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Abstract

Metallic nanoparticles have been heavily studied in the last decade and one
of the motivation for that is their possible application with thin film solar cell
in order to increase the absorption of incoming solar energy. To achieve this,
gaining a deeper understanding of the physical features of metallic nanopar-
ticles is very important. With this in mind, the focus of this thesis is the inter-
action between light and metallic nanoparticles on a semiconductor surface,
with special focus on scattering profile and near field effects.

A technique for direct measurement and analysis of light scattering from
nanostructures on a surface was presented and demonstrated. In this work the
technique is exemplified with aperiodic patterns of Ag strips placed on a GaAs
substrate. Modelling of the complex pattern of scattered light agrees with the
experimental results to a very detailed level and, most importantly, it allows
for a verification of the angular scattering profile of a single scatterer.

The field enhancements from Au and Ag nanoparticles on a silicon sub-
strate were determined from optical second harmonic generation spectroscopy.
Both Au and Ag particles of varying sizes were deposited on a Si substrate passi-
vated by a 1 nm thick surface oxide. Linear optical spectra were measured and
modelled to extract the linear properties of the nanoparticles, including the
plasmon resonances. Second harmonic generation spectroscopy from these
systems shows resonances from the metal particles and the silicon/oxide sub-
strate. The field enhancement at the Si surface was modelled by following the
evolution of the Si E1 resonance for different size of particles. The effect of both
the Au and the Ag particles at the E1 resonance can be explained by a combi-
nation of tunneling effects and optical field enhancement at the surface of the
Si substrate.
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Resumé

Metalliske nanopartikler er blevet undersøgt meget i det sidste årti, og en af
motivationerne er deres mulige anvendelse med tyndfilms solceller for at øge
absorptionen af solenergien. For at opnå dette er det meget vigtigt at få en
dybere forståelse af de fysiske egenskaber ved metalliske nanopartikler. Med
dette i tankerne er fokusset på denne afhandling, interaktionen mellem lys og
metalliske nanopartikler på en halvlederoverflade med særligt fokus på spred-
ingsprofil og nærfeltseffekter.

En teknik til direkte måling og analyse af lysspredning fra nanostrukturer
på en overflade er blevet præsenteret og demonstreret. I dette arbejde er tek-
nikken eksemplificeret med aperiodiske strukturer af Ag-striber placeret på
et GaAs-substrat. Modellering af det komplekse mønster af spredt lys er på
et meget detaljeret niveau i overensstemmelse med de eksperimentelle resul-
tater, og specielt vigtigt er det, at det er muligt at verificere vinkelspredningspro-
filen for en enkelt partikel.

Optisk anden harmonisk generation (SHG) spektroskopi er blevet brugt
til at bestemme feltforstærkninger fra Au og Ag nanopartikler på et silicium-
substrat. Au- og Ag-partikler af forskellig størrelse er blevet deponeret på et
Si-substrat passiveret af et 1 nm tykt overfladeoxid. Lineære optiske spektre
måles og modelleres for at ekstrahere de lineære egenskaber af nanopartik-
lerne, herunder plasmonresonanserne. SHG spektroskopi fra disse systemer
viser resonanser fra metalpartiklerne og silicium/oxid substratet. Ved at følge
udviklingen af Si E1 resonansen med størrelsen af partiklerne er feltforstærknin-
gen i Si-overfladen modelleret. Virkningen af både Au og Ag partiklerne ved E1

resonansen er en kombination af ladningsoverførsel og en forstærkning af det
optiske felt ved overfladen af Si-substratet.
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Chapter 1

Introduction

1.1 Motivation

The atmospheric carbon dioxide (CO2) level is at the highest level in 420000
years [1] and together with other greenhouse gases it has a negative effect on
the Earth’s climate. One is global temperature rise, which again leads to in-
creasing ocean temperatures, shrinking ice sheets, rising sea level and higher
number of extreme weather events. The International Panel on Climate Change
(IPCC) recommend a 45% reduction in human-caused CO2 emission from 2010
levels by 2030, reaching net zero around 2050 [2]. One way to achieve this goal
is to switch to emission-free energy sources. Lowering the cost of CO2 emis-
sion free energy sources would help reaching those optimistic guidelines.

One of CO2 emission free energy sources is solar energy. Its potential is vast
as only a fraction of the total energy delivered by the sun can cover the global
energy consumption for a foreseeable future [3]. One method to harvest solar
energy is through photo voltaic (PV) systems where the energy is converted
directly to electricity. PVs contain no movable part and can be produced of
materials which are abundant on Earth. Thus it has the potential to be low
maintenance, long life and low cost, thereby playing a significant role in the
transition to emission free energy.

For PVs to play a large role in the global energy production, the price of
the produced energy must be comparable or lower than other conventional
energy sources. At first, subsidies by political programs have minimized the
prize difference and greatly reduced the price through scale of production [4].
As of presently, silicon PVs are the dominant type of panels installed, and ma-
terial cost still constitutes sizable part of the total cost [5], with the silicon (Si)
absorbing layer being the most expensive component.
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Thin film solar cells are the immediate way to reduce the material cost of
a solar panel. Unfortunately, reducing the absorption layer thickness also re-
duces the efficiency of the cell to a degree where the cost of installation ex-
ceeds that of a standard cell. One method to increase the efficiency is inspired
by the patterning of standard thick solar cells to scatter the incidence light into
the cell at an angle, and thereby increasing the optical path-length in the ab-
sorbing material [6, 7]. The textures on standard cell are typically around 10
µm in size, which is not suitable on a thin film cells with a thickness of 1-2
µm. Instead, it was proposed to use metallic nanoparticles to scatter light and
achieve light trapping in thin film cells[6]. When dealing with nanoparticles
and Si, light-matter interactions and bulk and interface effects are primordial
to investigate.

1.2 Objective

The objective of this project is to obtain a better understanding of the inter-
action between light and metallic nanoparticles on a semiconductor surface.
The project can be divided into three main goals:

• to investigate the scattering properties and in particular the angular dis-
tribution of scattered light from a single nanoparticle, in order to verify
theoretical models.

• to investigate how metallic nanoparticles affects the electronic proper-
ties of the substrate, with special focus on the strong near-field effect of
the particles.

• to fabricate nanoparticles on test solar cells using e-beam lithography,
with the purpose of testing specific particle parameters.

1.3 Approaches

Different approaches have been used in this work to reach the objectives named
previously. The investigations of scattering properties and near-field effects,
are preformed by optical methods and scanning electron microscopy (SEM).
Optical second harmonic generation (SHG) is a non-linear process which is
very surface sensitive, and ideally suited for investigating particle and near-
field effects. Linear optical reflection and transmission spectroscopy has a
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solid theoretical foundation and is primarily used to assist in the interpreta-
tion of the SHG. SEM is used to obtain information of particle size, shape and
coverage. The angular scattering profile is addressed with an angle scanning
setup.

Fabrication of the metallic nanoparticles is done by two methods, namely
Electron beam lithography (EBL) and metal deposition. The use of EBL allows
for an excellent control of the shape and position of metallic particles, enabling
a variety of experiments with precise control of sample parameters. EBL is
time consuming and expensive, thus only used when particle geometry and
position is critical. Experiments with lower demands on exact particle size and
position, the method of metal deposition at high temperature are used to form
nanoparticles. With this method the particles self-assembles on the surface,
were the size and shape are governed by temperature, deposition rate and type
of material.

1.4 Outline

Chapter 2 gives an overview of thin film solar cells and plasmonics in order
to bring this work into perspective. Chapter 3 introduces the theory behind
second harmonic generation and spectroscopy, linear spectroscopy and con-
tains a quick summary of the properties of bulk silicon. Chapter 4 presents
the sample fabrication techniques used in this work. Chapter 5 relates to un-
published experimental work on SHG spectroscopy of Ag nanoparticles on sil-
icon. A summary concludes the work in chapter 6. All published articles are
included as appendices.

References

1. Petit, J. et al. Climate and atmospheric history of the past 420,000 years
from the Vostok ice core, Antarctica. NATURE 399, 429–436. ISSN: 0028-
0836 (6 1999).

2. IPCC Fifth Assessment Report, Summary for Policymakers. https://www.
ipcc.ch/2018/10/08/summary-for-policymakers-of-ipcc-special-

report-on-global-warming-of-1-5c-approved-by-governments/.

https://www.ipcc.ch/2018/10/08/summary-for-policymakers-of-ipcc-special-report-on-global-warming-of-1-5c-approved-by-governments/
https://www.ipcc.ch/2018/10/08/summary-for-policymakers-of-ipcc-special-report-on-global-warming-of-1-5c-approved-by-governments/
https://www.ipcc.ch/2018/10/08/summary-for-policymakers-of-ipcc-special-report-on-global-warming-of-1-5c-approved-by-governments/


4 Chapter 1. Introduction

3. Moriarty, P. & Honnery, D. What is the global potential for renewable en-
ergy? Renewable and Sustainable Energy Reviews 16, 244–252. ISSN: 1364-
0321 (2012).

