) SNSpume.

In Figure 2.3 (e) and (f), we compare wafer images after spin-coating of the
SNSpmr and SNSyaeer solutions to observe the influence of wettability on quality of

assembled SNS layers. These images demonstrate that DMF can produce a highly
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uniform SNS assembled layer from center to edge, while using water as a solvent gives
rise to a non-uniform layer. This significantly improved uniformity can be explained by
the low y of DMF (ypmr = 25mN/m) compared to that of water (ywater = 73mN/m). A high
v solvent (e.g., water) requires higher centrifugal force (or high spin speed) for solution
distribution, but as the spin speed increases, there is a faster solvent evaporation rate
which prevents the SNS from uniform distribution (lack of lubricant) and assembly (lack

of media between the SNS).

(a) s (b)
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Figure 2.3. Schematic illustration of material loss of (a) SNSya¢er and (b) SNSpyr during
spinning, and the SEM images to compare the coverages between (c) SNSyaer and (d)
SNSpmr. To focus on solvent influence, 50mg/ml of low SNS concentration was used.
Spin-coating speed is same for both.

In addition to impacting uniformity, y is also crucial to determine SNS coverage

on the surface. This is because the lower y solvent enables a slower spin speed for SNS

23



distribution which reduces the SNS loss at the substrate perimeter. High y and therefore
high spin speed inevitably produces a large loss of SNS due to the strong centrifugal
force as schematically illustrated in Figure 2.4 (a). The resulting effect is shown in the
SEM images in Figure 2.4 (c) and (d), where SNSpwmr, Figure 2.4 (c), reveals noticeable
coverage improvement when compared to SNSy.er as shown in Figure 2.4 (d). (Note: the
SEM images were taken from exact center of each sample to exclude possible secondary
SNS delivery during solution spreading.) Therefore, the excellent wettability (or low y) of
DMF offers both improved uniformity of the SNS assembled layer and enhanced
coverage. (Note: 50mg/ml of low SNS concentration was used to focus on solvent

influence.)

2.1.5. Capillary Force for Short-Range SNS Assembly

To produce a highly close-packed SNS assembled monolayer with spin-coating,
the capillary force (Fc.p) between the nanospheres must be considered. This is because
F.qp 1s mainly the force occurring between each single SNS; therefore, the SNS packing
in a short range assembly (or capillary assembly) is directly affected by the degree of Fyp

which can be calculated by Eq. (1) below;

Fcap = ZHYTCZ(SinquC)(l/L) (1)
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where, as illustrated in Figure 2.5, y is the surface tension of the liquid, r. is the radius of
the three-phase contact line at the particle surface, Y. is the mean meniscus slope angle at
the contact line, and L is the interparticle distance (the distance between the centers of the

particles).

Figure 2.4. Schematic illustration of two spheres partially immersed in a fluid layer for
capillary attraction, Feqp.[61]

Based on Eq. (1), we have calculated and plotted the F.,, of the SNS in DMF and
water, respectively, and the results are shown in Figure 2.6. From the diagram in Figure
2.6 (a), the F,p of DMF never exceeds that of water at the same interparticle distance, L,
since Ypmr (25mN/m) is significantly lower than Yyaer (73mN/m). However, the SEM
images of Figure 2.6 (b) and (c) show that after spin coating both solutions provide a
highly close-packed SNS assembled layer. A reason for this effect may be because the
enhanced wetting of the SNSpyr solution results in a higher density of SNS located near
the surface than that of SNSyaer, reducing L as schematically illustrated in Figure 2.6 (d)
and (e). We counted the SNS covered areas from SNSpyp and SNSyaer for the same
surface area and the results showed that despite the significantly low ypmr compared to
Ywater, SNSpmr provides ~97% of SNS packing to that of SNSyaer Which proves that DMF
provides a comparable F.,, to that of water to produce a highly close-packed SNS

assembled monolayer after spin-coating.
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Figure 2.5. (a) Feyp plotted as a function of L, and the actual SEM images from (b)
SNSyater, and (c) SNSpmr. (d) and (e) are the schematic illustration of interparticle
distance, L, depending of wettability of solvent, water and DMF, respectively. (Note: The
Feap calculation was made with Oyaier = 26.9°, opmr = 0 to determine the ¥, r. = 130nm
(radius of 2/3 sphere spot), Ywater = 73mN/m, and ypmr = 25mN/m, respectively.)

2.1.6. Convective Force for Long-Range SNS Assembly

For highly uniform and close-packed SNS assembled monolayer deposition with
spin-coating, two main processes must be considered. The first is capillary assembly

driven by interparticle Fc,p within a domain region as discussed in the previous section.

26



The second is the convective particle flux (Jy) [61, 62] into the capillary assembled
region which is directly related to long range SNS assembly. J,, can be defined as
directional particle motion driven by hydrodynamic pressure differences due to wetting
thickness variation between spots, indicating that the existence of a certain amount of
solution is essential for effective J,, during spin-coating. The spin-coating process,
however, causes very fast liquid evaporation due to its high speed spinning, and thus the
vapor pressure must be considered when selecting a solvent.

The commonly used solvent, water has a high vapor pressure (VPyaer = 17.54
Torr at 20°C) which leads to rapid liquid evaporation during spin-coating and produces a
fast reduction of wetting layer thickness variations from center to edge regions on the
substrate; consequently, Jy, occurs only for a short-time period as illustrated in Figure 2.7
(a). With this insufficient J, there is no continuous interaction between SNS due to free
SNS regions as schematically shown in Figure 2.7 (c); as a result, only short-range SNS
ordered regions are formed followed by localized SNS assembly as shown in Figure 2.7
(e). Because of the evaporation rate issue of the commonly used solvents (e.g.,water for
SNS and methanol for polystyrene bead),[55, 63] most current spin-coating approaches
mix surfactants [57, 64] into the solution or process under controlled temperature and

humidity conditions to delay evaporation.[55]
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Figure 2.6. Schematic illustration of (a) fast solvent evaporation of water, and (b) slow
solvent evaporation of DMF during spin-coating causing (c) discontinuous SNS assembly
with localized Fqp, and (d) continuous SNS assembly after expanded F.,,, and actual

SEM images of (¢) SNS water, and (f) SNSpumr (50mg/ml of SNS with same spin-coating
condition).

DMF, however, provides a significantly delayed liquid evaporation rate caused by
its low VPpuyg (2.7 Torr at 20°C), which leads to a long-period Jy, that delivers a sufficient

amount of SNS from disordered regions to ordered regions as illustrated in Figure 2.7 (b).
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Therefore, an expanded SNS assembled region is formed with continuous Fc,, as
illustrated in Figure 2.7 (d); consequently, a high uniformity for the assembled SNS layer

from center to edge of the substrate is achieved as shown in Figure 2.7 (f).

2.1.7. Large-Scaled Area SNS Monolayer Spin-Coating

In addition to choice of solvent, the solution concentration and spin-coating
speeds are also very critical parameters in order to assemble highly uniform SNS
monolayers with good coverage over large-scale surface areas. The SEM images in
Figure 2.8 show the effect of SNSpyr concentration on the coverage over the 2-inch Si
surface. Concentrations of 50mg/ml, 100mg/ml, and 150mg/ml of SNSpyr have been
spin-coated to observe their coverage on the surface with a fixed non-optimized spin-
coating process (20rpm/s acceleration, 2000rpm for 150sec). From the SEM images, we
observe that higher SNS coverage is obtained as the concentration increases to150 mg/ml

SNSDMF.

(b)

Figure 2.7. SEM images for SNS coverage from various concentration of SNSpymr, which
are (a) 50mg/ml, (b)100mg/ml, and (c) 150mg/ml.
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However from Figure 2.8, we can also clearly observe that a further increased
concentration produces more severe non-uniformity of the SNS assembly layer. This is
because, most probably, the higher concentration of SNS results in a smaller amount of
solvent between particles resulting in stronger interparticle interaction with the closer
interparticle distance, consequently requiring higher centrifugal force for uniform
distribution.[65] Therefore, a well-optimized spin-coating process is required for uniform
distribution of SNS over the surface. Generally for self-assembly particle monolayer
deposition, the spin-coating process is designed into two steps; (1) a dispersion step at
slow spin speed for particle distribution on the surface, and (2) drying step at high spin
speed for removing residual solvent to prevent further solvent interactions with the
particles.[55] When water is used as the solvent, the surface tension property and high
evaporation rate require a dispersion step with slow spin speed to distribute the SNS
uniformly with minimize the SNS loss. However, with DMF (low ypmr and VPpur) a
simplified one-step spin-coating process is possible since a highly uniform SNS
distribution can be obtained simply by setting a proper acceleration to target speed. In our
process, the target speed is fixed at 2000 rpm/s, but accelerations of 20rpm/s, 50rpm/s,

and 80rpm/s were explored with 150-sec of total spinning duration.
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(b) (c)

Figure 2.8. Acceleration speed effect for uniform SNS assembly layer formation; (a)
20rpm/s, (b) 50rpm/s, and (c) 80rpm/s.

From Figure 2.9, as the acceleration increased, the surface morphology of the
SNS assembly layer improved and, at 80rpm/s acceleration, a very uniform SNS
assembled monolayer was obtained. In Figure 2.10 (a), a photograph of a 2-inch substrate
after spin-coating at 80rpm/s acceleration is shown, and from the image, ignoring some
insignificant defects on the surface, the overall SNS monolayer uniformity is excellent.
The SEM images in Figure. 2.10 (b), (c), and (d) at three different magnifications are
typical of the SNS film and we find that more than 95% monolayer coverage has been
achieved, which compares favorably with the 72% previously reported for spin coated

films on 2-inch sapphire substrates.[55]
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Figure 2.9. (a) SNS deposited 2-inch round Si surface image, and the SEM images with
different magnifications, (b) 250x, ¢) 2000x, and (d) 25000x, respectively.

Furthermore, we also tested 4-inch round substrates to investigate the feasibility
of DMF for SNS assembled monolayer spin-coating on an even larger-scale surface area
using the identical spin-coating recipe and SNSpyr concentration. The only parameter
changed was the dispensed solution volume which was 800ul (300 ul for 2-inch) to
compensate for the increased surface area. As shown in the photograph and SEM images
in Figure 2.11, we found that the DMF based solution performs well on larger substrates
with more than 90% averaged monolayer coverage achieved on 4-inch wafers with good
monolayer uniformity. For 4-inch wafer spin-coating, however, there were some less

SNS covered (76~88%) areas observed as shown in Figure 2.11 (c).
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Figure 2.10. (a) SNS deposited 4-inch round Si surface image, SEM images of (b) low
magnification, (c) less SNS monolayer coverage region of blue solid-box in (b), and (d)
high SNS monolayer coverage region of red solid-box in (b).

Based on our experiments (see Figure 2.8), the appearance of this reduced
coverage area is typical when the solution concentration was not optimal and therefore
we believe that the coverage can be further improved by adjusting the solution
concentration. However, even without further optimization, we credit as a rare success
the SNS spin-coating of a 4-inch wafer at this level of monolayer coverage and
uniformity ~ without special environment controls or additional surface

functionalization.[59]
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2.1.8. Spin-Coating of SNS in Various Diameters: Diameter vs. SNS Solution

Concentration

In this section, we also demonstrate the effectiveness of our DMF introduced
spin-coating method to deposit SNS with various diameters. Three different sizes of SNS
(310, 600, and 840 nm in diameter) are tested to observe the relation between SNS
diameter and concentration to produce maximum SNS monolayer coverage (>95%) on 2-
inch Si wafer surface. In Figure 2.26 (a) ~ (c), photographs and SEM images of three 2-
inch Si wafers are shown with three different SNS sizes: 310, 600, and 840 nm in

diameter, respectively, and all have more than 95% monolayer coverage.
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Figure 2.11. Different size of SNS in (a) 310nm, (b) 600nm, and (c) 840nm diameters,
spin-coated on 2-inch Si wafers (Top, middle, and bottom of (a) ~ (c) represent the whole
2-inch wafer with each SNS, x2k, and x20k magnification SEM images, respectively.),
(d) Optimum SNS solution concentration vs. SNS diameter for spin-coating and (e) table
representing the ratio of SNS diameter (Dia., nm) to solution concentration (Conc’,
mg/ml) for spin-coating.
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From the Figure 2.21(d), we observe that the most optimal concentration of DMF
based SNS solution just proportionally increases with the SNS diameter along with its
phenomenal SNS monolayer uniformity. From the Figure 2.21(e), the ratio of SNS
diameter (Dia.) to solution concentration (Conc’) is around “2” for all three diameters of
SNS. Therefore, with our spin-coating method, uniform coatings of various sizes of SNS
are achieved by simply changing the SNS solution concentration based on the SNS
diameter. This provides the user with the capability to control the period (or density) of

fabricated Si nanostructures.