4. Lazard’s Levelized Cost of Energy.https://www.lazard.com/perspective/
levelized-cost-of-energy-and-levelized-cost-of-storage-2018/.

5. Green, M. A. Commercial progress and challenges for photovoltaics. NA-
TURE ENERGY 1. ISSN: 2058-7546 (1 2016).

6. Pillai, S., Catchpole, K. R., Trupke, T. & Green, M. A. Surface plasmon en-
hanced silicon solar cells. Journal of Applied Physics 101, 093105 (2007).

7. Catchpole, K. R. & Polman, A. Design principles for particle plasmon en-
hanced solar cells. APPLIED PHYSICS LETTERS 93. ISSN: 0003-6951 (10
2008).

https://www.lazard.com/perspective/levelized-cost-of-energy-and-levelized-cost-of-storage-2018/
https://www.lazard.com/perspective/levelized-cost-of-energy-and-levelized-cost-of-storage-2018/


5

Chapter 2

Thin film solar cells and
plasmonics

2.1 Introduction

The work presented in this thesis has been motivated by the overall goal of re-
ducing the price of solar cells by improving the absorption properties of thin
film solar cells. Plasmonics effects have been suggested as possible solution
for increasing absorption of such solar cells. This chapter contains a brief in-
troduction to silicon photovoltaic and localized surface plasmons.

2.2 Silicon photovoltaics

Silicon (Si) has been used for decades to make solar cells and righteously so,
as its optical and electrical properties are well suited for light conversion and
it is an abundant material on Earth. Moreover, it is non-toxic and a lot of the
fabrication methods overlap with the electronics industry.

The basic working principle behind solar cells is quite simple and can be
outlined roughly as follows. A photon with sufficient energy excites an elec-
tron, and thereby create an electron-hole pair. The high energy electron is then
separated from the hole by an internal electric field and led out of the solar cell,
where it releases the energy, only then to return to the solar cell an recombine
with the hole.

Figure 2.1 show a sketch of a basic solar cell based on a Si p-n junction.
Si can be doped with group III or V atoms to provide an excess of free holes
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Figure 2.1: Sketch of a p-n junction Si solar cell.

or electrons in the material, called majority carriers. Holes in n-type materials
and electrons in p-type materials are called minority carriers. A p-n junction is
p-type and n-type Si brought in contact. There is an interchange of free charges
from both sides of the interface via diffusion, leaving behind stationary ionized
atoms which create an electric field opposing the diffusion. With continued
diffusion the electric field will continue to grow until equilibrium. This volume
where free carriers have been removed is called the "depletion zone" and it
provides the electric field used to separate the electron-hole pair by driving the
minority carriers to cross the junction while preventing the majority carriers
to do so. Thus, when an electron-hole pair is created, whether in n-type or
in p-type regions, the minority carrier is free to cross the barrier. The quality
of the Si crystal used in a solar cell must be high and thus rather expensive.
Defects and impurities in the material act as traps for minority carriers and
greatly reduces the efficiency of the cell. This is also true for interfaces and
surfaces in the solar cell.

Absorption in silicon solar cells

Silicon is a semiconductor material with a direct bandgap of ∼3.4 eV and an
indirect bandgap of ∼1.1 eV. This means that all photons under 1.1 eV are not
absorbed and in order to absorp a photon with an energy between 1.1 eV and
3.4 eV it must be assisted by a phonon to conserve momentum. The probabil-
ity of a photon-phonon coupling is low and a relatively thick layer of silicon is
needed to get a reasonable absorption. This i why modern Si solar cells, even
with good light trapping methods, have a Si thickness of about 180 µm [1].
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Figure 2.2: Light trapping mechanism in thin film solar cell by
metallic nanoparticles on the surface.

For thin-film solar cells where the active region has a thickness of 1-2 µm,
the absorption is greatly reduced especially at long wavelengths. To increase
absorption a method of light-trapping in must be implemented. A proposed
method is the use of metallic nanostructures that support surface plasmons.
The main idea is for the nanostructures to facilitate the coupling of light into
the thin film structure and use the plasmon resonance to maximize the cou-
pling. The principle is shown in Fig 2.2, illustrating light scattered into an an-
gle above the critical angle and thus trapping the light inside the solar cell. The
enhanced coupling light into the semiconductor films was first discovered by
Stuart and Hall when investigating photodetectors [2] and then resurfaced a
decade later in connection with solar cells [3]. In addition, it was suggested
that the strong near field around a nanoparticle at resonance could allow di-
rect absorption of photons below the direct bandgap [4]. However in particular
for Si cells the effect is found to be very small [5] or leads to ohmic loses in the
nanoparticles [6].

2.3 Localized surface plasmons

Surface plasmons are the collective oscillation of free electrons on the surface
of a metal, driven by e.g. the electric field of light incident on the surface. When



8 Chapter 2. Thin film solar cells and plasmonics

E

- +

Figure 2.3: Illustration of localized plasmon.

the oscillations occur on the surface of a small particle, it is called a localized
surface plasmon (LSP). As illustrated in Fig. 2.3, when the electrons are moved
away from their equilibrium position it exposes stationary ionized atoms of the
particle creating an electric field in the material, which opposes the external
electric field and works as a restoring force on the electrons. A system with a
restoring force and inertia can oscillate and it will have a resonance frequency.
At resonance, the electrons at the surface react strongly to the external field
and the movement may induce intense electric fields.

Rayleigh approximation

When the particles are much smaller than the wavelength of the light, the ex-
ternal electric field can be assumed constant across the particles and is re-
ferred to as the Rayleigh (dipole) approximation. Within this approximation
the electric field inside and outside a spherical particle can be calculated as [7]

E in = E 0
3εd

εm +2εa
(2.1)

E out = E 0 +
3n(n ·p)−p

4πε0εa r 3
(2.2)

where E 0 is the external field, n is the unit vector pointing from the particle
to the observation point and r is the distance between them. ε0 is the dielec-
tric constant of free space, εa and εm are the complex dielectric functions of
the surrounding material and metal, respectively. p is the polarization of the
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particle and is defined as
p = ε0εaαE 0 (2.3)

where α is the polarizability of the particle, which for a spherical particle is
calculated as

α= 4πa 3 εm −εa

εm +2εa
(2.4)

where a is the particle radius. From Eq. 2.1 and 2.4 it follows that resonance
occurs when εm (ω) = −2εa (ω). Both εm and εa are frequency dependent
and complex, thus the real part determines the resonance frequency and the
imaginary part limits the amplitude. For materials such as silver and gold, res-
onance occurs where the imaginary part is small and large plasmonic effects
can be observed.

Ellipsoidal particles on a surface were studied in this work and in this par-
ticular case, the polarizability is modified by including a geometrical factor Mi

and is, within the dipole approximation, expressed as

αi =
4πa b c

3

εa (εm −εa )

[εa +Mi (εm −εa )]
. (2.5)

where i = x , y , z and a , b and c are the semi axes of the ellipsoid. M also in-
cludes effect of the substrate and will, because of geometry and surroundings,
depend highly on direction, leading to three contributions. As for the spheri-
cal case, resonance conditions occur when the denominator of Eq. 2.5 is zero.
From Eq. 2.5, it can be shown that both particle shape and surroundings can
be used to move the plasmon resonance of a particle. In general, increasing
the aspect ratio of the particle or the refractive index of the surrounding me-
dia, will red shift the resonance [8].

The scattering and absorption properties can also be calculated via the par-
ticle polarizability. For small particles with respect to the wavelength of the
incoming light, the scattering and absorption cross sections are given by

Cs c a t =
1

6π

�

2π

λ

�2

|α|2 (2.6)

Ca b s =
2π

λ
Im[α] (2.7)

where λ is the wavelength of the incident light. The polarizability increases
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with the volume of the particles (see Eq. 2.5), thus the absorption will domi-
nate for small particles and scattering will take over when the particles grow in
size. The particle size for which this transition occur, depends on both particle
material and surrounding media. For metals such as Ag and Au, studies have
shown that for disk shaped particles scattering dominates for diameters above
100 nm and 140 nm, respectively [9]. Such dimensions is in the vicinity of the
limits of the dipole approximation and dynamic depolarization and radiation
dampening effects must be considered by renormalizing the polarizability [10,
11].

2.3.1 Scattering properties of nanoparticles

Two remarkable features of nanoparticles on (or close to) a surface are pre-
sented in Fig. 2.4, where subfigure (a) is a reprint from paper B and are calcu-
lated using the Green′s function surface integral equation method (GFSIEM)
[12]. The sample used to produce the results shown in Fig. 2.4 is a single silver
wire on a GaAs substrate.

The scattering cross section, i.e., the total scattered power normalized to
the incident power per unit area, is shown in Fig. 2.4 (a) as a function of strip
width. By normalizing the scattering cross section with the strip width plas-
mon resonances can be identified. The resonances are due to the excitation
of surface plasmon polaritons propagating back and forth across the Ag strips
(along x ) and being reflected at the strip edges. This leads to standing-wave
resonances when the total round-trip propagation and reflection phase is an
integer multiple of 2π. The peaks in Fig. 2.4 (a) are due to excitation of the 1st
and 3rd order standing-wave resonances. The 2nd order resonance cannot be
excited when using normally incident light due to symmetry considerations
[12].

Figure 2.4 (b) shows scattered radiation pattern (or differential scattering
cross section) for a 130-nm-wide silver strip on a GaAs substrate. Most of the
scattered light goes into the semiconductor substrate, which is a consequence
of the large refractive index of GaAs compared with air [12]. In addition, a large
fraction of the scattered light is at angles that are above the critical angle of
the GaAs-Air interface (red solid line), thus trapping the light inside the GaAs
which can be useful in thin film solar cells.

The radiation pattern in Fig. 2.4 (b) is not seen exclusively for plasmonic
metal particles, but are a general characteristic for small particles on or close
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(a) (b)

x

y
Air

GaAs

Figure 2.4: (a) (Reprint from paper B) Scattering cross section as a
function of strip width for 3 different gap sizes. (b) Scattering per
unit angle into both air and substrate for a 130 nm strip. The red
solid lines represent the critical angle of the GaAs-Air interface.

to a surface. in this case the strip width is significantly smaller than the wave-
length, and the radiation pattern is similar to that of a dipole [12]. The advan-
tage of plasmonic structures is the increased scattering cross section at reso-
nance, enabling them to scatter a larger part of the incidence light than the
geometrical area would suggest.

2.4 Summary

This chapter has introduced the basic principle behind silicon photovoltaics
and plasmonics that originally motivated the work presented in this thesis.
Scattering properties of nanoparticles, including scattering cross section and
scattering into a substrate, were also introduced.
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Chapter 3

Theory

3.1 Introduction

Second harmonic generation (SHG) spectroscopy has been used to investigate
silicon surfaces and interfaces [1, 2], amongst other thing. In this work, it was
used to probe changes in surface properties when introducing metal nanopar-
ticles on a semiconductor surface.

This chapter contains a brief summary of the theory behind SHG and SHG
spectroscopy and the effect of introducing metal particles. The linear optical
properties of metal particles on a surface are also introduced. A brief descrip-
tion of Si bulk properties concludes this chapter.

The essence of the theory presented in Sections 3,2.4-6 and 3.3 can also be
found in Paper A, but is included in this Chapter to place it in a broader context
of SHG spectroscopy on nanoparticles on a Si surface.

3.2 Second harmonic generation

High intensity light induces a second harmonic polarization which is then a
source for generating second harmonic field. This polarization can with the
right tools and analysis provide much information on the geometric and elec-
tronic structure of the material.

Second harmonic generation spectroscopy is used to investigate electronic
properties of silicon surfaces. In centrosymmetric materials, such as silicon,
second harmonics can only be generated at the surface where symmetry is bro-
ken.
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At low intensity the polarization of a material is proportional to the electric
field of the incidence radiation, which in a lossless and dispersionless medium
is given as:

P = ε0
↔
χ (1) · E (3.1)

where P is the polarization, ε0 is the vacuum permittivity,
↔
χ (1) is the linear

susceptibility and E is the electric field. Here,
↔
χ (1) is a second rank tensor

describing the medium response.
For high intensity incidence fields the linear model is not always sufficient

to describe the polarization of the medium. In most cases the nonlinear gen-
eration is relatively small and if we assume that only dipoles contribute to the
polarization, it be expressed as a power series in E :

P = ε0
↔
χ (1) · E +ε0

↔
χ (2) · E 2 +ε0

↔
χ (3) · E 3 + ... (3.2)

where
↔
χ (1) is the linear susceptibility, and

↔
χ (2) and

↔
χ (3) are the third and fourth

rank tensor describing the second and third order nonlinear susceptibility. SHG
is related to

↔
χ (2) and the generated 2nd harmonic polarization, defined as

P (2) = ε0
↔
χ (2) E 2 (3.3)

3.2.1 SHG at surfaces

Centrosymmetric materials such as e.g. Si, have inversion symmetry, implying
that the following must be true

P (2) = ε0
↔
χ (2)(E)2

−P (2) = ε0
↔
χ (2)(−E)2

(3.4)

which is only possible if
↔
χ (2) = 0. Hence, there is no bulk second harmonic

dipole response due to symmetry. At surfaces and interfaces the symmetry is
broken, thus SHG can be used as a surface sensitive probe. This holds only for
local dipole contributions and the full picture is obtained when including the
non-local higher order terms. The first order non-local terms are the electric
quadrupole and magnetic dipole contributions, and they can not be expected
to be zero in the bulk material. The nonlinear polarization is expected to be
frequency dependent and in the case of SHG the components of the induced
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(a) (b)

Figure 3.1: Reprint from [3]. (a) Top view of Si (111) crystal surface
with crystal directions indicated next to the structure. (b) Side view
of Si (111) crystal surface. In both (a) and (b) the red atoms are the
topmost atom, the green atoms are second topmost atoms, and the
grey atoms are the lower atoms. The black triangle represents the
primitive cell of the (111) surface

second harmonic polarization can be described as

Pi (2ω) = ε0χ
(2) l o c a l
i j k (E j (ω)Ek (ω)

= ε0χ
(2)no nl o c a l
i j k l E j (ω)∇k El (ω)

= ...

(3.5)

which means that in general, one will get both surface and bulk contributions
to the generated second harmonic signal. To interpret and separate the two
contributions it is necessary to have deep understanding of the investigated
system.

3.2.2 SHG from (111) crystal surfaces

The symmetry and structural properties of the investigated material is impor-
tant to the generated second harmonic signal. Figure 3.1a shows the top view
of the atomic structure for a (111) surface of a diamond cubic lattice, the equiv-
alent of Si. Different crystal directions are also shown i the figure. Figure 3.1b
is a sideview of the surface as seen along the [01̃1] crystal direction. The col-
ors of the atoms indicate different positions in the crystal. At this point it is
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ŝ
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Figure 3.2: Geometry and vectors for the fundamental and har-
monic field.

convenient to introduce a new coordinate system on the (111) surface. In this
system the new ẑ ′ axis is along the [111] crystal direction and the x̂ ′ axis is par-
allel to the surface in the [21̃1̃] crystal direction. The structural symmetry is re-
flected in the nonlinear surface susceptibility tensor and for the (111) surface it

has three independent isotropic elements, χ
(2)
z z z ,χ

(2)
z x x andχ

(2)
x z x [4]. Moreover,

the 3m symmetry of the surface gives rise to an anisotropic in plane element

χ
(2)
x x x . A detailed analysis by Sipe et al.[5]of the signal from the surface of a cen-

trosymmetric crystal, including bulk contributions, gives some insights to the
origin of the signal and means to separate different contributions. The analysis
is based on the sample and beam parameters illustrated in Fig. 3.2. Here, the
incident field, which is the driving field for the second harmonic polarization,
is described as

E 0(r, t ) = E 0e i (k0·r−ωt )+ c .c . (3.6)

where ω is the (fundamental) frequency and k0 is the incidence wavevector,
which conveniently can be expressed in components parallel and normal to
the surface

k0 = κκ̂−w0ẑ (3.7)
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where κ= |k0|sin(θ0) = (ω/c )sin(θ0) and w0 = ((ω/c )2−κ2)1/2. The inci-
dence angle θ0 and the directions κ̂ and ẑ are as defined in Fig. 3.2. E 0 is the
amplitude and can be expressed as a superposition of the components polar-
ized parallel (E0,p ) and perpendicular (E0,s ) to the plane of incidence. In terms
of κ̂ and ẑ the two polarization directions of the incidence beam are ŝ = κ̂× ẑ
and p̂0 = c (κẑ+w0κ̂)/ω. The field transmitted into a material with dielectric
constant ε(ω) is then given as

E t(r, t ) = E te i (kt·r−ωt ) (3.8)

where kt = κκ̂−wt ẑ and wt = ((ω/c )2ε(ω)−κ)1/2. The field amplitudes
for the two polarizations can be calculated via the Fresnel equations. The s-
polarization direction is unchanged whereas the p-polarization is now p̂t =
c (κẑ+ wt ẑ)/(nω) = fs ẑ+ fc κ̂ where n =

Æ

ε(ω). The generated second
harmonic (SH) field is expressed with the equivalent symbols in capital letters,
such thatΩ= 2ω, K = 2κ, W0 = ((Ω/c )2−K 2)1/2 and Wt = ((Ω/c )2ε(2ω)−
K 2)1/2. For the p-polarization of the SH the equivalent factors Fs = c K /(NΩ)

and Fc = c W /(NΩ) where N =
Æ

ε(Ω) is found. Within this picture the total
second harmonic field signal from the (111) surface for the different polariza-
tions is

E (2ω)(p→p )

E 2
p Ap

= ap→p + cp→p cos(3φ) (3.9)

E (2ω)(s→p )

E 2
s Ap

= as→p + cs→p cos(3φ) (3.10)

E (2ω)(p→s )

E 2
p As

= bp→s sin(3φ) (3.11)

E (2ω)(s→s )