2.1.9. DMF vs. Other Solvents

In addition to DMF, we also tested other solvents for SNS spin-coating such as
dimethyl-sulfoxide (DMSO) which offers a high boiling temperature (189°C), reduced y
(Ypmso = 43.5mN/m) compared to water (73mN/m), and less toxicity than DMF.
However, its high viscosity (2.0cP at 20°C) produced severe non-uniformity and multi-
layered SNS films after spin-coating as shown in Figure 2.12 (a) and (b). These results
show the importance of each and every solvent property and their combination in
producing uniformly distributed SNS monolayers in close-packed arrays with spin-
coating. Therefore, we believe that, regardless of the toxicity concerns of DMF, it offers
highly optimal solvent properties for large-scale surface area SNS spin-coating
accompanied by outstanding SNS monolayer uniformity and coverage even under

common ambient lab conditions.
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Figure 2.12. SEM images of DMSO introduced SNS (310nm) spin-coated Si surface
which shows (a) severely non-uniform, and (b) multi-layered SNS film. (Note: Spin-
coating condition was 80rpm/sec acceleration and 2000 rpm/sec maximum speed for 200-
sec)

2.1.10. Summary

We have introduced the use of DMF as a solvent for spin-coating SNS assembled
monolayers on silicon wafers under ambient laboratory conditions without the addition of
surfactants or special surface treatment of the Si. In comparison with the commonly used
solvent, water, it becomes obvious that DMF offers optimal solvent properties for the
SNS spin-coating application. First, DMF leads to highly dispersed SNS in the solution
which is close to the theoretical limit, important in producing a uniform SNS distribution
on the surface. Second, the outstanding wettability of DMF caused by its low surface
tension (ypvr = 25mN/m) at the liquid / solid interface provides superior coverage and

uniformity of the SNS assembled monolayer compared to the same volume and
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concentration of SNS in water. In addition, the low ypwe also improves the interparticle
interaction since the enhanced wetting of the solution leads to a higher density of SNS
placed near the surface reducing the interparticle distance. Third, the slow evaporation
rate of DMF is desirable for spin-coating applications. Based on these outstanding DMF
properties, we successfully demonstrate excellent coverage with high uniformity of the
SNS monolayer on 2-inch (~ 95%) and 4-inch (~90%) Si substrates. Furthermore,
different sizes of SNS can be coated simply by adjusting the SNS concentration in the
solution which is easily estimated by diameter of SNS. From these achievements, it is
clear that DMF has a great potential for a high-throughput SNS spin-coating application
with simple, and low-cost spin-coating approach to produce highly uniform colloidal
particle monolayer assembly over large-scale surface which can be used as a mask layer

for Si surface nano-lithography.
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2.2. Surface Nano-patterning

2.2.1. SNS Size Reduction by Reactive-lon Etching (RIE)

One of major advantages of using SNS for lithography application is that SNS
(i.e., SiOy) can offer stable and uniform etching with plasma assisted dry etch to produce
desired surface pattern size after SNS size reduction. Currently, the most reported
colloidal sphere lithography techniques are based on polystyrene spheres (PS) which it is
highly challenging to produce repeatable size control and well-defined patterns because

of its soft material nature.

(@) (b)

Figure 2.13. (a) Spin-coated 2-inch round Si surface images and SEM images of (b)
uniformly distributed SS and (c) closely-packed SS shown in different SEM
magnifications.

For effective SNS size reduction, there are two criteria to consider; (1) high
enough SNS etching selectivity with Si, and (2) effective horizontal direction etching of
SS with minimized vertical etching rate. The high SNS etching selectivity is important
because excess Si etching during SNS size reduction would affect the shape of target

surface geometry after nanostructure fabrication. Directional selective SNS etching is
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needed to adjust the lateral dimensions while maintaining sufficient vertical height to

permit clean SNS removal and mask layer liftoff. 1.57um large diameter of SNS was

used to optimize the SNS etching condition due to its relative large size can provide

better visible observation on etching selectivity and orientation. The deposited 1.57um

SNS is shown in Figure 2.13.

Table 2.1. Comparison of CHF3 / Ar gas RIE etching profile for 10-min etching on SS
deposited Si surface which were performed under three different chamber pressures.

Pressure
Property

50 mTorr

75 mTorr

100 mTorr

Cross-sectional
SEM Image
(Scale-bar : 500nm)

Vertical

Etching rate
(nm/min)

90.3

80.3

70.3

Horizontal
Etching rate
(nm/min)

34.8

18.1

Vertical / Horizontal
Etching ratio

2.6

2.6

3.9
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Figure 2.14. Schematic illustration (top) and SEM images (bottom) to compare the effect
of RIE chamber pressures, (a) as-deposited SS, (b) 75mTorr RIE processed SS
(horizontal dia. ~800nm, vertical dia. ~350nm), and (c¢) 100 mTorr RIE processed SS
(horizontal dia. ~800nm, vertical dia. ~260nm).

Based on these considerations, we utilize a CHF3/Ar gas combination in our
process and have optimized its etching conditions by applying different gas flow rates,
RF power, and chamber pressure. From the experiments, we observe that chamber
pressure is the most critical parameter for both of high SNS etching selectivity and low
vertical / horizontal etching ratio. Wide range of chamber pressure was tested, and results
from three different chamber pressures (50, 75, and 100mTorr) are shown in Table 2.1.
With 50mTorr chamber pressure, a noticeable etching of the Si substrate between the
SNS was observed due to intensified ion-bombardment.[66] Therefore, we increased the
chamber pressure to 75 and 100mTorr, resulting in significantly less Si substrate etching
because of the decreased mean-free path of ionized-species. However, even though

higher chamber pressure results in further reduced Si substrate etching, the vertical /
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horizontal etching ratio (calculated from radius change in each direction after 10-min
etching) listed at the bottom of Table 2.1 increased for 100mTorr. As mentioned before,
this excess etching rate in the vertical direction is not ideal for SNS lithography because a
relatively fast vertical diameter reduction compared to that of the horizontal direction
potentially restricts the choice on the pattern size weakening the ability of the SS to
pattern the surface as SNS size decreases. As shown in Figure 2.13, for the same SNS
target size (~800nm), a higher chamber pressure, 100mTorr in Figure 3(c), produced a
reduced vertical SNS radius compared to that of the lower chamber pressure, 75SmTorr in
Figure 2.13(b), due to its relatively faster vertical direction etching. Therefore, 75SmTorr
was used for SNS size reduction resulting in acceptable Si substrate etching and

increased flexibility for target pattern size.
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Figure 2.15. (a) ~ (d) SEM images of RIE etched SS with various etching times, 10-min,
13-min, 16-min, and 19-min, respectively, and (e) diagram of inter-particle spacing (d)
versus RIE etching time. (Note: RIE conditions are 75mTorr chamber pressure, 200

Watts RF plasma power at 25/25sccm gas flow rate) (scale bar: 1 um for top image,
500nm for bottom image).

In Figure 2.14, RIE etched 1.57um SNS is shown with various etching times (10,
13, 16, 19-min) under the optimized RIE conditions. From the SEM images in Figure
2.14 (a) ~ (d), highly effective SNS size reduction was observed with minimal Si
substrate etching. In addition, from Figure 2.14(e), the measured inter-particle spacing
with different etching times showed that SS size can be easily reduced in a desired scale
due to its reasonably linear relation between reduced SS diameter and etching time.
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Moreover, as observed from Figure 2.14(a) ~ (d) top, after RIE, there was still highly
well-defined circle shape of SNS without any rugged edge which often occurs with soft
PS.[58, 67] Therefore, by using optimal RIE condition with various sizes of SNS, a

highly controlled surface pattern can be produced in a desired period and size.

2.2.2. SNS Removal after RIE

In the previous section, we showed that CHF;/Ar RIE etching can provide
effective SNS selective etching to the Si substrate. However, CHFs/Ar RIE also causes an
issue for SNS removal following mask layer deposition. This is because there is a
formation of a thin C.Fy compound layer on all exposed surfaces during the etching
process,[68] and this C.Fy, compound is highly stable in a hydrofluoric acid based
solution like BOE; as a consequence, clean SNS removal using BOE cannot be achieved
as schematically shown in Figure 2.15(c) and (e) where the red solid-line indicates the
residual CFy compound layer. In addition, the C,Fy also has strong mechanical property;
mechanical SNS removal process (i.e. sonication) is not effective for clean SNS
elimination. (Note: Here, BOE solution etching is used for SNS removal, but later
sonication process is also used to exclude acid involvement during process)

From the illustration and subsequent SEM image in Figure 2.15(e), a sample after
Cr evaporation and BOE etch / liftoff, the CFy residue results in a collapsed metal mask
layer and incomplete metal liftoff. The SS itself have been etched away by infiltrated

BOE solution. For clean SNS removal from Si surface, therefore, we introduced a simple
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no-vacuum required UV-ozone (UVO) surface treatment before the Cr evaporation
because of its effective organic contamination removal in a non-aggressive environment.
From Figure 2.15(f) bottom, the SEM image of a sample treated with a 10-min UVO
treatment before Cr evaporation and BOE (10:1) etch shows very clean SS removal from

the Si surface, resulting in well-defined surface patterns.
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Figure 2.16. Schematic illustration of SNS lithography process and UVO effect to
produce clean Si surface patterning, and (e) bottom is SEM image of non-UVO treated
sample, and (f) bottom is UVO treated sample. (Green-line indicates deposited Cr layer,
and red-line indicates CFy compound layer on the surface, scale-bar = 1 pm)

2.3. Fabrication of Si NP with Metal-assisted Chemical Etching

In this section, we demonstrate our effective Si nanopillar (Si NP) fabrication
process to produce Si NP with highly well-controlled structural dimension (i.e. period,
diameter, and height). The dimension control of fabricated Si nanostructures in a chosen
period is a key consideration in fields like opto-electronics for effective light diffraction
and/or scattering, [69, 70] which are also highly crucial to realize enhanced light
absorption for thin Si solar cells.

Here, we show our novel fabrication process for Si NPs with control over both
period and dimension. A metal-assisted chemical etching (MaCE) technique is introduced
to provide a fast and low-cost etching process that achieves effective vertical etching with
minimal size variation of the NPs. Various interface metal layers (Cr, Ti, and Ni) are
investigated as Au adhesion layers and Ni is determined to produce enhanced
lithographical accuracy for highly uniform Si NP fabrication of an intended dimension.
Moreover, for MaCE, the influence of fractional catalyst coverage on etch rate and

controlled vertical etching is investigated.
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2.3.1. Experimental Section

The SNS solution was prepared with powders of 310nm, 600nm, or 840nm
diameter SNS (Bang Lab.) which were dispersed in N,N-dimethyl-formamide (DMF)
(Sigma-Aldrich) at an optimized concentration. The solutions were sonicated for 5 hours
to produce complete dispersion of the SNS.

The test substrates consisted of 2-inch round polished n-type Si (100) wafers
(280um thickness) cleaned in a piranha solution [H2SO4 (96%):H,0, (30%) = 4:1] for
I5minutes to form a hydrophilic Si surface followed by a 10minute DI-water rinse.

SNSs were spin-coated under common ambient lab conditions at 2000rpm/sec
(80rpm/sec acceleration) for 120 seconds after dropping 300ul of solution on the wafer
surface. The uniformity of SNS spin-coated samples was observed by scanning electron
microscopy (SEM, JEOL XL-30), and the coverage of the SNS monolayer was calculated
by direct counting of the SNS covered area on the Si surface through image analysis
software, “image J” (National Institutes of Health, USA)[71] as shown in our previous
report.[72]

SNS coated Si substrates were then transferred to the reactive ion etching
chamber (Oxford PlasmalLab 80+, RIE) and the SNS size reduction was performed using
a CHF3/Ar gas combination with 200 watts RF plasma power at 25/25sccm gas flow rate
and 75mTorr chamber pressure followed by a 2-min O, plasma clean with 100 watts at
45sccm gas flow rate and 150mTorr chamber pressure to remove surface organic
contamination resulting from the CHFs/Ar RIE. (Note: The O, cleaning step after RIE is

highly crucial for later complete SNS removal.) Metal layers for the subsequent MaCE
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process were deposited with an electron-beam evaporator (Lesker PVD-75); then the
SNS were removed by sonication in water.

The MaCE solution was prepared by mixing 2.5vol% hydrogen peroxide (H,O5)
with 10vol% hydrofluoric acid (HF, 49%) in DI-water. Etching was performed by
immersing samples into the etching solution while stirring. After MaCE, the Au layer

was removed by dipping in Au etchant for 5-min.

2.3.2. SNS Diameter Control with RIE

Here, we measured the etching rate of SNS with various initial diameter which are
shown in Figure 2.17 (310, 600, and 640nm in diameter) to investigate the relation
between etching rate and SNS size. This is because in addition to structure period, the
fabrication of Si nanostructures in a certain dimension is also highly crucial to realize
certain optical property. For instance, the study by Spinelli, ef al. has demonstrated that
well-defined Si NPs with optimized period and dimension can offer enhanced forward
scattering of incident light providing an improved omnidirectional anti-reflection effect
over a broad wavelength range.[69] Furthermore, the study by Sang Eon et al
emphasized the importance of Si nanostructure size (or Si filling fraction) in producing
strong transmitted light diffraction for enhanced light absorption.[73] Thus effective SNS
dimension control is highly crucial to offer highly enhanced optical property for thin Si
solar cell application.

The advantage of using SNS for the NSL process as opposed to widely available

polystyrene sphere (PS) is that SNS (i.e., SiO;) offers sufficient etching selectivity to Si
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which allows uniform SNS size reduction with an RIE process. Of course, size reduction
of PS is possible, but the soft material nature inevitably produces a non-uniform result;
consequently, the fabricated nanostructure has a rough surface.[74, 75] This rough
surface is especially problematic for surface dominant device application like solar cells
since it generally increases the surface recombination velocity and consequently degrades

solar cell performance.[76]
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Figure 2.17. Three different sizes of SNS in (a) 310nm, (d) 600nm, and (g) 840nm in
diameter, and RIE etched with two different etch times. (b), (c) are 1.5-min and 2.5-min
on 310nm SNS, (e) and (f) are 4-min and 6-min on 600nm SNS, and (h) and (i) are 6-min
and 8-min on 840nm SNS. (j) the SNS diameter change vs. RIE time, and (k) a table
showing etch rates for each SNS.