E 2
s As

= bs→s sin(3φ) (3.12)

where the notation (a → b ) stands for fundamental polarization (a) and the
detected SH polarization (b). φ is the angle between the x̂ ′ axis and κ̂ axis. The
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remaining factors are calculated as

Ap =
4πΩN

c (W0ε(Ω)+Wt )
(3.13)

As =
4πΩ

c (W0 +Wt )
(3.14)

ap→p = Γζ
�

4

3
Fs fc −

2

3
fs Fc f 2

c −
8

3
Fs f 2

s fc +
4

3
f 3

s Fc

�

+ i
Ω

c
Fs

�

2ε(Ω)χ
(2)
z x x +γ

�

+2i
Ω

c
ε(Ω)Fs f 2

s

�

χ (2)
z z z −χ

(2)
z x x

�

−4i
Ω

c
fs fc Fcχ

(2)
x x z (3.15)

cp→p = −Γζ
p

8

3

�

Fc f 3
c −2 f 2

s Fc fc +Fs fs f 2
c

�

−2i
Ω

c
Fc f 2

c χ
(2)
x x x (3.16)

(3.17)

as→p = Γζ
2

3
(2Fs fc + fs Fc )+ i

Ω

c
Fs

�

2ε(Ω)χ
(2)
z x x +γ

�

(3.18)

cs→p = Γζ

p
8

3
(Fc fc +Fs fs )+2i

Ω

c
Fcχ

(2)
x x x (3.19)

bp→s = Γζ

p
8

3

�

f 2
c −2 f 2

s fc

�

+2i
Ω

c
f 2

c χ
(2)
x x x (3.20)

bs→s = −Γζ
p

8

3
fc −2i

Ω

c
χ
(2)
x x x (3.21)

where

Γ =
i
Æ

ε(ω)Ω2

8(2wt +Wt )c 2
,

ζ is the bulk anisotropic contribution and γ is the bulk isotropic contribution.
The Eqs. 3.9-3.12 show that in general, second harmonic generation is sur-

face sensitive but contains contributions from both bulk and surface. How-
ever, adjusting the angle φ allows for separating the isotropic and anisotropic
surface contributions. For φ = π/6 Eqs. 3.9 and 3.10 contain only isotropic

surface contributions (χ
(2)
z z z , χ

(2)
z x x and χ

(2)
x z x ), whereas Eqs. 3.11 and 3.12 only
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E0
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E2
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Figure 3.3: Representation of the second harmonic resonances.

contain the anisotropic surface term (χ
(2)
x x x ). Still, the problem with concur-

rent bulk and surface contributions remains. One method to distinguish be-
tween the two contributions is to modify the surface while tracking changes
to the SH signal. Also, knowledge of bulk silicon properties, which will be pre-
sented in section 3.4, is important when analysing the recorded signal.

3.2.3 Second harmonic spectroscopy

The second harmonic generation process can be viewed as an electron be-
ing excited by two photons with frequency ω and then relaxes by emitting a
photon with frequency 2ω. When one of the photon energy coincides with
an energy level in the sample, the second harmonic signal will be resonantly
enhanced. Figure 3.3 illustrates a few scenarios with different photon frequen-
cies. In (a) and (c) neither the fundamental nor the SH photon coincide with an
energy level and no enhancement is seen. In (b) and (e) there will be enhance-
ment due to overlap between 2ω and E1 energy, andω and E1, respectively. In
(d) there will be enhancement due to 2ω and E2 overlap. Thus by varying the
fundamental frequency, electronic states at the surface can be investigated. A
surface may contain a number of resonances at different frequencies and sur-
face modifications could introduce additional resonances. The modelling of
the nonlinear susceptibility containing these features is based on the work of
Erley et al.[6] and Suzuki et al.[7], describing the susceptibility as a coherent
sum of interband resonance transitions:

χ (2)(2ω)∝
∑

n

fn e iφn

2ω−ωn + iγn
(3.22)



20 Chapter 3. Theory

where fn is the amplitude of the resonance n , φn is the resonance phase, ωn

is the resonance frequency and γn is the resonance width.

3.2.4 SHG and metal particles

In this work SHG has been used to probe surface and interface effects in or-
der to investigate the interaction between metallic nanoparticles and semi-
conductor substrates.

The SH polarization of small metal particles is given by [8]:

Pm (2ω) = L2ωχ
(2)
m (2ω)L 2

ωE 2(ω) (3.23)

where χ
(2)
m , Lω and L2ω are respectively the effective SH susceptibility of the

metal, the local field factor at frequency ω and the local field factor at fre-
quency 2ω. According to [8] the local fields factors in the dipole approximation
are:

L(ω) =
εd (ω)

ε(ω)+ [εm (ω)−εd (ω)]M
(3.24)

where εm and M are respectively the dielectric constant of the metal and the
shape-dependent depolarization factor of the metal particles.

For the metal particles the surface susceptibility also reduces to three com-
ponents (centrosymetric and isotropic material), and the surface SH polariza-
tion reduces to three contributions [5]:

Pm ,‖(2ω) = Pm ,‖⊥‖(2ω) (3.25)

Pm ,⊥(2ω) = Pm ,⊥⊥⊥(2ω)+Pm ,⊥‖‖(2ω) (3.26)

where Pm ,‖ and Pm ,⊥ are the total parallel and perpendicular SH polarization
for the metal particles. Each contribution term in Eq. 3.25 can be expressed
as:

Pm ,i j k (2ω) = L i (2ω)χ
(2)
m ,i j k (2ω)L j (ω)E j (ω)Lk (ω)Ek (ω) (3.27)

where {i , j , k} can stand for either parallel or perpendicular directions. From
Eq. 3.24 the local field factors L i (2ω), L j (ω) and Lk (ω) can be obtained and

the tensor elements χ
(2)
m ,i j k in Eq. 3.27 are calculated with the classical form
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for the surface of a semiinfinite system [9, 10]:

χ
(2)
m ,i j k =−

ai j k

2
[εm (ω)−1]

eε0

mω2
. (3.28)

Size and shape effects of the metallic nanoparticles are taken into account by
modifying the bulk dielectric function of the metal, εm . The Rudnick and Stern
parameters, a‖⊥‖ and a⊥⊥⊥, describe the parallel and vertical surface currents,
respectively, and the value of those parameters can be both complex and fre-
quency dependent [9, 11]. In the literature the Pm ,⊥‖‖ term is often disregarded,
as its contribution is very weak for plane surfaces [12], but, in this model, its
contribution has been found to be significant for surfaces covered by metal
particle.

3.2.5 Metal nanoparticles on a substrate

The fundamental and generated SH fields are both enhanced by the metallic
particles. The presence of the metallic particles influences also the reflection,
transmission and absorption properties of the interface. The local field en-
hancement and the modification of the transmission properties of the inter-
face by the metallic particles affect the SH polarization of the substrate which
can be expressed as:

Pi (2ω) = Te f f ,i j k Le f f ,i j kχ
(2)
i j k (2ω)E j (ω)Ek (ω) (3.29)

where Le f f ,i j k is the effective local field factor taking into account both the
electric field at ω and the electric field at 2ω, and |Le f f |2 is often referred to
as the enhancement factor. The modifications of the absorption and transmis-
sion properties of the surface at frequencyω and 2ω are comprised in Te f f ,i j k .

The presence of the metallic particles at the interface induces a space charge
region (SCR) and results in a build-in electric field (E d c ) which breaks the
symetry of the semiconductor substrate. This effect gives rise to a SH signal
which is commonly referred to as the electric-field-induced-second-harmonic
(EFISH) signal. The creation of SCR by build-in charges in thin films or in par-
ticles deposited on a Si/SiO2 surface has been reported [13, 14]. The EFISH
process is a third-order process, but its response can be effectively described

by a second-order susceptibility tensor χ
(2)
e f f . The EFISH SH polarization can
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be expressed as[15, 16]:

Ps ,E F I SH (2ω) = χ
(2)
s ,e f f (2ω)E 2(ω). (3.30)

The second-order susceptibility tensor is given byχ
(2)
s ,e f f (2ω) = χ

(3)
s (2ω)E d c ,

where χ
(3)
s is the third-order susceptibility tensor of the substrate.

3.2.6 Modelling of second harmonic generation

In this work, a model describing the intensity of the measured SHG signal was
developed in order to get a better understanding of the different phenomena
involved and their importance. The model takes into account all the SH polar-
isations for the combined system of metal particles on a substrate and can be
summarized by:

I (2ω)∝

�

�

�

�

�

∑

i j k

P m
i j k +

∑

n

P s
n

�

�

�

�

�

2

(3.31)

where P m
i j k are the metal polarizations described by Eq. 3.27 and P s

n are the
substrate polarizations obtained from Eq. 3.29. Even though Eq. 3.31 is sim-
ple, it involves many variables and it has proven to be very difficult to anal-
yse and correlate the results with the measurements without information ob-
tained through SEM analysis and linear measurements.

3.3 Linear effects

With the increase in interest for localized plasmon resonances seen in the last
years, the linear optical response of metal particles has been investigated thor-
oughly. In this work, the linear response of metallic particles is used in mod-
elling the intensity of the SH signal and ease the interpretation of the SH spec-
tra. More precisely, it provides the absorption of the particles and the depolar-
isation factors.

In this work the Island Film Theory (IFT) approach [17, 18] and differential
reflectivity spectroscopy [19] (DRS) are used to investigate the linear proper-
ties. There are other models describing this response, such as the homoge-
neous uniaxial layer approach [17] or the dynamic Yamaguchi approach [20],
both applying the effective medium method and convincingly reproducing the
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ab
εa εm

εs

Figure 3.4: Representation of an oblate spheroid touching the sub-
strate. a is the major semi axis and b is the minor semi axis.

experimental results. However, DRS and IFT were chosen as they readily pro-
vide information that can be used in the SHG modelling. Differential reflectiv-
ity is defined as:

∆R

R0
=

R −R0

R0
=

I − I0

I0
(3.32)

where R an R0 are the reflectivities of the surface with and without metal par-
ticles, respectively. Further, the reflectivity can be calculated as R = |r |2 where
r is the Fresnell reflection coefficient. Using the same light source for the mea-
surement, the differential reflectivity can be obtained using intensities instead.
In the IFT an extra term is added to the Fresnell reflection coefficients, contain-
ing the surface susceptibilities γ and β , in order to include the contribution of
the metallic particles.

For this work, the particles are in reasonable approximation oblate spheroids
in contact with the substrate as depicted in Fig. 3.4, where the major semi-axis
(a ) is parallel to the substrate. The modified Fresnel coefficients for both re-
flection and transmission are respectively given by:

rp =
κ−−ξ−
κ+−ξ+

(3.33)

and

tp =
2na cosΘ

�

1+ 1
4 k 2εaβγsin2Θ

�

κ+−ξ+
(3.34)

where

κ±= (ns cosΘi ±na cosΘt )
�

1−
1

4
k 2εaγβsin2Θt

�

, (3.35)
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ξ±= i
2π

λ

�

γcosΘi cosΘt ±n 3
a nsβsin2Θi

�

, (3.36)

where na and εa are the refractive index and dielectric function of the ambient
medium, respectively. k = 2π/λ and ns is the refractive index of the substrate.
Θi andΘt are the incidence and refracted angles respectively. The surface sus-
ceptibility γ and β can then be expressed in terms of the density of particlesρ
and the parrallel α‖ and perpendicular α⊥ dipolar polarizabilities:

γ=ρα‖ and β =ρα⊥/ε2
a . (3.37)

In the dipole approximation, the polarizabilities of spheroidal particles is given
by:

α‖,⊥=
4πa 2b

3

εa (εm −εa )
�

εa +M⊥,‖(εm −εa )
� . (3.38)

where εm stands for the dielectric function of the metal particles and M⊥,‖
stands for the factors for the perpendicular and parallel directions respectively.
They can be calculated with following equations:

M⊥= l⊥+
�

1+β2
�

�

εa −εs

εa +εs

��

βatan
�

1

β

�

−
�

β2 +
3

2

�

β2ln
�

1+
1

β

�

+β2
�

(3.39)

M‖= l‖+
1

2

�

1+β2
�

�

εa −εs

εa +εs

��

βatan
�

1

β
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−
�

β2 +
3

2
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β2ln
�

1+
1

β2
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+β2
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(3.40)

where

β =
�

�a

b

�2
−1

�−1/2

l⊥=
�

1+β2
�

�

1−βatan
�

1

β

��

(3.41)

l‖=
1− l⊥

2

One of the particularities arising from the nanoscale of the metallic parti-
cles is that their size becomes comparable with the bulk mean free path of the
electrons. This effect influences the dielectric function with respect to the bulk
dielectric function (εB ) and can be expressed as:
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εm (ω) = εB (ω)+
ω2

p

ω2 + ıωτ−1
B

−
ω2

p

ω2 + ıωτ−1
(3.42)

where ωp is the plasma frequency and τB is the relaxation time in the bulk.
The relaxation time in the nanoparticles τ−1 is obtained from:

τ−1 = τ−1
B + vF R ′−1 (3.43)

where vF and R ′ are the Fermi velocity and the effective radius of the particles,
respectively. When the particles become larger, the horizontal polarizabilityα‖
needs to be renormalized while taking into account dynamic depolarization
[17, 21]:

1

α∗‖
=

1

α‖
−

k 2

4πa
− ı

k 3

6π
. (3.44)

Combining the above theory with the information obtained from SEM anal-
ysis allows for a detailed analysis with only two free parameters, namely par-
ticle height (2b ) and effective radius (R ′). From this we get the depolarization
factors (M⊥ and M‖), a modified dielectric function for the metal (εm ), and
the new absorption, transmission and reflection properties of the surface. The
linear measurements and analysis enable a credible interpretation of the SHG,
without which the number of free variables would have been to high to solve
the problem.

3.4 Bulk silicon properties

The bulk electronic properties of Si are important to understand in order to
interpret the SH spectra. Fig 3.1a-b in section 3.2 show the top view and side
view of a Si (111) crystal surface. The black triangle on Fig. 3.1a represents
the primitive cell of the (111) surface an illustrates the 3-fold symmetry of the
surface. The red and green atoms in 3.1a and 3.1b represents the topmost and
second topmost atoms of the crystal surface, the grey are lower atoms. More-
over some crystal directions are indicated next to the top view structure. Fig.
3.5 shows the Brillouin zone of crystalline Si (Fig. 3.5a) and part of bulk Si elec-
tronic band structure (Fig. 3.5b). In Fig. 3.5a the crystal axis are represented
by x , y and z . In both subfigures, high symmetry points Γ , K , U , L and X , and
directions Σ, Λ and ∆ are indicated. The Λ direction is parallel to the Si(111)
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Figure 3.5: (a) Brillouin zone of Si crystal including crystal axis
(x y z ). High symmetry points Γ , K , U , L and X , and directionsΣ,Λ
and∆ are indicated in the figure. (b) Part of the bulk Si band struc-
ture related to the symmetry points and directions in (a).

surface normal vector and the plane containing L also shows the 3-fold sym-
metry of the Si(111) surface.

In relation to SHG some transitions between bands in bulk Si are of impor-
tance [2]. First, the E1 transition in bulk Si between Λ bands in the direction
from Γ to L that has an energy of is 3.4 eV. Related to E1 is the E ′1 transition [22]
with an energy of 5.5 eV. Both E1 and E ′1 are both shown in Fig. 3.5b. The E2

transition consists of two contributions [23]: the E2(X ) transition between ∆
bands in direction Γ to X with energy 4.27 eV and E2(Σ) in direction from Γ
to K with energy 4.51 eV. All transitions are indicated on Fig. 3.5b. These are
bulk energy levels and will in general differ from surface energy levels due to
bending, stretching or compression of Si bands at the first couple of surface
layers.

3.5 Summary

This chapter introduced the theory behind SHG, SHG spectroscopy for sur-
faces and interfaces including metal nanoparticles. The linear optical prop-
erties of metal particles on a surface, as well as Si bulk properties, were also
introduced as important tools to help interpret the SHG results presented in
chapter 5.
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Chapter 4

Sample Fabrication

4.1 Introduction

In order to investigate effects and properties of metallic structures on a semi-
conductor surface a number of samples with different characteristics where
fabricated. This chapters describes the different fabrications processes used
in this work including thermal metal deposition and electron-beam lithogra-
phy.

4.2 Samples for the second harmonic generation ex-
periments

SHG is extremely surface sensitive and small changes or contamination of the
sample will affect the signal. Samples for SHG investigation are made under
ultra high vacuum conditions to ensure a controlled environment and well de-
fined interfaces for long periods of time.

4.2.1 Thin oxide layer

To study the effect of metal nanoparticles on a Si surface, the natural oxide is
removed by two short heating to 1000◦C while the sample is mounted in the
vacuum chamber. The expected surface from this treatment is a 7x7 recon-
struction which can be verified via the low energy electron diffraction (LEED)
setup available in the chamber. To seal and passivate the surface, the sample
is exposed to 1200 L of O2 at a temperature of 600◦C . This creates a ∼1 nm
thick silicon oxide layer [1]. Figure 4.1 shows a scanning transmission electron
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Oxide

Silver particle

Figure 4.1: STEM image of Si-SiOx surface with Ag particles. The
oxide layer is seen as a thin bright line. Charging effects make the
oxide layer appears thicker. The Ag particles are the dark areas.

microscope (STEM) image obtained at iNANO, Aarhus University. In this im-
age the oxide layer is seen as the bright line indicated on the figure. The line
appears thicker due to charging effects when using the electron microscope.
Another testament of how thin the oxide layer is is shown in Fig. 4.2 where the
edges of self-assembled metal particles follow the underlying crystal-structure
of Si (111). The process is self saturating and will not grow thicker under fur-
ther exposure of O2. The layer is very thin and is not strictly SiO2. It will be
referred to as a SiOx layer.