In Figure 2.17 (a) ~ (i), plan view SEM images of RIE etched SNS with different
initial diameters prior to and after etching clearly reveal uniform SNS etching retaining a
smooth circular shape. In Figure 17 (j) and (k), the SNS horizontal etching rates are
shown to be relatively constant, ranging from 41.2 ~ 46.5 nm/min as the RIE etching time
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increases regardless of initial SNS size. Therefore, effective size control of the SNS mask

layer can be achieved with well-defined shapes.

2.3.3. Metal Cathode Layer Deposition for Surface Patterning

The above described SNS nano-lithography technique has been combined with
MaCE technique to fabricate well-defined Si NPs. The MaCE process requires a metal
catalyst layer to reduce the Si surface, forming SiO, which is etched away by HF mixed
in the MaCE solution. An Au cathode layer was chosen since Au offers a slower etch rate
compared to other noble metals (i.e., Pt, and Ag) and thus provides controllable etching
for Si NPs fabrication.[77] In addition, the process with Au etches Si vertically without a
porous layer formation, and avoids unexpected surface morphology changes.[78] Au,
however, inherently has weak adhesion to the Si surface which is problematic in our
process. After Au layer deposition, a lift off process is used to remove the SNS mask
layer to avoid etching of the Si NPs related to the Au-covered SNS as shown in Figure
2.18 (a). The SNS removal is performed with sonication which leads to Au layer lift-off
from the Si when the adhesion is poor as shown in Figure 2.18 (b). Therefore, an Au
adhesion layer must be introduced and here, three different interfacial metal layers, Cr, Ti,
and Ni, are tested. For the test, 3nm of each adhesion layer is deposited before a 30nm Au
layer deposition. Figure 3 shows SEM images of patterned Au layers with different

adhesion layers taken before and after the 1-hr sonication in DI-water for SNS removal.
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(b)

Figure 2.18. (a) The etched Si nanopillar had un-expected structure damage by in-
complete SNS removal due to metal catalyst covered on SNS, and (b) peel-off Au metal
layer during SNS removal due to weak adhesion of Au on bare Si surface.

The diameter of the SNS before metal layer deposition was an average of 611nm (Period:
840nm) as shown in Figure 2.19 (a). After SNS removal by sonication, the diameter of
each pattern is measured and as shown in Figure 2.19 (b) ~ (d) with red numbers, Cr and
Ti produced a significantly larger diameter, 722nm and 667nm, respectively, than the
initial SNS diameter, 611nm, but the Ni/Au metal layer combination resulted in an
average pattern diameter of 622nm and this is very close to the initial SNS size.
Therefore, the Ni interfacial layer for Au offers the best lithographical accuracy for Si

NPs fabrication in a desired diameter.
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Figure 2.19. (a) Si surface with SNS etched to 611nm average diameter (840nm period),
(b) Cr/Au, (c) Ti/Au, and (d) Ni/Au deposited Si surface after SNS removal which have
722nm, 667nm, and 622nm diameter of pattern, respectively.

2.3.4. Fabrication of Si NP with MaCE Technique

The MaCE technique is used to fabricate Si NPs since it provides vertical etching
with minimal diameter variation from top to bottom. One of the widely accepted
mechanisms for the MaCE galvanic process is summarized by the two half-cell reaction

below:[74, 79-82]

Cathode reaction at the metal:
H,0, + 2H™ = 2H,0 +2h" (R1-1)
2H" + 2¢ = H, (R1-2)
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Anode reaction at Si:
Si+2H,0+2h" = SiO, +4H" (R2-1)
SiO, + 6HF =» H,SiF, + 2H,0 (R2-2)
Overall reaction:

Si+H,0, + 6HF = 2H,0 + H,SiF¢ + H, (R3)

The galvanic process was schematically illustrated in Figure 2.30 in steps 1 through 4.

() SiF >
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Figure 2.20. Scheme of reaction processes for metal-assisted chemical etching based on
galvanic process. (1) The oxidant (i.e., H,0,) is reduced by the catalytic activity of noble
metal. (2) The generated holes from reduction of oxidant consequently diffuse to Si/metal
interface through metal layer. (3) The oxidation of Si is occurred by the injected holes,
and @ Si0, is reacted with HF. @ Finally, SiO; is dissolved and etched away into the
solution.[82]

We found that a Ni/Au layer provided a precise control on surface pattern size and

subsequent Si NPs dimension as fabricated with MaCE. In Figure 5, plan view and
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angled SEM images of three different dimensions of the SNS features and the resulting
MaCE fabricated Si NPs are presented. Figure 21(a), (d), and (g) represents the SNS
etched to 600nm, 445nm and 223nm average diameters (Note: these diameters represent
50% Si filling fraction in the structured layer) arrayed at 840nm, 600nm, and 310nm
periods, respectively. Figure 21(b), (e) and (f) are plan view SEM images and (c), (f) and
(1) are 80 degree angled SEM images of the NPs. The red solid-arrow for each period is

the identical length and indicates good lithographic accuracy.
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Figure 2.21. (a), (d), and (g) are RIE etched SNS with 840, 600, and 310 nm initial
diameter. (b), (e), and (h) are up-side SEM image, and (c), (f), and (i) are 80 degree
angled SEM images for Si NPs.

In addition to period and diameter control, a reproducible vertical etching rate for
MaCE is crucial for Si NP fabrication. Therefore, the etching rates with different
fractional Ni/Au catalyst coverage were investigated. Three different fractional coverage
(30%, 50%, and 70%) of the Ni/Au layer, were deposited as shown in Figure 2.22 (a) ~ (c)

and dipped in the MaCE solution for 5-min, with the results as shown in Figure 2.22 (d) ~
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(f). From the height of the etched Si NP, a gradual increase of etch rate was observed as
the catalyst fractional coverage increased. The plot of the etch rate versus catalyst
coverage indicated that 30%, 50%, and 70% Ni/Au fractional coverage produced 63, 77,
and 104 nm/min etching rates, respectively (see Figure 2.22 (g). The faster etch rate, with
the larger fractional coverage of catalyst, was be explained by enhanced penetration of
etching solution with larger catalyst coverage due to wider inter-spacing between etched
Si NPs. Since the etch depth increases linearly with etch time for MaCE,[82] the etch
times was estimated for a desired height of Si NP. In Figures 2.22 (h) ~ (j), we fabricated
approximately 500 nm height of Si NPs having 70%, 50%, and 30% Si filling fractions in
the structured layer. The Si NPs were produced after dipping in the etching solution for 8-
min, 6.5-min, and 5-min, respectively, which were determined based on the measured
etch rates in Figure 2.22 (g). As a result, fabrication of Si NP in a desired period and

dimension was successfully achieved.
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Figure 2.22. Ni/Au catalyst deposited Si surface with (a) 30%, (b) 50%, and (c) 70%
fractional coverage, and (d) ~ (f) Si NPs fabricated from each catalyst fractional coverage
after 5-min etching in MaCE solution. (g) Etch rates from each Ni/Au fractional surface

coverage. (h) ~ (j) ~ 500nm height of Si NPs from (a) ~ (c¢) after dipping in the etching
solution for 8-min, 6.5-min, and 5-min, respectively.

In addition, we also confirmed our nano-fabrication process can offer phenomenal

uniformity of farbricated Si NP as shown in Figure 2.23.
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Figure 2.23. SEM images of fabricated Si NP array at 3 um height in 840nm period (50%
Si FF) to confirm the uniformity of the Si NP array over the surface; (a) x35K, and (b) x
10K magnifications.

2.3.5. Summary

An improved method for fabricating desired aspect ratio Si NPs using silica
nanosphere lithography in combination with metal assisted chemical etching has been
developed. To produce a desired dimension for the SNS mask layer in a fixed period, an
RIE process is used for size reduction of the deposited SNS. Under optimized RIE
conditions, a constant SNS horizontal etch rate regardless of the initial SNS size is
confirmed that retains a well-defined etched SNS shape. For Si NP fabrication, MaCE is
combined with the silica nanosphere lithography technique. Au catalyst layer with Ni
inserted as an Au adhesion layer provides enhanced lithographic accuracy of the metal
mask layer. Further, we were able to observed that the measured etch rates gradually
increase as the fractional coverage of catalyst increases, and successfully estimate the

etch time to produce a desired height of Si NPs with various diameters. As a result, well-
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controlled Si NPs can be fabricated in a desired period and dimension on large surface
area accompanied by great structure uniformity which potentially provides a powerful
approach to realize enhanced optical and electrical properties of Si for practical

application.
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2.4. Fabrication of Various Si Micro-/Nano-Structures with Different Etching Techniques

In this section, we also discuss the potential of silica nanosphere lithography
technique for various micro-/nano-scaled Si surface structures fabrication with different

etching techniques like KOH solution etching and reactive-ion dry etching.

2.4.1. Inverted Pyramid: KOH Solution Etching

For the first demonstration of Si surface structure fabrication using our process,
we decided to fabricate an Si inverted pyramid structure which is known to offer effective
light trapping in an optimal subwavelength-scale.[19] In my thesis, we show our result of
~ 1.1 um scale inverted pyramid with 1.57um period in a hexagonal array. (Note:
Optically, this is not an optimal scale and density, but is intended to show our capability
to control the size and density of fabricated structure.) To provide a stable masking layer
on the Si surface during the KOH etch, we have chosen Cr mask layer which is
reasonably robust in both BOE and KOH solutions and is a relatively inexpensive metal.
50nm Cr layer was deposited by e-beam evaporation following which the sample was
dipped in BOE (10:1) solution for SS removal. For anisotropic etching of Si inverted
pyramids, a 1% KOH solution was prepared after Si saturation to prevent excess Si
etching and etching was done with 4% IPA addition to improve the etching uniformity.
After KOH anisotropic etching for 2-min at 85°C, a well-defined inverted pyramid

features was observed as shown in Figure 2.24(b) ~ (d). The pattern diameter in Figure
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2.16(a) was ~1.1 pum, and the resulting inverted pyramid lateral dimension is also

approximately 1.1 um as shown in Figure 2.16(b).

Figure 2.24. SEM images of (a) Cr deposited Si surface after SNS removal, (b) 1% KOH
etched surface with Cr layer, (c) inverted Si pyramid after Cr layer removal, (d) cross-
sectional image of inverted Si pyramid, and (e) fabricated inverted pyramid over large
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surface area to show its uniformity (Inverted pyramid has ~10% size variation likely
caused by an initial SNS size variation of 10%.). Note : (a) ~ (d) scale-bar = 1 um, and
(e) scale-bar = 10 um.

In addition, Figure 2.24(c) ~ (e) showed that our nano-fabrication process can produce
highly uniform inverted pyramid structures over a large surface area with controlled size
and density. Mavrokefalos, et.al demonstrated that the proper scale of Si surface structure
can produce an absorption close to the Lambertian limit in the visible and near IR
regions.[7] Therefore, future size and period optimization for SWSS will be able to

produce broadband absorption enhancement for thin c-Si solar cell applications.

2.4.2. Nano-Pillar & Nano-Tip: Reactive-lon Etching

Basically, plasma —assisted reactive ion etching (RIE) is the etching method
combining physical and chemical etching which can be done by ion sputtering, and
chemical reaction of radicals with target materials. The basis of RIE is simple; use a gas
glow discharge to dissociate and ionize relatively stable molecules forming chemically
reactive and ionic species and choose the chemistry such that these species react with the
solid surface to be etched to form volatile products. The processes are taking place during
RIE process have been described below,[66] and the processes are schematically
illustrated in Figure. 2.25.

Generation — A glow discharge is used to generate from a suitable feed gas (e.g.

SF6 for Si etching) by electron-impact dissociation/ionization the gas phase etching
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environment which consists of neutrals, electrons, photons, radicals (F*) and positive
(SF's ) and negative (F ) ions.

D.C. bias formation — The Si wafer is placed on an RF driven capacitatively
coupled electrode. Since the electron mobility is much greater than the ion mobility, after
ignition of plasma, the electrode acquires a negative charge, i.e. the D.C. self-bias voltage.

Diffusion/forced convection — The transport of reactive intermediates from the
bulk of the plasma to the Si surface occurs by diffusion. Positive ions from the glow
region are forced to the substrate surface by way of the D.C. self-bias (negative) and will
assist the etching.

Adsorption — Reactive radicals adsorb on the Si surface. This step can be strongly
enhanced by concurrent ion bombardment which severs to produce ‘active sites’ since it
aids in the removal of e.g. the SiFy layer which otherwise passivates the Si surface.

Reaction — A reaction between the adsorbed species and the Si must take place. In
the case of fluorine-based etching of Si, chemical reactions between F atoms and the
surface spontaneously produces either volatile species, SiF4, or their precursors, SiFy (x <
4). However, in Cl-based etching atoms are known to adsorb readily on Si surfaces but
the spontaneous etch rate is very slow. Ion bombardment makes it possible for adsorbed
Cl atoms to attack the backbones of Si more efficiently and form a volatile SiCly
molecule. This is mechanism is called ion-induced RIE.