4.2.2 Metal deposition

The metal nanoparticles for the SHG experiments are all made by deposition
using an electron beam evaporator, available inside the UHV-chamber, where
the sample is kept in a controlled environment. The formation of nanoparti-
cles using this method is a complex process and is governed by many factors,
including the choice of substrate and metal, as well as thermodynamics and ki-
netics, and generally results in a broad distribution of particle sizes and shapes.
This section is meant to give a brief overview of the processes involved. The
formation of particles can roughly be divided into two phases: nucleation and
growth. Nucleation is important for the number of particles per area, whereas
the growth process governs the shape of the particles.
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Nucleation

At the beginning of the deposition process there are only a few metal atoms
on the surface (adatoms) and due to a low affinity with the substrate, they mi-
grate the surface to form nuclei when meeting other adatoms or an existing
nuclei. If the influx of atoms from the vapor phase (F ) from the evaporator
is approximately constant and desorption of metal adatoms is neglegted, nu-
clei will continually be formed on the substrate when adatoms meet. At some
point the chance of forming a new nuclei is much less than the chance of an
adatom attaching to an existing nuclei and the number density of nuclei will
approximately saturate at [2]

N =

√

√40F

D
(4.1)

where D is the diffusion coefficient and describes the movement of the ada-
toms. The equation shows that the number of nuclei per area increases with
influx atoms and decreases with increasing diffusion. The temperature (T ) of
the substrate and adatoms plays an important role in both the number density
and subsequently in the shape and size of the particles. In the initial forma-
tion of nuclei the effect of the temperature is explained via the diffusion D and
time on surface τ, calculated as [2]

D = D0 exp
�

−
Ed i f f

RT

�

(4.2a)

τ= τ0 exp
�

Ed e s

RT

�

. (4.2b)

Here D0 is the diffusion constant, Ed i f f is the activation free energy for dif-
fusion, R is the gas constant and T is the temperature. τ0 is a prefactor and
Ed e s is the activation free energy for desorption. Both Ed i f f and Ed e s differ for
different adatoms and surfaces. Equation 4.2a shows that diffusion increases
with increasing temperature. Thus the saturated number density (Eq. 4.1) will
decrease with increasing temperature.

When depositing metals like Ag and Au there will be desorption of adatoms
from the substrate. This means that each adatom has only a limited time on
the surface given by τ. As seen in Eq. 4.2b, τ decreases with increasing tem-
perature. Intuitively a decreasing time on the substrate would lead to more
nuclei as the average diffusion length (x = (D t )(1/2)) will decrease. This is
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Figure 4.2: SEM image of Au particles deposited on a Si substrate
where the shape of the particles reflects the underlying hexagonal Si
structure.

not observed experimentally and instead the number of nuclei decreases with
increasing temperature (i.e. decreasing time) as predicted by Eqs. 4.1 and 4.2a.

Another important factor is inhomogeneities in the substrate which affect
the formation of nuclei by introducing nucleation centres and by defining paths
where the diffusion energy is different. The effect of the inhomogeneities can
be reduced by increasing the temperature and thereby the diffusion of the ad-
atoms, pushing to a thermodynamic equilibrium.

Particle growth

After the initial formation of nuclei the growth process starts where the parti-
cles grow in volume as a function of time, while F , D ,τ and substrate imhomo-
geneties are still playing a role. Substrate imhomogeneties are particularly im-
portant at low temperatures, and the thin oxide layer of the samples allows the
underlying crystal structure of the Si (111) surface to affect greatly the shape of
the particles. This is evident in Fig. 4.2 where the sides of most particles orient
with the underlying structure. Increasing the temperature reduces both the
average size due to desorption [3–5] and the effect of substrate inhomogini-
ties. The adatoms have enough energy to move unaffected and make jumps to
find energetically favorably position, forming particles on the surface. At this
stage the shape of the particles is governed by the interface free energy. The
system can be described by three interface energies [6]: γSV , γSM and γM V ,
where the subscripts S , V and M stands for substrate, vacuum and metal, re-
spectively. Where the three interfaces meet the interface tensions must be at
an equilibrium, which defines the cross-sectional shape of the particles and is
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θ θ

a b

Figure 4.3: Illustration of the cross sectional shape of particles with
different contact angle θ : (a) Au particle with θ < 90◦ and (b) Ag
particle with θ > 90◦.

described via the contact angle θ (see Fig. 4.3). The contact angle is calculated
as

cos(θ ) =
γSV −γSM

γM V
(4.3)

When the interface free energy of the substrate-vacuum interface is larger than
the free energy of the substrate-metal interface, the result is flat particles with
a small contact angle as seen in Fig. 4.3a. If the opposite is true, the particles
rise up and can become almost spherical. If γM V is smaller than |γSV −γSM |
particles will not form on the surface and a continuous film will fill the surface.

In the case of Au and Ag particles, the particles formed are very different in
shape. Au on SiOx produces rather large and flat particles, which can be seen
in the SEM image in Fig. 4.4. The camera angle in the SEM image is 54◦. From
this perspective the particles on the surface appears flat, e.g. arrow 1. Arrow
2 points to a cross-section of a particle. This has been achieved by first cover-
ing a part of the surface with Platinum using gas-injection and then by using
a focused ion beam to cut and polish a cross-section of a particle. However,
the resolution of the setup and charging effects made a reliable estimation of
particle height impossible. Ag on SiOx produces high and almost spherical
particles as evident in Fig. 4.1. Studies of growth on air-oxidized Si(111)-(7x7)
showed Ag particles oriented similar to epitaxial growth of Ag on Si(111) sur-
faces [7]. At a temperature (T=500◦C) and a deposition rate (2 ML/min) similar
to that of [7] with an even thinner oxide used, particles with the same charac-
teristics were expected. In Fig. 4.5 a STEM image obtained at iNANO, Aarhus
University, shows signs of lattice planes in two silver particles, as highlighted in
the figure. In both particles the planes are oriented the same, thus indicating
a substrate effect.
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Gold particles

2

1

Figure 4.4: SEM cross-section image of Si-SiOx surface with Au par-
ticles. Arrow 1 points to a surface with Au particles and arrow 2
points to a cross section of a Au particle.

Lattice planes

Figure 4.5: STEM image of Ag particles deposited on a Si substrate.
The blue arrows highlights two particles where lattice planes with
identical orientation are visible.
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Summary

Metal deposition is a relatively simple and fast method to form nanoparticles
on a surface, offering a fair degree of control over the number and size of the
particles. The materials used, both the metal and the substrate, are obviously
important and together with temperature are the limiting factor for number
density, shape and size of the particles. Within the limits set by the materi-
als, temperature plays an important role, as it enables movement of the ada-
toms on the surface. Increasing the temperature results in fewer particles but
also decreases the width of the particle size distribution. Higher temperature
also increases the desorption rate and results in smaller particles. High tem-
peratures also minimize the effect of inhomogeneities in the substrate. Other
controllable parameters are the influx of metal atoms and time: an increase
in flux will increase the number of particles and time will increase the size of
the particles. This method produces particles with a given distribution in size
which are formed in a controlled environment inside the vacuum chamber.
The number of particles and the size of the particles can only be assessed after
unmounting the sample from the vacuum chamber.

4.3 Fabrication of samples with e-beam lithography

E-beam lithography (EBL) is a powerful technique to make structures on the
nanoscale. In this work it as been used extensively to make samples, both on
small test solar-cells (paper C) as well as different types of wafers (paper D)
and GaAs half-cylinders (paper B). The biggest advantage of EBL is an excellent
control over the shape and position of the particles. The working principle EBL
is illustrated in Fig. 4.6. It is using a focused electron beam to define structures
in an electron sensitive resist film covering a substrate. The electrons change
the solubility of the resist and exposed areas can then be removed in a develop-
ment process by immersing the film into a solvent. Thus the structures defined
by the e-beam are now bare substrate. The final step is coating the sample and
in a liftoff process remove the remaining resist with coating on top, leaving the
defined structures on the substrate.

The different steps of the EBL process, as illustrated in Fig. 4.6, will be fur-
ther detailed in the following paragraphs.
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Figure 4.6: Schematic of the fabrication processes involved in EBL.
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Step 1. Preparation of the substrate

A clean substrate is critical for a successful EBL process. Prior to applying the
resist, the following steps were performed on a wet bench inside the clean-
room:

1. Organic materials are removed by 2 min in an ultrasonic bath with ace-
tone.

2. The sample is rinsed with milli Q water and blown dry with N2.

3. Acetone and organic leftovers are removed by 2 min in an ultrasonic bath
with ethanol.

4. The sample is rinsed with milli Q water and blown dry with N2.

The steps are repeated if necessary.
The electron sensitive resist used in this work is a poly(methyl methacry-

late) (PMMA) type with toluene as a solvent. It is a positive resist, meaning that
the exposed areas are removed during development. The resist is applied by
spincoating on a Laurell WS-650S-23NPP spin coater. The required thickness
of the resist depends on the desired high of the nanostructures, where the gen-
eral rule is the lower the thickness to height ratio, the greater the risk of liftoff
failure. A ratio above 3:1 is generally on the safe side. The trade-off in increas-
ing the thickness is that it reduces the resolution of the e-beam written pattern.
A specific thickness is obtained by using the appropriate PMMA concentration
in combination with adjusting the speed of the spincoater. Finally, the resist
is baked on a hotplate for 5 min. The resulting thickness is measured using a
profiler available in the cleanroom.