Desorption — A desorption of the reaction product into the gas phase requires that
the reaction product is volatile, thus it should have a high vapor pressure at the substrate

temperature. Additionally, there should be no deposited blocking film at the surface. The
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removal of these films can be greatly accelerated by ion bombardment via sputtering.
This mechanism is known as ion-inhibitor RIE.

Exhaust — The desorbed species diffuse from the etching surface into the bulk of
the plasma and should be pumped out, otherwise plasma-induced dissociation of product

molecules will occur and re-deposition can take place.
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Figure 2.25. Schematic illustration of RIE process to etch solid surface.[83]

In our work, the Si surface etching was made with using two major etching
elements which are chlorine (CI) and fluorine (F). The utilization of these two etching
elements based RIE process can provide more choices on the target shape of surface
texture. F in plasma can offer high reaction probability with Si which is suitable for
isotropic Si etching. In contrast, low reaction probability of Cl can offer highly

anisotropic etching environment producing surface structure with great profile control.
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Therefore, by combination of F and CI based RIE processes under various etching
conditions (e.g. gas flow rate, RF power, pressure),[66, 84] the diverse shape of

nanostructures can be fabricated with relatively easy control.
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Figure 2.26. Schematic illustration and SEM images to fabricate nanopillar and various
aspect-ratio nano-tip structure.

In Figure 2.26, our RIE texturing process has been illustrated with actual SEM

images at each step. As shown in Figure 2.26 (b), the first etching step with () CHF3/Ar
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gases is to reduce SNS (Si0O,) size to provide etching path for following RIE process, in
addition, to determine lateral size of nanostructure. After SNS size reduction, 2) Cl,
(10sccm & 30 mTorr) etching has been made to form nanopillar structure by intensified
anisotropic etching with high RF power (100 watt) as shown in Figure 2.26 (c). Under
continuous (2) etching, however, the increased interparticle distance between SNS on top
of Si nanopillar would accelerates the etching rate of Si at top which provides weakened
anisotropic etching producing varied etching rate of Si from top to bottom. With extended
@ etching, SNS would be completely removed and the top of Si would be
anisotropically etched to produce dual-scale nanostructure as shown in Figure 2.26 (h). If
there is reduced RF power (50watt) applied under same conditions ((3)), then, the overall
density and energy of the free electrons would be decreased which produce less negative
D.C. voltage causing further weakened anisotropicity and etching rate; consequently, the
super-sharp nano-tip structure can be fabricated as shown in Figure 2.26 (f). However,
from Figure 2.26 (g), if low-aspect ratio nanotip structure should be made, we can change
gas from Cl, to SF¢/O, which can provide intensified isotropic etching. (Note: SFg
etching is quite drastic, so should be operated for short period to prevent complete
destruction of texturing). Therefore, the RIE processes with F and Cl based gases can
offer excellent control on Si etching directionality and selectivity to fabricate various

desired Si nanostructures.
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Chapter 3

OPTICAL SIMULATION FOR SI NANOPILLARS

3.1. Background

3.1.1. Motivation

As briefly mentioned in the introduction, c-Si is an indirect bandgap material
which has a low absorption coefficient especially for long wavelength region (or near-
infrared region). For example, the absorption length will be increased from 10 um to
about 3 mm in the wavelength range 700 ~ 1100 nm, but this long wavelength region
includes about 41% of photons with energies above the bandgap (E,) of Si.[20, 85]
Therefore, appropriate optical architecture must be designed for effective light absorption
from long wavelength region to realize high efficiency thin c-Si solar cell fabrication.

In many previous reports, enhanced light absorption with 2-D periodic arrayed
nanostructure has successfully demonstrated computationally and experimentally.[86-91]
This increased light absorption with periodically arrayed nanostructures is attributed to (1)
enhanced anti-reflection (AR) effect from gradual refractive index change or enhanced
photonic behavior for downshifting within nanostructured layer,[92, 93] and (2) increased
fraction of high order transmitted light diffraction.[20, 94] From both of these effects,
highly increased light absorption will be expected by suppressed surface reflection and
increased light path-length in the absorber. However, regardless of their great potential
for enhanced light absorption, their complicated surface geometries including densely

packed and high aspect-ratio nanostructure followed by large surface area enlargement
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have been main barriers for realistic nanostructure for thin c-Si solar cell application.
Therefore, the complexity of surface geometry must be considered along with optical
property of Si nanostructure.

Therefore, in this chapter, we will investigate the optical properties of Si NPs in
two-dimensional (2-D) periodic hexagonal array fabricated in various geometric
conditions including height, diameter, and period as schematically illustrated in Figure
3.1(a) which can be fabricated by our nano-fabrication process as shown in Chapter 2.
The optical properties of Si NP array are calculated with two different optical modeling
techniques which are rigorous coupled wave analysis (RCWA) and finite-difference time-
domain (FDTD) and methods. RCWA is used to provide a full wavelength-scaled
analysis for incident light scattering behavior and transmitted light diffraction efficiency,
and combination with FDTD successfully provides well-visualized understanding on
overall incident light behavior in different NP conditions. By using these two different
techniques, the optimal geometric conditions of Si NP array for thin c-Si solar cell will be
determined based on effectiveness of resonant scattering in forward direction and
magnitude of transmitted light diffraction at high orders (> 0™ order) as schematically
illustrated in Figure 3.1 (b) - (1) and (2), respectively. [93, 94]

Incident Light

l)————

gl o]

127 7

|-

§ NP Height

Substrate ¢
thickness 1. Forward Scattering
2. Light diffraction > 0™
(a) (b)

67



Figure 3.1. (a) Schematic illustration of simulated Si NP, and (b) investigated optical
properties of Si NPs arrayed in 2-D hexagonal formation; (1) forward scattering for
reduced front surface reflection loss, and (2) light diffraction order for enhanced light
absorption of transmitted light in the absorber.

3.1.2. Rigorous Coupled Wave Analysis (RCWA)

Here for my thesis, RCWA method is used as a main optical modeling technique
to analyze the optical properties of Si NP array due to its less time consuming calculation
process to understand full wavelength-scaled reflection and transmission in addition to its

effectiveness to calculate the diffraction efficiency.

| Superstrate

(@) (b)

Figure 3.2. Constructed structure to solve a diffraction problem using RCWA. (a)
Structure is divided into strata so that each stratum is homogeneous in the z-direction,
and (b) horizontally divided strata so that each stratum is homogeneous in the y-direction
for circular-shaped structure calculation.

RCWA is a well-known optical simulation technique to calculate the diffraction
behaviors from a periodically arrayed structure. [95-98] Basically, RCWA aims to solve
the equations of light propagation from a homogeneous superstrate through a periodic

medium to a homogeneous substrate as illustrated in Figure. 3.2, RCWA requires that
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region II in Figure 3.2 (a) is homogeneous in the z-direction. For circular shaped structure,
due to limitation of RCWA for angled shape, the structure is also divided into y-direction
as shown in Figure 3.2 (b). The further theatrical details are shown in reference [99].

Here for my thesis, the commercial software package (GD-Calc), which runs in
MATLAB environment, is used for the RCWA simulations. Incident light was
considered to be randomly polarized by averaging transverse magnetic (TM) and

transverse electric (TE) polarizations.

3.1.3. Finite Difference Time Domain (FDTD)

FDTD is a numerical method where the Maxwell equations are solved by
discretizing time and space.[100] The spatial discretization utilizes a Yee lattice where
the E and H field are stored at intermediate positions to reduce the memory consumption.
The E and H field are then solved in discrete time intervals within the Yee lattice using
the Maxwell equations in partial differential form. The time resolution is usually directly
related to the spatial resolution. FDTD does not require the structure to be periodic, but
periodic, or Bloch wave, boundary conditions may be applied for simulations of waves in
periodic media. The source in an FDTD simulation is an electromagnetic pulse with a
given frequency and duration. The FDTD software computes the E and H field at every
time step until the magnitude of a chosen field component at a given detector position
reaches a certain threshold value. A short pulse length in the temporal domain will result

in a broadening of the frequency spectrum, i.e. one pulse consists of an extended range of
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frequencies centered on a mean frequency. The response at the detectors may be Fourier
transformed to get spectrally resolved reflection and transmission. In other words, the
response at all frequencies may be computed in only one run. Further details are shown in
reference [101].

Here, [ used FDTD to visualize the scattering behavior for Si NP array fabricated

in various geometric conditions to confirm the results of RCWA.

3.2. Design of Si Nanopillar Array with Optical Simulation

3.2.1. Period of Si NPs: Statistical coupled-mode theory (SCMT)

Before we study the specific optical properties of Si NPs with simulation, the
grating period, L, must be determined to accomplish high absorption enhancement over a
broad spectrum range. In previous reports by Yu et.al,[102, 103] the effect of period is
well explained with “statistical coupled-mode theory” based on the number of guided
resonance in a free space and number of resonant channels with incident wavelength.

From the theory, the absorption enhancement factor, F, can reach beyond the
bulk-limit, 4n”, when the normalized frequency, s = L / A, is comparable or smaller than
“1” which indicates that the period, L, must be comparable or smaller than incident A.
Based on theory, in case of hexagonal arrayed grating structure, absorption enhancement

beyond bulk-limit, 4n’, when “s” lies between 0.6 and 1.1 as shown in Figure 3.4 below.
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Figure 3.3. Upper limit of absorption enhancement for a grating with hexagonal lattice
periodic structure. Reprinted from Reference [102]

Therefore, if target wavelength region for absorption enhancement is chosen, the
period also can be decided based on that wavelength region. In this thesis, our target
region is longer wavelength since the nano-fabrication process has been developed for
thin-film Si solar cell application which inevitably produces large fraction of light loss in
longer wavelength region. Based on this reason, our target spectral area is 600 to 1100
nm where requires effective light trapping for absorption enhancement; in a consequence,
for our periodic Si NPs in hexagonal array, 600nm grating period (L = 600nm) is chosen
which provides normalized frequency range of 0.54 < s < 1.0 for 600 ~ 1100nm

wavelength region.
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3.2.2. Height and Si FF of Si NPs

In case of statistical coupled-mode theory, it assumes that the layer with periodic
grating structure is placed at back surface, Figure 3.4 (a), with perfect mirror condition.
The theory doesn’t account for any front surface reflection since it only focuses on the
relation between the number of guided resonances and channel numbers, not the light
interaction between incident light and absorber. However, this is not what actually
happens in reality. For periodic grating structure for practical application, the light
interaction with absorber and/or interference among scattered light also must be under
control or induce in a desired way to realize maximum light absorption within reduced
volume of absorber. In addition to period, therefore, the individual dimension of grating
structure also must be manipulated in an intended scale. From Figure 3.4 (b), our grating
structure, Si NP, is illustrated which is placed on top of absorbing medium. In this case
for front surface grating structure, unlike statistical coupled-mode theory, the front
surface reflection, R%, must be considered to achieve maximum light transmittance to

the medium for its enhanced light absorption.
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Figure 3.4. Schematic illustration of grating structured layer for (a) statistical coupled-
mode theory, and for (b) our simulation.

Here, we investigate the dimension effect of Si NP arrayed at 600nm period by
introducing different heights and diameters. Since dimension of standing structures at
fixed period is highly crucial in terms of (1) effective confinement of resonant scattering
within structure, and (2) reduced light interference between structures which are directly
related to the magnitude of reflection from the structured surface.[93, 104, 105] In Figure
3.5 (a) ~ (¢), the front surface reflection of Si NPs built on semi-infinite thick Si substrate
is calculated with RCWA simulation with three different Si FFs (30%, 50%, and 70%),
and various NP heights from 100 to 400 nm. The FF is defined by the fractional area of
Si NP and each FF of 30%, 50%, and 70% FF are equivalent to 344, 444, and 520 nm in
diameter, respectively. From the Figure 3.5 (a), 30% FF at 200nm Si NP height (red-line)
reveals highly suppressed front surface reflection, especially in the 600nm ~ 1100nm
wavelength range compared to other aspect-ratio Si NPs. However, even with same
height, as FF increases, overall reflection from front surface increases. In Figure 3.5 (d),
the weighted reflection are shown separately for short (300 ~ 600nm) and long (600 ~
1100nm) A region in different NP heights and FFs. From the Figure 3.5 (d), for long A
region, the front surface reflection can be very effectively suppressed for both of 30%
and 50% FFs at 200nm height, but 30% FF can also provide enhanced AR effective to

suppress reflection from short A region compared to 50%.
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Figure 3.5. RCWA results for front surface reflections from three different Si FFs, (a)
30%, (b) 50%, and (c) 70% representing 344, 444, and 520 nm Si NP diameters,
respectively, and the height range is from 100 to 400nm with 100nm interval. In addition,
(d) reflection trends for short (300~600nm) and long (600 ~ 1100nm) A are shown with
different NP heights in weighted reflectance. (Note: Period is fixed at 600nm)

Therefore, well-optimize Si NP in volume represented by Si FF (NP diameter) and height
can produce suppressed reflection despite of its low-aspect ratio. Typically, the AR effect
gets intensified with higher aspect-ratio of nanostructure, so this highly suppressed
reflection at lower aspect-ratio (30% FF at 200nm height) compared to other high aspect-

ratio Si NPs cannot be explained only with AR effect of NP.
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To understand the resonant scattering behavior with various Si NP dimensions,
FDTD simulation also has been performed due to its effectiveness to analyze certain
optical phenomena with visualized results. In Figure 3.6, height effect has been simulated

at 30% fixed Si FF (344nm in diameter) with 900nm incident A.
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Figure 3.6. Incident light scattering behavior (A = 900nm) with various heights; (a)
100nm, (b) 200nm, (¢) 300nm, and (d) 400nm at 30% fixed Si FF

From the results, as the increases from 100nm to 200nm, highly well-confined
scattering behavior is observed within 200nm NP. In addition, the magnitude of
scattering is also stronger at 200nm compared to 100nm NP. However, in case of taller
NPs, 300nm and 400nm, even though stronger intensity of scattering within NPs is still
observed, we also found that confinement of light scattering within NP is getting
weakened with these taller NPs which can attribute to scattered light interference inside
NPs is also getting significant due to increased density of state with taller Si NP. [106] As
a result, electric field distribution above the structured surface is getting noticeable
indicating large fraction of back reflection occurred with taller NP above 200nm.
Furthermore, the increased intensity of electric field between NPs taller than 200nm

represents the weakened confinement effect for resonant scattering with taller NPs due to
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excess scattered light interference. From the same reason, in Figure 3.7, we also observe
that increased back reflection as NP FF (or diameter) increases from 30% to 70%.
However, in case of diameter, because of increased NP volume to lateral direction, the

interferences are also getting dominant horizontally.

Figure 3.7. Incident light scattering behavior (A = 900nm) with various Si FF; (a) 30%,
(b) 50%, (c) 70% at 200nm fixed height

These increased light interferences are confirmed by Figure 3.8 (a) and (b) which shows
red-shifting of front surface reflection as FF (or diameter, at 100nm height) and height (at
70% FF) increases. We know that downshifting of light is natural phenomenon with
secondary light scattering (or interference).
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Figure 3.8. Red-shifting of front surface reflection as (a) FF (or diameter, at 100nm
height) and (b) height (at 70% FF) increases.

From the RCWA and FDTD simulations, it is very obvious that well-defined NP
dimension is highly crucial to produce effective incident light confinement within the NP
volume producing maximum light transmittance to the medium for absorption. From the
simulations, we found that, for 600nm period, the 200nm height and 30% FF (344nm in

diameter) are the desired Si NP dimensions in our conditions.

3.2.3. Diffraction Efficiency of Transmitted Light

From previous sections, we mostly focused on the light scattering behavior on
front surface with various aspect-ratio Si NPs to produce suppressed front surface
reflection. In this section, the grating effect of Si NP will be studied for large fraction of
high order transmitted light diffraction. As illustrated in Figure 3.9, the effective light
absorption in the longer A region requires reduction on both of front and back surface
reflection. For maximum light absorption in the longer A region, the transmitted light
path-length must be increased due to dramatically increased absorption length of light in

longer A region as discussed in the introduction.
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Figure 3.9. Schematic illustration of light loss mechanisms for incident light in short
(blue arrow), and long (red arrow) wavelength region

With plain Si surface or large-scale surface structures larger than incident
wavelength, 0" order transmitted light diffraction is dominant due to no or weak grating
effect with those surface geometric conditions. In Figure 3.10 (a), it is shown that bare Si
surface produce no specific direction of transmitted light scattering and Figure 3.10 (b)
shows that total transmitted light is transmitted to Si substrate with 0" order diffraction
which is just normal to the incident surface. Therefore, the transmitted light path-length
for absorption will have its shortest; in a consequence, large back-surface reflection loss

will be un-avoidable as illustrated in Figure 3.9 with red arrow (2).
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Figure 3.10. Optical simulation for transmitted light orientation with (a) FDTD (A =
1000nm), and (b) RCWA

Here, fractional diffraction efficiency at higher order above 0" with 2-D
hexagonal arrayed Si NPs is calculated with RCWA for same NP conditions from Figure
3.5. This calculation is done to investigate grating effect of each NP to produce large

fraction of high order transmitted light diffraction as illustrated in Figure 3.11.

Incident light

¥
(Long )

Figure 3.11. Schematic illustration of grating effect with Si NP to produce high order
transmitted light diffraction
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In Figure 3.12, along with enhanced forward scattering of 30% FF, Si NP in 30%
FF also produces larger fraction of transmitted light diffraction above 0™ order compared
to 50%, and 70% FF. The overall decrease of high order diffraction with larger diameter
can be attributed to reduced amount of total transmitted light from longer A as shown in
Figure 3.5 (d) with solid-line. The height effect on high order diffraction can be explained
by light inferences after resonant scattering. For instance, in Figure 3.12 (a) for 30% FF,
the overall increase of high order diffraction from 100 nm to 200nm is originated from
stronger scattering producing no or insignificant light interferences as shown in Figure
3.6 (b). However, with 300nm NP height, we observed that 700 ~ 900 nm A has reduced
high order diffraction in contrast to spectral region above 900nm showing increased
fraction of high order diffraction. As shown in Figure 3.6(c), dominant direction of
scattered light is forward direction to the substrate which indicates that red-shifted
incident A after scattering is involved in increased high order diffraction; in a
consequence, imbalance in high order diffraction over the spectral range is produced. In
case of 400nm NP, as shown in Figure 3.5(a), for 400nm, there is highly increased front
surface reflection in 700 ~ 1100nm A since excess light interferences are occurred within
400nm NP producing intensified back scattering. From Figure 3.6 (d), increased back
scattering within NP is shown as height increases from 300nm to 400nm producing more
surface reflection of red-shifted incident A. It is clear that larger Si NPs generally produce
reduced fraction of high order diffraction which indicates its weakened grating effect

with large FF of Si NP array.
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Figure 3.12. Fraction of high order (>Oth) transmitted light diffraction with (a) 30%, (b)
50%, and (c) 70% Si FF at various height from 100nm to 400nm

This weakened grating effect is because even though the period is fixed at 600nm,
larger diameter (or FF) of Si NP provides increased volume for light scattering which
produces more light loss from the surface by scattered light interferences which we
already discussed in Figure 3.7. In Figure 3.12, the total T% with 1 pm thick Si substrate
with 30%, 50%, and 70% FF of Si NP arrays is calculated and as FF increases, the
fraction of transmitted light is decreased which is because of increased back scattering.
Therefore, along with highly increased transmitted light, 30% FF & 200nm also provide
most effective NP dimension to produce high order light diffraction in the absorbing

medium, Si.

3.2.4. Absorption Enhancement of Si NP array

The absorption with Si NP arrayed 5 um thick Si substrate is also calculated with
ideal NP conditions (30% FF, 200nm height at 600nm period) which compares with bare
Si surface. In Figure 3.13, from the comparison with bare Si surface representing L >> A,

Si NP arrayed Si surface (L is comparable or slightly smaller than incident A) offers
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highly enhanced light absorption right above 580nm to 1100nm. This spectral region is
where we plan to increase absorption with 600nm period based on “statistical coupled-

mode theory” in the beginning of this chapter.
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80%
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Figure 3.13. RCWA results for reflection of Si NP fabricated at 30% FF, 200nm height
and 600nm period and reference reflection from bare Si surface (5 pm thick Si substrate).
Both surfaces have back reflector (BR, 200nm in perfect mirror condition) and front anti-
reflection layer (AR, 70nm SiNy).

Therefore, for highly enhance light absorption with periodically arrayed grating structure
on the front surface, having optimal scale of diameter and height is also highly crucial to

produce light absorption in the interest spectral region.
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3.2.5. Summary

In conclusion, from the RCWA and FDTD optical modeling, we found that
600nm period, 30% FF, and 200nm height are the most ideal geometric condition for Si
NPs arrayed in 2-D hexagonal formation. This is because this physical condition of Si NP
produces significantly suppressed front surface reflection and most enhanced grating
effect for enhanced light absorption especially for the longer A region where requires
highly increased absorption length compared to shorter A; in a consequence, the NP array
in this dimension at 600nm period can provide great potential for thin c-Si solar cell
application.

In addition, the simplicity of surface geometry of our Si NP potentially offer a
lower barrier to fabricate high efficiency nanostructure thin Si solar cell since it provides
improved compatibility with conventional device fabrication process which are for effect

surface passivation, AR coating, and electrode contact.
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Chapter. 4

FABRICATED SI NP BASED ON OPTICAL MODELING

In previous chapter, RCWA and FDTD optical simulations had been performed to
find the ideal geometric conditions for Si NP array which is potentially applicable for hgh
efficiency thin Si solar cell. In chapter 2, we also demonstrated that our capability to
produce Si NP in various periods and dimension arrayed at hexagonal formation with
enhanced lithographical accuracy. Therefore, in this section, comparison between
experimental and computational results for Si NPs will be made to show the accuracy of
our nano-lithography and nano-fabrication process to realize control period and

dimension of Si NP to produce simulated optical property.

4.1. Demonstration of Simulated Si NPs

4.1.1. Fabricated Si NP vs. Simulated Si NP

The simulated Si NPs in Chapter 3 are experimentally fabricated with SNS
lithography technique after combined with MaCE process which we already showed in
Chapter 2. For comparison of computational and experimental results, 600nm period and
30% FF of Si NPs are fabricated and the reflectance trend has been studied for various
heights to confirm the effectiveness of low aspect-ratio Si NP to suppress the surface
reflection. In Figure 4.1, the fabricated Si NPs (600nm period, 30% FF) are shown for

various heights from 100nm to 400nm.
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Figure 4.1. Fabricated 30% FF Si NPs in 600nm periodic hexagonal array approximately
for (a) 100nm, (b) 200nm, (¢) 300nm, and (d) 400nm heights

After Si NP fabrication, deposited Au catalyst layer (30nm) is removed by
dipping the samples in gold etchant solution to measure accurate reflection (R%) from Si
NP fabricated Si surfaces. In Figure 4.2, the measured surface R% is shown and from the
results, it is clear that 200nm Si NP (red-line) produces the lowest surface R% compared
to others. This suppressed R% with 200nm height at 600nm period and 30% FF is well

matched with previous computational result as shown in Figure 3.6 (a).
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Figure 4.2. Measured reflectance of Si NPs at different heights

The surface reflection from fabricated Si NPs is also compared with optical
modeling results as shown in Figure 4.3. From the Figure 4.3 (a) and (b) for 100 and
200nm NP heights, pretty well-agreed reflection behaviors are obtained, but with 300 and
400nm heights, there is noticeable increased mismatch between measured and calculated
results. We believe that this mismatch is because as height increases, the light scattering
with Si NP gets complicated due to significantly increased light interference as shown in

Figure 3.6; in a consequence, accurate optical simulation for taller Si NP array is more

challenging.
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Figure 4.3. Comparison of surface reflection between computational (RCWA, dash-line)
and measured (Measured, solid-line) reflection for (a) 100nm, (b) 200nm, (¢) 300nm, and
(d) 400nm Si NP heights (Measured Si substrate thickness = 280 um and RCWA

simulated Si substrate thickness = semi-infinite)

However, despite the some mismatch with higher aspect-ratio Si NPs between

calculated and measured reflection, the overall reflection trend is pretty well matched

between them. In Figure 4.4, we compare the trend of weighted reflection, Ry, for whole

(300 ~ 1100nm), short (300 ~ 600nm) and long (600 ~ 1100nm) A region between

measured and RCWA simulated results.
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Figure 4.4. Comparison of measured (Red solid-triangle) and RCWA simulated (blue
solid-diamond) weighted reflection change for (a) whole wavelength range (300 ~
1100nm), (b) short (300 ~ 700nm) and (c) long (700 ~ 1100nm) A region with increasing
Si NP height

From Figure 4.4 (a), the whole wavelength range from 300nm to 1100nm, as we
observed from Figure 4.3, the trend of Ry starts to be mismatched with Si NPs taller than
200nm. The measured Ry keeps decreasing as height increases but the RCWA simulated
Rw reveals the highest Ry for 300nm and the lowest for 400nm height. From Figure 4.4
(b) and (c) for short and long A region Ry, the short A region is the problematic region to
cause this Ry mismatch since the long A region produces quite well-agreed trend between
two results. We believe that this Rw mismatch for short A can be attributed to increased
structure damage for taller Si NPs. In Figure 4.6, the damage on Si NP is shown in red-
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circle. Most probably, this physical damage but in small-scale can increase the number of
light scattering for short A on the nanostructured Si surface and provide improved AR
effect for short A region which can explain the reduced surface reflection with taller Si

NPs.

WD p——— 200 nm

?  ASU

Figure 4.5. Example of structural damage on top of 400nm Si NP in red-circle

However, regardless of some optical property mismatch for higher aspect-ratio Si
NPs, we still can state that 200nm height at 30% FF in 600nm period can provide the
most reduced surface reflection especially for long A region. Even though significant
amount of light loss can be expected for short A region with this Si NP, effective AR
coating (i.e., SiNy) might be achieved due to its low aspect-ratio and less densely packed
Si NP array for further suppression of surface reflection including short A region.
Therefore, further optimization for AR layer deposition on this Si NPs will offer greatly

improved absorption for thin c-Si solar cell application.
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4.1.2. Si NP vs. Conventional KOH Pyramid

To confirm the increased light absorption of geometrically optimized Si NP array,
the surface reflection from our Si NP array and conventional KOH random pyramid is
made as shown in Figure 4.6. The KOH pyramid is chosen since it can represent the
surface structure from conventional ray-optic approach having L >> A. If it is true that our
optimal Si NP array fabricated in 600nm can provide enhanced light absorption beyond
bulk-limit, 4n?, for 600nm ~ 1100nm spectral range where we plan initially, the surface

reflection from Si NP arrayed surface must be lower than KOH pyramid textured surface.
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Figure 4.6. Comparison of surface Reflection between Si NPs (Red solid-line, 200nm
height, 30% FF, and 600nm period) and conventional KOH solution etched random
pyramid (Black solid-line) fabricated on 280um Si substrate.