Step 2. E-beam writing

The structures are written using a Raith Elphy Plus system connected to a Zeiss
1540 XB electron microscope. The Raith system controls the electron beam
and allows for precise definition of structures in the resist. This setup has a
writing field area of 100 x 100µm2. For larger areas the sample must be moved
and aligned with the neighbouring fields in a process called stitching. The ex-
posure of resist is a complicated mater with many parameters available, and
depends on substrate, resist, electron energy, beam current and beam spot
size. The high energy incidence electron beam creates secondary electrons
as it enters the resist and they have a large impact on the exposure. Structures
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Figure 4.7: SEM image showing proximity effects when using EBL.
In this case proximity effects made the three center strips wider than
the other strips.

written close together may experience proximity effects, where the exposure
affects neighbouring structures. Figure 4.7 is from the work leading up to pa-
per B. It shows strips of Ag on a GaAs surface. The intended strip width was 130
nm, but proximity effects made the three strips at the center wider. Apart from
a few cases, in most of this work the structures were sufficiently far apart to
neglect proximity effect. Conducting substrates were used, and the structures
were simple with no complicated geometrical shape. A basic setup could be
used when writing structures, which includes an electron energy of 10 keV, a
fixed current and the beam focused on the substrate surface. The exposure is
then controlled via a dose factor which translates into the velocity of the beam
moving across the sample. Due to the many factors at play, the correct dose
factor is difficult to calculate and is found after performing a writing test on
a small sample. The test is the complete EBL procedure, including liftoff, at
a smaller scale. A few structures with different doses are written on a similar
substrate with identical resist thickness, and subsequently investigated in SEM
to identify the best dose factor.

Another special case is EBL on a non-conducting substrate, where incom-
ing electrons cannot be removed from the exposed area which then leads to
charging effect in the writing process. To reduce charging effect the resist is
coated with a thin ∼20 nm aluminum layer, giving the electrons a way to es-
cape. The aluminum layer is then removed after the e-beam writing with a
KOH solution.
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Step 3. Development

The development is done in a MIBK:IPA 1:3 solution, where MIBK stands for
Methyl IsoButyl Ketone and IPA is IsoPropyl Alcohol. The development time
depends on the size of the structures and the thickness of the resist, and one
must rely on experience or perform tests to ensure correct development. After
the development, the sample is rinsed in IPA and blown dry with N2.

Step 4. Coating

The developed sample was primarily coated in a Cryofox Explorer Electron-
beam physical vapor deposition (EBPVD) system. In EBPVD, the source is
heated with an electron beam at high energy and the target is placed at a dis-
tance above the source. It is line-of-sight deposition, ideally suited for EBL
purposes as the sides of the developed structures will see very little coating.
The coater is equipped with a thickness monitoring system and a control of
the deposition rates for e-beam evaporation with 4 crucibles. A load-lock and a
computer-control of the deposition process enable a fast and reliable method
for coating of standard samples. Coating with non-standard materials was
done in a Leybold coating chamber by resistive evaporation deposition. The
chamber is equipped with a crystal balance to monitor the deposition rate,
but allows only manual control of the evaporation current, demanding careful
planing and constant monitoring.

Step 5. Lift-off

In the lift-off process the unexposed resist is removed including the coating on
top, leaving only the defined structures on the substrate. This is done by dip-
ping the sample into an ultrasonic bath of acetone. The lift-off time depends
on several factors including the quality of the former steps. If all the processes
have been successful, only the e-beam written structures are left on the sur-
face.

Summary

EBL is a strong tool for producing nanostructures. With experience and at-
tention to details in every single step, the method allows for precise forma-
tion of nanostructures, enabling testing of e.g. scattering properties or elec-
tronic properties of specific structures. The writing process is relatively slow
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and might take 2-3 min for a single writing field depending on the structures
written. It is especially well suited for small samples with a total writing area
consisting of a few tens of writing fields. For large areas as the sample shown
in D Fig.2, which consists of 437 writing fields, the total time can exceed 24
hours. Long writing time can induce problems due to small changes over time
for both sample stage position, beam focus and beam current.
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Chapter 5

Second harmonic generation
experiments

5.1 Introduction

The original choice of material for the SHG spectroscopy of nanoparticles on Si
was Ag, as its plasmon resonance response is very strong and at an interesting
wavelength for solar cells. The results obtained have shown to be difficult to
interpret. Au nanoparticles were then investigated and published in A. The
results obtained with Au enabled the further interpretation of the results for
Ag particles and those are presented in this chapter.

The first part of the chapter describes the experimental setup used for the
SHG spectroscopy experiments. SHG spectroscopy measurements on Si with
native oxide, Si with a thin oxide layer and Si with Ag nanoparticles at the sur-
face are then presented.

5.2 Setup for second harmonic generation spectro-
scopy

The setup used in the SHG measurements is shown in Fig. 5.1. The samples
were prepared and investigated in an ultra high vacuum (UHV) chamber with
a base pressure below 10−8 P a . In the chamber, the sample can be heated
by sending current through it and be exposed to oxygen in a controlled man-
ner. Moreover, the chamber is equipped with a low energy electron diffraction
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(LEED) setup to investigate the surface of the sample and with an evaporator
to deposit material on the sample.

The primary laser system used in the SH experiments is a nanosecond sys-
tem consisting of a Continuum Surelite II-10 Nd:YAG pump laser in combi-
nation with a tunable Continuum Surelite optical parametric oscillator (OPO)
system. The OPO emits pulses of a duration of approximately 4 ns with 10 Hz
repetition rate and photon energy tunable from around 0.9-1.7 eV and 1.8-
2.42 eV, with degeneration around 1.75 eV.

A second laser system was also used for part of the Ag on silicon experi-
ment. It is a femtosecond laser system based on a Spectra-Physics/Newport
Tsunami Ti:Sapphire laser operating at 80 MHz and 786 nm. It is seeded into a
Quantronix Integra-He amplifier system. The 1 kHz output is then fed into
a Light Conversion Topas-C optical parametric amplifier (OPA), yielding an
1 kHz output tunable from 0.11 eV to 6.5 eV, with degeneration around 0.78 eV.
This second laser system was used to cover the frequency range around the
degeneration of the primary laser (∼1.75 eV), as the SH in this range coincide
with a plasmon resonance of Ag and several substrate transitions.

In order to minimize the risk of damaging the nanoparticles on the surface
the intensity of the laser can be reduced by using a λ/2-wave plate in combi-
nation with a polarizing beamsplitter, which also enables to control the polar-
ization of the incidence light. High-pass filters before the sample separate the
pump-beam from high energy light which can be falsely detected as SH, and
likewise, low-pass filters separate the pump-beam from the SH before detec-
tion. A f=300 mm lens is used to focus the light on the sample, and again to
collimate the light from the sample. Before detection a polarizing beamsplit-
ter is used to select the polarization of the detected signal. The incidence angle
of the light is 67◦. The detection is done using a photomultiplier tube (PMT)
connected to a boxcar averager. The signal is normalized using the SH front
surface reflection from a quartz-crystal wedge as a reference signal.

For all experiments in this work, the silicon samples of 10x30 mm2 are cut
from (111)-oriented wafers and mounted inside the UHV chamber. The sam-
ples are oriented such that the plane of incidence of the light is parallel with the
(110) direction of the crystal. This configuration ensures that only the isotropic
contribution is detected for p to p polarization.
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Figure 5.1: Schematic of the experimental setup used for SHG mea-
surements. The light from the Topas-C OPA is inserted into the setup
using adjustable mirrors not shown in the figure.
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5.3 Second harmonic generation from silicon

5.3.1 Second harmonic generation from Si with native oxide

Figure 5.2 presents the p → p SH signal from a sample with the native oxide
layer. The spectum shows four distinct resonances labelled E1, ESi O , E2(X )
and E2(Σ). The E1 and E2 resonances are close to bulk Si transitions (see Fig.
3.5) and is related to the Si bonds close to the interface [1]. The E1 is found at
an energy of 3.27 eV, shifted from 3.4 eV due to strain at the interface [2]. Both
E2(X ) and E2(Σ) transitions are shifted as well, to 4.38 eV and 4.58 eV respec-
tively, with E2(Σ) being the most pronounce of the two. The large resonance
at 3.52 eV can be related to tilted Si-Si bonds due to oxidation at the Si inter-
face [3]. The solid line in Fig. 5.2 is a modeling of the measured signal using Eq.
3.31, where the values for each resonance used in the model are presented in
Tab. 5.1. A resonance also related to the Si-SiOx [4] interface labelled E ′Si O with
an energy of 3.70 eV together with E ′1 (located outside the graph) are needed
to get at good agreement between model and measured data.
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Figure 5.2: The black circles represent the measured p→p SHG from
a Si surface with the native oxide. The black solid line is the model-
ing of the SH signal from the surface.