In Figure 4.6, from the measured surface reflection for both surface structures, as
we expected, Si NP arrayed Si surface provides significantly suppressed surface
reflection for longer A region (580nm < A < 1100nm) compared to KOH pyramid. The
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absorption enhancement is observed from 580nm, not 600nm since the Si NP array
fabricated in hexagonal formation which can provide wider frequency range for
absorption enhancement compared to square lattice structure. This is because wavevector,
k, of hexagonal lattice structure is slight large than that of square lattice. More
explanation about the effect of lattice structure is further explained in Appendix section

for “statistical coupled-mode theory”.

4.1.3. Summary

From the comparison of results between computational and experimental works,
highly increased light absorption for target wavelength region can be achieved by
introducing a proper scale of period and optimal dimension of Si NPs including diameter
and height. From the results, we confirm that Si NP array fabricated at 30% FF and
200nm height in 600nm hexagonal array can provide absorption enhancement beyond

bulk-limit for target spectral region (600 ~ 1100nm).
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Chapter. 5

ORGANIC PASSIVATION FOR SI SURFACE

5.1. Understanding of Molecular Contribution for Effective Quinhydrone/Methanol

Organic Passivation for Silicon
5.1.1. Fundamental of Recombination Processes

Whenever the thermal-equilibrium condition of a semiconductor system is
disturbed (i.e., pn # n,-2 where p = hole, n = electron, and »; = intrinsic carrier
concentration) by any external excitation, processes exist to restore the system to
equilibrium (i.e., pn = n7’). These processes are recombination when pn > n;°. And can
occurs both in the bulk and at the surface of the semiconductor system. This
recombination process is problematic especially for photovoltaic device since photo-
generated excess carriers (i.e., e-h pair) can be lost due to recombination processes before
being extracted to the external circuit. During recombination, photo-generated electrons
in the conduction band fall back to the valance band; in a consequence, recombination
between the electron and hole will be occurred, and the excess carrier concentration in
the semiconductor system eventually reaches its equilibrium level. For PV system, if it
has a high recombination rate, the photo-generated current (Js) would be dropped and
subsequently, open circuit voltage (Vo) would be decreased by Eq. 5.1. Higher rate of
recombination increases the magnitude of saturation current (Jo) followed by overall

device efficiency drop by Eq. 5.2.
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v, = k—Tln(ﬁH) 5.1
q Jo

Jsc Vo " FF
Power;,

Efficinecy (n) = 5.2

Therefore, sufficiently long carrier lifetime (t) must be achieved for effective photo-
generated carrier collection before recombination. The 1 is a function of excess carrier

density, An, and net recombination rate, U, given by Eq. 5.3.

T= — 5.3

From Eq. 5.3, higher t can be achieved by offering reduced net recombination (U)
to semiconductor system which relies on different recombination processes occurring in
the bulk and the surface of the semiconductor system. The recombination is basically
originated by;

- Shockley Read Hall (SRH) recombination via defects in the band gap
- Radiative recombination
- Auger recombination

- Surface recombination
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Figure 5.1. Carrier recombination mechanism in semiconductor system.[107]

SRH recombination: SRH recombination is the process directly related to
impurities or crystal defects of semiconductors.[108] In this process, the e-h pairs
recombined through the defects or impurities which act as deep trap states lying within
the forbidden band. These deep trap states can effectively facilitate a two-step
recombination process where conduction electrons can relax to the defect level and then
relax to the valence band, annihilating a hole in the process. Therefore, the SRH
recombination is mainly dependent on the density of trap states (Nt), their energy levels
(Et) within the band gap, the capture cross-sections of electrons (c,) and holes (cp). The

SRH recombination rate, Usgry, is given by Eq. 5.4.

np — n?
p(n+ n) + (P + p1)

USRH = 54
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where, n = ng + An and p = po + Ap (no, po are the equilibrium carrier concentration and
An, Ap are the excess carrier concentration), T, and t, are the lifetime parameters (for
hole and electron, respectively) whose values depend on the type of trap and the volume
density of trapping defects given by Eq. 5.5 and n;, p; are the parameters that introduce
the dependency of the recombination rate on the trapping energy level, Er, given by Eq.

5.6.

UpNTUth GnNTUth

ET_E' ET_EI

l —_— . —
T) and p; = n;exp( T

ny = n; exp(
Therefore, using the relation between t and U given in Eq. 5.3, SRH lifetime can be

given by Eq. 5.7.

,(n+ny) + 7,,(p + p1)

5.7
(po + ny + An)

TsrH =

where, po and ny are carrier concentration for equilibrium condition.

Radiative recombination: For radiative recombination, Band-to-band
recombination occurs when an electron moves from its conduction band state into the
empty valence band state after releasing the excess energy in the form of photon.

Radiative recombination process directly opposite to carrier generation process occurred
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by introducing external energy to the system (i.e., incident light). During the radiative
recombination process, the excess electrons in the conduction band fall back to the
valence band and recombine with holes. The radiative lifetime, 1,,q can be given by Eq.

5.8.

1
traa = p (po + ny + An)

5.8

where, B is the radiative recombination coefficient. For silicon, B =4.73 x 107" cm’/s at
300 K. The radiative recombination is more prevailed in direct bandgap semiconductors
like GaAs and in case of silicon the radiative recombination rate is extremely small due

to its indirect band-gap where phonon emission is dominant instead of photon.

Auger recombination: For Auger recombination process, an electron and a hole
recombine in a band-to-band transition, but now the resulting energy is given off to
another electron or hole. The involvement of a third particle affects the recombination
rate so that we need to treat Auger recombination differently from band-to-band

recombination. The Auger lifetime is given by Eq. 5.9.

1
_ 5.9
0 T C,(pF + 2pq - An + AnZ) + Cy(nd + 21 - An + An?)

where, C, and C, are Auger recombination coefficient for holes = 1 x 10" ¢m®s and for

electrons = 2.8 x 107! cm®%s, respectively. From Eq. 5.9, we can see that Tauger i
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inversely dependent on An* which implied that for heavily doped substrates or under high

carrier injection conditions, Tauger Will be the limiting factor for overall carrier lifetime.

Surface recombination: For semiconductor materials, recombination at surfaces
and interfaces can have a significant impact on the behavior of semiconductor devices.
This is because surfaces and interfaces typically contain a large number of recombination
centers because of the abrupt termination of the semiconductor crystal, which leaves a
large number of electrically active states. In addition, the surfaces and interfaces are more
likely to contain impurities since they are exposed during the device fabrication process.
The net recombination rate, U, due to trap-assisted recombination and generation is

given by Eq. 5.10.

Ee (nsps - nLZ) ’ UthDit(ET)
Ep (ns+ny) + (ps+p1)
O'p(ET) an(ET)

Us = 5.10

where, Dj; is the interface defect density as a function of trap energy level, Er. ng, ps are
the electron and hole concentration at the surface, respectively and n; is the intrinsic
carrier concentration (for Si, n; = 1 x 10" cm™ at 300 K).[109] From the net
recombination rate, Us, the surface recombination velocity, S, can be obtained by Eq.

5.11.

S = 5.11

97



where, Ang is the excess carrier density at the surface. When electrical charges are
introduced to the surface by oxidation or depositing dielectric layer, the surface energy
band can be bended to positive or negative direction depending on the polarity of the
electrical charge; in a consequence, the surface exhibits electric field by the surface band
bending which produces carrier imbalance between electron and hole at the surface, and
this phenomenon is called as field effect passivation. Therefore, the effective surface

recombination velocity, Ser can be given by Eq. 5.12.

U

Serr = ——— 5.12
ST ™ An(x = d)

where, x = d indicates the length of the space charge region at the surface. Therefore,
effective surface passivation requires a low surface recombination velocity in addition to
low surface defect density.

After considering all of recombination processes above, the effective carrier
lifetime can be given by Eq. 5.13 since carrier lifetime is inversely proportional to

recombination velocity.

1 1 1 1 1 1
= +— + +
Teff TSRH Trad TAuger Tsurface Temitter

where, Temitter 1S defined by effective carrier lifetime due to doping level of emitter.
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5.1.2. Surface Passivation Approaches

There are essentially two approaches to reduce surface recombination to realize
effective surface passivation for semiconductors which are (1) chemical passivation and
(2) field effective passivation. The first, chemical passivation, is to reduce the density of
surface states Dj;, through saturation of surface dangling bonds which act as trap state for
carriers. The second, because the rate in Eq. 5.10 is linearly dependent on the product of
the density of electrons and holes at the surface (ng and ps), is to remove one type of
charge carriers from the surface region which can be done using a local electric field,
usually induced by a dielectric material, hosting a large density of fixed charges,

deposited onto the surface, and is referred to as field effect passivation.

5.1.3. Motivation of This Work

Due to many promising applications over a diverse group of electronic devices,
certain specialized organic materials are very much of interest. Ultra-thin organic films
such as self-assembled monolayers (SAMs) are extensively studied due to their potential
to modify the surface electronic properties of metallic and semiconductor materials.[110-
112] Recently, organic molecules or ligands have been used for silicon (Si) surface
passivation, improving the effective carrier lifetime (1) and reducing the surface
recombination velocity (SRV) due to the importance of semiconductor surface quality as

discussed in previous sections.[113, 114]
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High quality passivation of Si is especially important for solar cells which require
minimizing the SRV of photo-generated carriers. Conventionally, dielectric thin films
such as silicon dioxide (Si0O,) and silicon nitride (SiNx) are commonly used to provide
effective Si surface passivation. However, the deposition of SiO, and SiNx typically
requires a high vacuum and/or high temperature process which adds cost to the devices.
The use of organic coatings will reduce cost, and in addition, the rising interest in
nanostructured devices that require ultra-thin and highly conformal passivation layers
further motivates the organic molecular passivation approach.

A large number of studies report organic Si passivation using different organic
molecules,[114, 115] but in most cases insufficient passivation qualities have limited
their further development. However, a quinhydrone/methanol (QHY/MeOH) method
initially developed by Takato [116], has been reported to result in a high tes (3.3 ms) and
a low SRV (7 cm/sec) at 1.0 E15 cm™ carrier injection levels with n-type float-zone (FZ)
Si substrates.[117] The simplicity of a Si passivation process in which the sample is just

dipped in a QHY/MeOH solution at room temperature is highly attractive.[118]

—~H °
OH o TSo
OH O~ H _~0 OH
p-benzoquinone Hydroquinone Quinhydrone Semiquinone
(BQ) (HQ) (QHY) (5Q)
(a) (b) (c) (d)

Figure 5.2. Molecular structures of (a) BQ, (b)HQ, (¢) QHY, (d) SQ (passivation agent).
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QHY, Figure 5.1 (c), is a very well-known charge-transfer complex between p-
benzoquinone (BQ), Figure 5.1 (a), and hydroquinone (HQ), Figure 5.1 (b), which was
initially studied by Paul et al. in 1980s.[119-122] However, the QHY charge-transfer
complex is also known to be very labile in a solution environment [123, 124] and
previous reports show that QHY exists as various formations of intermediate molecular
radicals in different solvents.[125-127] Because of the instability of QHY in the solution,
QHY itself cannot act as the passivating agent for the Si surface. The study by Cahen et
al. revealed that semiquinone (SQ), Figure 1(d), is the actual passivating molecule
bonding to the Si surface.[128] However, even though the QHY/MeOH passivation
method has been widely studied by research groups, the contribution mechanism of each
molecule (BQ and HQ) and the solvent (MeOH) for Si surface passivation is not clearly
understood. In this thesis we report on the molecular contributions of BQ and HQ in
MeOH to produce effective Si surface passivation in terms of (1) the uniformity of the

passivation layer, and (2) SQ formation.

5.1.4. Experimental Section

To prepare the samples with organic passivation, we used 2-inch x 2-inch squares
cut from n-type FZ Si <100>, 100 Q-cm resistivity, 450 um thick double side polished
wafers. The wafers were cleaned in piranha, (H,O, and H,SO4 mixed in 1 : 4 ratio) for 15
min followed by a 10 min rinse in DI-water and then dipped in a 10 vol% HF solution for

2 min with a 5 min DI-water rinse thereafter. The passivation with BQ/HQ/MeOH
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solutions was done for 1-hr (if not specified) in a glass beaker sealed by paraffin tape to
prevent solution concentration changes during the process.

Carrier lifetime and AFM measurements were performed immediately after
removal of the samples from the solution and the FT-IR measurements of each solution
were done within 1-hour after the solution was made. The tunneling mode (TUNA) and
high resolution tapping mode AFM (HR-AFM) scans were performed on a Veeco DI-
3100 using a platinum coated conductive probe and super-sharp probe (probe diameter <
2nm), respectively. T.sr was measured using a Sinton lifetime tester, WCT-120, in the

quasi-steady state (QSS) mode.

5.1.5. Minority Carrier Lifetime

The minority carrier lifetimes (ter) with various solution conditions were
measured to distinguish the dominant passivation molecule between the BQ and HQ for
the Si surface. In the measurement of t.¢r with either BQ/MeOH or HQ/MeOH solutions
(10 mM concentration each), as shown in Figure 5.3 (a), the BQ/MeOH produced ~ 1.7
ms at a 2.0E15 cm™ carrier injection level, but for the sample with the HQ/MeOH, only
68 us was measured. From repeated measurements, we found that the 1. of HQ/MeOH
treated samples never exceeded the 1. of the HF pre-cleaned only sample which

indicates that the HQ/MeOH treatment just degrades the SRV of the HF treated surface.
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Figure 5.3. (a) Measured minority carrier lifetimes (tetr) of BQ (solid-square) and HQ
(solid-triangle) treated Si compared to an HF (open-circle) only cleaned sample and (b)
the measured tes at a minority carrier density of 2x10" cm™ with 100% BQ, HQ, and
various HQ mixture ratios into a fixed 10mM BQ in MeOH.

However, from Figure 5.3 (b), when we measured te¢r while varying the HQ ratio
with fixed 10 mM of BQ, the highest T, 3.2ms at 2.0E15 cm™ was achieved ata 1 to 1
mixture ratio of BQ and HQ (1.0 HQ), while with the other BQ : HQ ratios, 1 : 0.5 (0.5
HQ) and 1 : 1.5 (1.5 HQ), a lower t.s of 2.0ms and 1.6ms were measured, respectively.
This result leads us to assume that while HQ has little involvement in the passivation
reaction when it exists alone, it enhances the effectiveness of surface passivation under an

optimal mixture ratio with BQ.

5.1.6. Uniformity of Organic Passivation Layer

In order to understand how HQ is involved in the Si passivation process, the Si

surface morphologies after dipping in the solutions with different HQ mixture ratios were
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investigated using tapping mode AFM which is a direct way to see the uniformity of the
passivation layer. Because the molecular passivation layer is ultra-thin, the AFM scans
were done with a super-sharp probe (probe diameter < 2nm) to generate high resolution
AFM (HR-AFM) images. The HR-AFM images shown in Figure 5.4 (a) ~ (d) were
obtained from the samples passivated with (a) pure BQ, (b) 0.5 HQ, (c) 1.0 HQ, and (d)

1.5 HQ with 10 mM of fixed BQ.

;
|
{
{
)]

Figure 5.4. HR-AFM images of (a) pure BQ, (b) 5 mM HQ, (c) 10 mM HQ, (¢) 15 mM
HQ addition into 10 mM of BQ in MeOH. (Scan scale : 200 nm x 200 nm & scale bar :
50nm)

It is evident that higher HQ ratios produce more prominent molecular islands on
the surface indicating higher molecular density on the surface. However, as shown in
Figure 5.4 (d), the uniformity of the islands deteriorated with the 1.5 HQ mixture ratio.
The cross-section profile for each sample also supports the idea that excess HQ degrades
the uniformity of the passivation layer and this corresponds with the decrease in Ter
shown in Figure 5.3 (b).

To further clarify the influence of HQ for uniformity of passivation layer,

tunneling mode AFM (TUNA) has been also introduced to provide surface conductivity
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mapping with high current sensitivity (< IpA). With the TUNA mode AFM, therefore,
we can distinguish the densely packed molecular area (higher conductivity) and areas
where native oxide has formed (lower conductivity) because the passivation layer is not
or only sparsely present. (Note: It is known that the densely packed molecule area on the
Si surface delays formation of native oxide) [129, 130] Examining the TUNA mode AFM
images of surfaces treated with an excess HQ ratio in Figure 5.5 (c), a large number of
dark areas (white circle) were observed on the surface representing areas where rapid
formation of native oxide is allowed corresponding to only localized molecular
passivation when using excess HQ. With lower HQ ratios of 0.5 HQ and 1.0 HQ,
however, fewer dark areas were detected. The large contrast different between 0.5 HQ
and 1.0 HQ can be explained by the different density of SQ produced by H" exchange
between BQ and HQ since SQ is the actual molecule passivating Si surface as was
confirmed by Cahen et al.[128] From the HR-AFM and TUNA results, therefore, it is

clear that HQ affects the uniformity of the molecular passivation layer on the Si surface.

1.0 pA

Figure 5.5. TUNA image of (a) 5 mM HQ, (e¢) 10 mM HQ, (f) 15 mM HQ addition into
10 mM of BQ in MeOH. (Scan scale : 200 nm x 200 nm & scale bar : 50nm), (Note: It is
note-worthy that a 1 to 1 mixture ratio of BQ and HQ might also produce a more ordered
molecular stacking of the passivation layer since the higher current flow (or brighter
color) at the molecular island region in Figure.5 (b) might indicate that there is a well-
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ordered pi-pi stacking formation among molecules which improves the conductivity of
the molecular layer.[118, 131, 132])

5.1.7. Understanding of Molecular Reaction for Passivation

To better understand the reasons for the variation of passivation layer morphology
and t.¢r with different HQ ratios, the molecular interaction between BQ, HQ and MeOH
must be clarified. Therefore, FT-IR measurements were taken for the various solution
conditions and Figure 5.6 (a) shows the results including pure MeOH for comparison.
Note in particular the characteristic absorption for the alcohol O-H bond at 3390 cm’
(stretch) and 1400 cm™ (bending) which have been marked with vertical lines. BQ in
MeOH produces a highly hydroxyl (O-H) deficient solution since BQ is a strong
oxidizing agent which deprives a hydrogen (H') from MeOH. Considering that there is
only 10mM of BQ in MeOH, the reaction between BQ and MeOH must be extremely fast
and dynamic since the O-H peaks at 3390 cm™ and ~1400 cm™ have nearly disappeared.
(Note: the C-H peak at ~ 2900cm™ is fairly ubiquitous, so the origin of the C-H peak
intensity change is hard to specify.)[133] Further, FT-IR results showed that the addition
of HQ to the BQ/MeOH solution increased the O-H peak intensity up to the 1 to 1 ratio
with BQ. This is because the oxidation potential of HQ in MeOH is ~ 0.29 V,[82] and
this is lower than that of MeOH itself, ~ 0.38 V.[134] Therefore, when HQ exists with
BQ in MeOH, HQ acts as a strong reducing agent for BQ replacing the role of MeOH as
a H™ donor as shown in Figure 5.6 (c), so a higher fraction of MeOH molecules retain
their H'. In a consequence, the overall absorbance of solution from O-H bonds gradually
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increased as HQ ratio increases. Above a 1 to 1 ratio the intensity of the O-H peaks at
both 3390 and 1400 cm™ become saturated which is evidence that only a limited amount
of HQ will react with BQ. This is because the BQ — HQ redox system is known to
produce a stabilized intermediate molecule of semiquinone (SQ) radical by exchanging
one H' in a non-aqueous and weak hydrogen bonding agent like MeOH.[125] In addition,
from the report by Har-Lavan et al. it was confirmed the final molecular formation
bonding with Si surface is the SQ molecule. In Figure 5.6, the schematic illustration is

shown for SQ formation in the solution to produce Si-SQ bond for passivation.
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Figure 5.6. Schematic illustration for SQ formation in solution to produce Si-SQ bonding
for Si surface passivation

For SQ formation, only one H" exchange is required, so 1 to 1 interaction between
BQ and HQ should be the maximum reaction ratio which indicates excess HQ above the
1 to 1 ratio with BQ will remain un-reacted in the solution. In Figure 5.3, it was shown

that HQ alone is not involved in the passivation reaction. Based on the HR-AFM images
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in Figure 5.4 (d), this un-reacted HQ prevents an intimate interaction between the
passivation molecule and the Si surface thus deteriorating the uniformity of the

passivation layer.

3390 cm™! ~1400 cm™
Alcohol O-H Alcohol O-H
(stretch) (bending)
100 1
g 90
@
(&}
P
2 :
e : —BQ:HQ=1:05
_tg %0 i —BQ:HQ=1:1
< i —BQ:HQ=1:15
! Methanol
70 i
1
1
60
3800 3300 2800 2300 1800 1300 800
Wavenumber (cm™)
(a)
MeOH BQ SQ
0
H H /9 OH
| Ox l Lo Redox
H—C—H =————> H—C—H (0 o
| ——
O\ H 9 —/ 0 o
L
(b)
HQ SQ-1 BQ SQ-2
OH OH /—> o]
Ox P Redox
— W[ ] —

~—

OH 0 __/
(c)

Lle]

Figure 5.7. (a) FT-IR results of BQ, HQ, and various HQ mixture ratios into fixed BQ in
MeOH and pure MeOH, (b) Reducing BQ into one SQ in BQ/MeOH, (c) two SQ
formation in BHQ/MeOH.
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5.1.8. Carrier Lifetime vs. Passivation Time in Solution

We also investigated the effect of treatment time in both pure BQ and BQ : HQ =
1 : 1 (BHQ) in MeOH solutions upon passivation quality using minority carrier lifetime
measurements. Figure 5.7 (a) shows the measured 1. data for Si samples dipped in these
solutions from 10-min to 180-min. A dramatic increase of T.s occurs with BHQ/MeOH
compared to BQ/MeOH for treatment times less than 50-min. This rapid increase of T
can be explained by the higher density of SQ in BHQ/MeOH than that of BQ/MeOH
accelerating the reaction rate between SQ and Si dangling bonds. However, a gradual
decrease of 1.sr with BHQ/MeOH was also observed as the treatment time was further
increased in contrast to the BQ/MeOH solution. From repeated t.s tests for different
treatment times, 1-hr and 3-hr are determined to be the optimal passivation times for

BHQ/MeOH and BQ/MeOH, respectively.
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Figure 5.8. Measured ts of Si samples after dipping in pure BQ and HQ added MeOH
solution for 10-min to 180-min.
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5.1.9. Kelvin Probe Measurement: Si Surface Band-Bending

To help understand the different passivation time effect with BHQ and BQ
solution, the electrical property of passivated Si surface has been investigated by using
Kelvin probe (KP) technique which can measure the variation of surface work-function.
The work-function is extremely sensitive indicator of surface condition which is affected
by absorbed or evaporated layers, surface reconstruction, surface charing, etc. Here, we
used KP system to measure specifically the surface photovoltage (SPV) after organic
passivation. The SPV was measured by comparison the contact potential differences
(CPD) between dark and illumination condition. In Table 5.1, the measured SPV and T
for n-type Si substrates with two different surface treatment time in BHQ, BQ, and HQ
solution, 1-hr and 3-hr, respectively.

From Table 5.1, it is obvious that there would be SPV formation with BHQ and
BQ treatment, but no meaningful values of SPV were observed with HQ which has good
agreement with lifetime measurement results. For 1-hr passivation with n-type Si, the
significant SPV has been measured along with increased t.s for both of BHQ and BQ
solution compared to HF pre-cleaned sample. From the SPV results, BHQ and BQ
surface passivation would induce positive (+) charge at Si surface which indicates that

organic molecules offer relatively negative electric charge to the surface.
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Table 5.1. N-type Si - SPV values (induced charge at Si surface) measured by Kelvin
Probe, and 1.¢r & implied Voc measured by photoconductivity decay with various surface
treatments & passivation (or dipping) time.

Passivation Substrate Passivation SPV (meV) ()
molecules polarity time (3x10") Tesr (1L
1-hr (+) 314 £ 26 1284
BHQ N
3-hr (+)249 £ 8 525
1-hr (+) 254 £ 13 835
BQ N
3-hr (+) 317 £ 44 1293
1-hr (+) 13£24 68
HQ N
3-hr (+) 20+ 22 91
HE N 2-min ()70 244

* BHQ = Mixture of BQ and HQ in 1 to 1 ratio
* n-type : FZ, >100 Q-cm, <100>, 450um, DSP

However, after 3-hr extended passivation time, the measured SPV decreases with BHQ,
but that of BQ increases. In addition, as already shown in Figure 5.7, the 3-hr passivation
with BHQ produces degraded t.s in contrast to the improved t.s with BQ solution. From
the comparison between SPV and 1., results in Table 5.1, it is clear that field effect
passivation is the dominant mechanism for BHQ and BQ organic passivation.[117]

In Figure 5.8, HR-AFM images are shown for 1-hr and 3-hr passivated Si samples

with BHQ and BQ solution passivation which are same samples from Table 5.1.
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Figure 5.9. HR-AFM images of Si surface after dipping in BHQ [a, b] and BQ solution
[c, d] for 1-hr and 3-hr, respectively. (scale-bar = 50nm)

From the Figure 5.8 (a) and (b), 3-hr extended passivation in BHQ/MeOH
produces severe molecular aggregation on the surface, but for BQ/MeOH, the 3-hr
passivation offers more prominent molecular island without aggregation which indicates
BQ produces less dramatic passivation rate compared to BHQ. After analyzing the
morphology, T, and SPV from Si samples passivated in various conditions, we can
claim that the surface passivation with BHQ (or BQ) is originated from dipole moment of
absorbed molecules which supports that SPV decreases with increased aggregation of
molecules. This is because, as schematically illustration in Figure 5.10 (a), dipole

moment is a vector quantity produced by charge asymmetry within molecules, but
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random stacking of molecules in various orientations, Figure 5.10 (b), would encourage
n-m interaction between stacked molecules, reducing magnitude of molecular asymmetry

in a result, producing a weakened dipole moment within the molecular layer. [135]

OH \ (+) Polarity
3 @ [ | Strong Dipole Moment Om I
/)i\/si\/ﬁl\/.‘ii\/ﬁiv_- \/'il \/\i\/ \\/’l \/sl\/. ~ ( ) Polarity

- Strong induced charge (+)
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L
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/ \f/ S “\/ \/ \/ \/ \/li"\/ o \/l\/ S
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(b)

Figure 5.10. Schematic illustration of (a) SQ in mono-layer, and (b) SQ in aggregation
(or multi-layer) producing different degree of molecular dipole moment
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5.1.10. Summary

Because of the dramatic uniformity change of the passivation layer after HQ
addition, BHQ/MeOH might not be suitable for a complex Si surface geometry which
requires a very uniform and conformal ultra-thin passivation layer. Therefore, depending
on the degree of surface geometrical complexity, adjusting the HQ addition and
optimizing the dipping time is expected to improve the effectiveness of the passivation.

In conclusion, the role of the HQ component of the QHY/MeOH passivation of
the Si surface has been clarified. From the report, HQ alone cannot provide a passivation
effect for Si, but an optimal mixture ratio between HQ and BQ provides a highly
accelerated passivation rate compared to pure BQ due to increased density of SQ after H"
exchange between BQ and HQ in the solution. However, excess addition of HQ causes
severe molecular aggregation and reduced coverage of the passivation layer. Even with
an optimal HQ amount, an excess dipping time also produced a highly non-uniform
surface morphology which, subsequently, degraded 1. Regardless of its slower
passivation rate, a less dramatic change of passivation layer morphology was observed
with a pure BQ/MeOH solution as dipping time increased, producing a t.sr comparable
with BHQ/MeOH. Therefore, pure BQ/MeOH may provide improved passivation for
complex Si surface geometries which require highly conformal and uniform passivation

layers.
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Chapter. 6

CONCLUSION AND FUTURE WORK

6.1. Conclusion

The objective of this thesis was to develop a fast, cost-effective, and large-area
nano-lithography technique which can also offer enhanced lithographical accuracy to
fabricate Si surface nanostructures with a desired period and dimension. In terms of this
effort, the DMF introduced SNS spin-coating method has been successfully developed,
which provides wide flexibility on pattern size and its period. This is because various
sizes of SNS can be easily deposited by just changing the SNS solution concentration,
which is also predictable based on the diameter of SNS. In addition, uniform and stable
SNS etching with a RIE process produces well-defined and controlled scale of surface
patterns since our optimized RIE provides linear SNS size reduction as the etching time
increases. Our SNS introduced nano-lithography techniques can be combined with
various etching technique like alkaline solution etching, MaCE, and RIE process
depending on the target shape of nanostructures, since different etching techniques offer
different etching properties, like etching direction and selectivity. In this dissertation, we
have successfully demonstrated that nanopillars, nanotips, and inverted pyramids with a
desired period and dimension can be fabricated by using different etching techniques.

In this thesis, we also utilized two different optical modeling techniques which are
the FDTD and RCWA methods. From each computational method, the incident light
scattering and transmitted light diffraction behavior of Si NPs array have been clearly

visualized and understood. From the results of RCWA and FDTD simulation, 600nm is
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found to be the optimum period of Si NPs in a hexagonal array for both improved AR
properties and grating effects. Furthermore, the physical dimension of Si NP determined
by Si filling fraction and height is also crucial to produce intensified forward scattering
and a large fraction of high order diffraction. As a result, 600nm period, 30% FF, and
200nm height Si NPs are potentially the ideal geometric specification for thin c-Si solar
cell application.

The fabricated Si NPs based on optical modeling results have successfully
produced well-agreed optical property which indicates that our SNS lithography
combined with MaCE can provide highly accurate period and dimension control to

realize the desired optical properties for Si nanostructures.

6.2. Proposed Future Work

In this thesis, we have introduced a novel nano-lithography and fabrication
process by using the SNS lithography technique, which enables the realization of Si
nanostructures with a desired period and dimension. However, our SNS solvent-
controlled spin-coating method is optimized for Si surfaces, not for other material; as a
consequence, the process application for different materials might be challenging.
Therefore, we propose to combine our SNS lithography technique with nano-imprinting
process. The combination of two different technologies can provide a highly accurate
master mold for nano-patterning process, which also can apply for a wide variety of

different applications for different materials. In addition, nano-imprint technology has
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been widely researched and is presently reaching commercial level. However, the surface
nano-patterning is still highly challenging, which requires time-consuming and expensive
nano-farbication process as we described in the introduction section. Furthermore, the
surface quality where nanostructure is made will be less important with nano-imprinting

process since the SNS monolayer does not have to be deposited.
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APPENDIX A

LIMIT OF ABSORPTION ENHANCEMENT IN THIN-FILM WITH GRATING

STRUCTURE FABRICATED IN SUBWAVELENGTH-SCALE PERIOD
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A.1. Statistical Coupled-mode Theory

For high efficiency thin Si solar cell fabrication, proper surface architectures are
must be designed and built to provide effective light trapping for longer wavelength
region. In many previous studies has successfully demonstrated that periodically arrayed
nanostructure fabricated in the incident wavelength-scale period can provide highly
effective light trapping which offers enhanced light absorption of Si beyond its bulk-
limit.

The theory of light trapping was initially developed for conventional thick (>
100pum) solar cell which offers sufficient absorption length for transmitted light.[136-
138] In terms of ray-optics perspective, conventional light trapping theory was utilizing
the concept of total internal reflection between the absorbing and surrounding media.
Realizing total internal reflection results in a significantly increased light propagation
distance inside absorbing medium, in a consequence, highly enhanced light absorption
can be expected. For conventional light trapping theory, with normally incident light, the
absorption enhancement factor (F) has an upper limit of 4n” where n is a refractive index
of absorber material. This 4n’ is called as a bulk limit of absorption enhancement in
conventional theory.

For nano-scale thin absorber in comparable or smaller than incident wavelength-
scale, some of the basic assumptions from conventional theory are no more valid.
Therefore, different perspective must be introduced to explain the light behavior in the
reduced thickness of absorbing medium which is a rigorous electro-magnetic theory. In

terms of this effort, Yu et.al has well developed a statistical coupled-mode theory to
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explain the absorption enhancement for this reduced volume of media in sub-wavelength
scale.[103] From the study by Yu et.al, the absorption enhancement can be achieved
beyond bulk-limit of 4n® if the light absorbing medium is properly designed in

subwavelength-scale.

Incident (¢)
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Figure Al. Light trapping with random texture and a grating structure. (A) Light
trapping by randomly textured surface. (B) Light trapping using a periodic grating on a
back-reflector (yellow); d = 2 um, L = 250 nm. The depth and width of the dielectric
groove in the grating are 50 and 175 nm, respectively. The dielectric material is
crystalline silicon. (C) Absorption spectrum [transverse magnetic (TM) mode, normal
incidence] and dispersion relation of waveguide modes for the structure in B. Resonances
occur when ki = 2n/L (red dots). Reprinted from Reference [103].

To illustrate statistical coupled-mode theory, we consider a high refractive index

light absorbing medium in a few wavelength-scale with a perfect mirror at the bottom and
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air for surrounding medium to support guided optical modes in the light absorbing
medium. This is because guided mode can provide longer light propagation distance
along the active layer which is longer than layer thickness. In a consequence, light
trapping can be achieved by coupling incident plane waves into these guided modes when
the surface has a periodic grating structure array in the subwavelength-scale period (L),
Figure 1.5(a), or random Lambertian texturing, Figure 1.5(b). In this section, we will
focus on grating structure in Figure 1.5(b). From the statistical coupled-mode theory, as
long as L is in comparable scale to the incident wavelength-scale, each incident plane
wave can couple into at least one guided mode which can couple to external plane waves,
creating a guided resonance.[139]

The common absorption spectrum for Figure 1.5(b) is shown in Figure 1.5(c)
which consists of multiple peaks corresponding to guided resonance. From the Figure
1.5(c), strongly enhanced absorption in between each guided resonance. However, due to
the narrow spectral width of each peak, the broad absorption spectral must be reproduced

by collection of these peaks which is the goal of statistical coupled-mode theory.
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A.2. Overview of the Theory

This section provides overview descriptions to understand the absorption
enhancement of grating structure and its limit based on previously reported statistical
coupled-mode theory in reference [102]. Since the periodic grating structure improves the
absorption by aggregating contribution of each resonance as shown in Figure A1.1(c), we
need to identify the contribution of each resonance to the total absorption over the
spectrum range. When plane wave reaches the surface of absorbing medium, the behavior
of single guided resonance can be explained by the temporal coupled mode theory

equation below;[140, 141]
d ) j .
Ea: (]a)o— T)a-&-] YeS Eq.(1)

where, a is the resonance amplitude which can be normalized in |a|* as the energy per unit
area in the thin medium. oy is the resonance frequency. v; is the intrinsic loss rate of the
resonance due to material absorption. S is the amplitude of the incident plane wave which
IS|* is corresponding to its intensity. Here, the plane wave coupling to the resonance is
defined as a channel. vy, is the leakeage rat of the resonance to the channel, N, which
carries the incident wave. Mostly, the grating may phase-match the resonance to other
plane-wave channels as well. The theory assumes that total number of N is equal to the
assumption of a conventional Lambertian emission profile as presented in reference
[142], and also assume that the resonance leaks to each N with the same rate y.. Under

these assumptions, the absorption spectrum of the resonance is;
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For light trapping purpose, the linewidth of the resonance must be wider than the incident
light spectrum. When this is satisfied, the contribution of a single resonance can be

defined by a spectral cross-section;

o= Alw) dw Eq.(3)

which has a unit of frequency. For an incident spectrum with bandwidth Ao >> o, a
resonance contributes 6/A® to the spectrally-averaged absorption coefficient. For a single

resonance, from Eq. (2) and (3), its spectral cross-section is;

Yi

o=2m 7z Eq. (4)
N+ &
Ye
which has its maximum value of
2my;
Omax = TL EC[ (5)

in the over-coupling regime when y. >> v;. The requirement to operate in the strongly
over-coupling regime arises from the need to achieve broad-band absorption
enhancement.

From the equations above, now the upper limit of absorption in a given medium,

by summing over the maximal spectral cross-section of all resonances;

_ Zamax 27-[]/1' M

Aw  Aw N Eq.(6)

A
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where, M is number of resonances within the frequency range Aw. After comparing the
average absorption with the single-pass absorption, the upper limit of absorption

enhancement is;

ad  adbw N q-(7)

where, o = ny; / ¢ is the absorption coefficient.

Eq. (7) is the main result of the theory. From the descriptions above, the
maximum absorption enhancement ratio is determined by both the properties of free
space, in terms of the number of accessible plan wave channel, N, as weel as the thin

absorber itself, in terms of the number of resonances, M.

A.3. Upper Limit of Absorption Enhancement in 2-D Grating

In this section, the theoretical upper limit of absorption enhancement with 2-D
grating with a periodicity of L in both dimensions. in a square lattice. We assume that
the medium has a high refractive index, n, such that the following conditions are

satisfied;
L> & d>» Eqg. (8
n n q-(8)

Under these conditions, the resonance in the film can still be approximated as forming a
continuum of states. In the frequency range [®, o+Awm], the total number of guided

resonances in the film is;
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Note that the number of resonances increase quadratically as a function of frequency.
When a plane wave is normally incident to the film, the grating can excite plan
waves in other propagating directions in free space. The parallel wavevectors Gp, of

these excited plane wave in free space are;

21 2w
Gm,n=me+n 77 Eq.(10)

where m and n are integers. Therefore, these parallel wavevectors form a square lattice in
the wavevector vector space as shown in Figure A1.2 (a) with blue-dots. In addition,
because there are propagating plane waves, their wavevectors need to lie within a circle
as defined by |G| < ko = ®/c as shown in Figure A1.2 (a) with dash-line. The total number
of different wavevector points, multiplied by two in order to take into account both
polarization (s & p), defines the number of channels, N, which is required for the

calculation using Eq. (7).
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Figure A2. (a) Channels in 2-D k-space for a grating with the square lattice periodic
structure and (b) its upper limit of absorption enhancement. Reprinted from Reference
[102]

When normalized frequency s = L/A < 1, only two channels (N = 2) are existed after
accounting two polarizations in the normal direction, while the number of resonances
increases with frequency, ®, quadratically. In a result, the enhancement factor, F,
increases quadratically with frequency and reaches its maximum value, 47n’, at s = 1 as
shown in Figure A1.2 (b). However, immediately above s = 1, the wavelength becomes
shorter than the period, L, and the number of channels increases to N = 10, leading to a
step-function drop of the enhancement factor, F, and in the regime of L >> A, the

theoretical limit falls to 3-D bulk limit of 4n°.
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A 4. Effect of Periodic Lattice Structure

In this section, we briefly talk about the effect of periodic lattice structure on the
enhancement factor, F. In reality, hexagonal (or tri-angluar) lattice is often found in self-
assembled nanoparticle in close-packing density which is also shown in this thesis. For
hexagonal lattice with period, L, the channels forms a hexagonal lattice in k-space as

shown in Figure A1.3 (b). The distance between the nearest two channels at k-space is;

oo = (35) (7)

which is shown in Figure A1.3 (a) and this is larger than that of the square lattice, 2n/L
(Figure A1.2 (a)). As a result, for normally incident light, the frequency range where the

grating operates with only 2 channels is larger,

2
0<s< —,

V3

compared to the case of the square lattice (0 < s <I). This leads to a higher maximum

enhancement factor of;

as shown in Figure A1.3 (b). However, like square lattice, the enhancement factor is also

drop to bulk limit, 4n”, when the period becomes larger, L >> A.
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Figure A3. (a) Channels in 2-D k-space for a grating with hexagonal lattice periodic
structure and (b) its upper limit of absorption enhancement. Reprinted from Reference
[102]

139