ωk [eV] fk φk [rad] γk [eV]
E1 3.27 0.034 0 0.09
ESi O 3.53 0.075 0.16π 0.12
E ′Si O 3.70 0.035 0.25π 0.12
E2(X ) 4.38 0.15 0.48π 0.1
E2(Σ) 4.58 0.13 0.48π 0.25
E ′1 5.5 0.1 1.0π 0.2

Table 5.1: Parameters used in the model of the SH signal from Si with
native oxide.
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5.3.2 Second harmonic generation from Si with a thin oxide
layer

The SHG from the Si surface with a thin oxide layer is presented in Fig. 5.3.
There is a clear change in signal compared to the natural oxide. First of all, the
strong ESi O with an energy of 3.53 eV has now almost disappeared, and the
signal is dominated by the E1 and E2(Σ) transitions. This is also evident from
the fitting values for the model of the signal presented in Tab. 5.2.

Figure 5.3: Second harmonic generation signal from Si with a thin
oxide layer: the black circles represent the measurements while the
solid black line is from the model.
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ωk [eV] fk φk [rad] γk [eV]
E1 3.29 0.235 0 0.17
E1,b ul k 3.39 0.0005 0 0.11
ESi O 3.50 0.008 0.13π 0.06
E ′Si O 3.75 0.004 0.19π 0.06
E2(X ) 4.30 0.001 1.1π 0.15
E2(Σ) 4.50 0.17 1.0π 0.23
E ′1 5.18 0.14 2.0π 0.2

Table 5.2: Parameters used in the model of the SH signal from Si with
thin oxide layer.

The uncertainty of the parameters for the resonances E1,b ul k , ESi O , E ′Si O
and E(X ) are large as they contribute very little to the signal. The E1,b ul k

(EFISH) transition is included in the model as it plays a role when metal is
deposited on the surface. The increase in signal at low energy is not related
to second harmonic generation, thus it is not included in the model. The ori-
gin of the signal is attributed to a combination of low signal to noise ratio and
multiphoton luminescence within the system.

5.4 Silver nanoparticles on Si(111)

Prior to the publication of paper A, which addressed gold particles on a Si(111)
surface, a system with Ag particles on a Si(111) surface was investigated. This
proved to be a complicated system as a first attempt. In this section this sys-
tem is revisited with the knowledge obtained from the Au system. The sam-
ple is measured in three stages: first, the SHG is measured just after making
the sample, without removing it from the chamber. Second, the sample is re-
moved from the UHV chamber and moved directly to the clean room where
the linear measurements are performed. Last, the SEM images are obtained in
the e-beam microscope. The analysis is then performed in reverse order, start-
ing with the SEM images, then the linear measurements and finally the SHG
investigation.

5.4.1 Sample preparation

The sample is prepared in a similar manner as the Au sample and is explained
in detail in Sec. 4.2. The starting point is a Si(111) sample cut from a wafer,
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which is mounted in the UHV chamber. While mounted inside the chamber
the thin oxide layer (SiOx ) is created, following the procedure explained in sub-
section 4.2.1. On top of this well defined oxide layer the Ag is deposited using
thermal evaporation with the deposition rate of 2 ML/s with a substrate tem-
perature of 500◦C. The rate of material deposition and total material deposited
were measured using a quartz crystal microbalance (QCM). As shown in sub-
section 4.2.2 the result for Ag on the SiOx surface are high almost spherical par-
ticles. The size of the particles are varied through the amount of Ag deposited
on the surface, which is is controlled by moving the sample into the shadow of
a screen during deposition. Hereby four areas with different size distributions
where produced of the sample. SEM images and size distributions of each area
are shown in Fig 5.4. Table 5.3 lists the results of the SEM analysis. In addition
to the diameters the SEM analysis also provided the density of particles and
the coverage in addition to the diameters. Both the density and the coverage,
included in Table 5.3, are independent of the diameter and are related to the
overall distribution.

5.4.2 Linear measurements

The linear optical properties are used to assist in the analysis of the SHG mea-
surements. The linear measurements were performed with a Sentech SE 850
ellipsometer and resulted in two sets of data, each with different polarization
setting, and the results are presented in Fig. 5.5(a) and Fig. 5.5(b). Both figures
include measurements from each of the four different areas and they show the
differential reflection defined as (I − I0)/I0, where I and I0 are the intensity
of the reflected light from the surfaces with and without Ag, respectively. In
Fig. 5.5(a) the results of the modelling using the Island film approach is also
presented as black dashed lines. Figure 5.5(a) shows the measurements using
p-polarized incidence light and p-polarized detected light, whereas Fig. 5.5(b)
shows s-polarized incidence and s-polarized detected light. There are three
distinct features labelled A, B and C . The feature A is present in both figures
and coincide with the onset of the indirect bandgap in Si, which adds back-
side reflection to the signal. The increase in reflection labelled B is present for
both polarization configurations and can thus be related to the particle plas-
mon resonance parallel to the surface. The resonances position shows a red
shift with increasing particle size. The decrease in reflection labelled C in Fig.
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Figure 5.4: Nanoparticle size distributions from areas with 10 ML,
20 ML, 30 ML and 40 ML and corresponding SEM images.
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Momolayers 10 20 30 40
Diameter nm 9.4 13.9 21.1 30.8
Density m−2 1.24e×1015 6.03×1014 1.97×1014 6.48×1013

Coverage 0.31 0.36 0.38 0.52
Height nm 3.55 4.95 7.2 11.0
Resonance B eV 2.8 2.6 2.5 2.4
Resonance C eV 3.3 3.4 3.45 3.45
FWHM C eV 0.57 0.45 0.45 0.43

Table 5.3: Particle diameter, particle height, density, and silver cov-
erage for each area on the sample. The position of the plasmon res-
onance for both the parallel and the perpendicular directions and
the full width at half maximum (FWHM) for the perpendicular res-
onance are also listed.

5.5(a) is not present in Fig. 5.5(b) and is identified as the particle plasmon res-
onance perpendicular to the surface. The resonance position shows a blue
shift with increasing particle size. The position of the two plasmon resonances
are coverned by the shape and size of the particles, as well as electromagnetic
coupling with the substrate and particle-particle interaction [5, 6]. The parti-
cle diameter and the density of particles are obtained from the SEM analysis.
Those parameters are introduced in the modelling of the p-p polarization and
the particle height and the relaxation time, both unknown, are used as fitting
parameters.

In Table 5.3 the resonance position of α and γ for each area is shown, to-
gether with the corresponding particle heights obtain from the model. The
height obtained from fitting the model with the measurements corresponds
to approximatively 40% of the amount of deposited Ag measured by the QCM.
This discrepancy could be explained by the desorption of adatoms under the
deposition process (see subsection 4.2.2). It could also be due to the fact that
sharper edges on the particles induces similar consequence on the surface
plasmon resonances as lowering the particle height, resulting in artificial lower
values of the particle height when determining it from the plasmon frequency.

5.4.3 Second harmonic generation measurements

Figure 5.6 shows the measured SHG from both a clean SiOx surface (0 ML) and
with increasing Ag deposition (10 ML - 40 ML). In each graph the measured in-
tensity is represented with black circles and the modelled intensity is the black
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Figure 5.5: (a) Differential reflection intensity for p- to p-
polarization, (b) differential reflection intensity for s- to s-
polarization and (c) the imaginary part of the parallel and the
perpendicular surface susceptibilities (α and γ) with arrows
indicating the shift in resonance energy.
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solid line. The green line represents the contribution from the substrate and
red line the contribution from the Ag particles.

The presence of Ag particles has a clear effect on the SH spectra measured,
as shown in Fig. 5.6, mostly as a large increase in the SH signal intensity. The
spectra are still dominated by two features around the E1 and E2 Si bulk transi-
tions. Already at 10 ML of Ag there is a jump in peak position of the resonances.
As observed for Au particles (see Pap. A) the E1 peak is shifted from 3.29 eV
(surface energy) to 3.40 eV (bulk energy), and similar for the E2 peak from 4.50
eV (E2(Σ)) to 4.34 eV (E2(X )). As the black solid line indicates, there is a good
agreement between measurement and modelling. Through the modelling it is
possible to separate the SH measured signal into the substrate and the Ag con-
tributions. They are presented in Fig. 5.6 as green and red solid lines, respec-
tively, where the Ag contribution has been multiplied by a factor 5 for better
visualization. It is seen that the direct contribution from the Ag particles to the
SH signal is relatively low, but it increases with increasing deposition. In par-
ticular on the 30 ML and 40 ML graphs, both the horizontal plasmon around
2.5 eV and the perpendicular plasmon around 3.4 eV can be identified, in line
with the linear measurements (see Fig 5.5). The perpendicular plasmon reso-
nance, and the E1 and ESi O resonances are all positioned close together, and
this overlap was the original motivation to switch to Au particles where the
resonances are further apart, enabling an almost individual treatment of me-
tal and substrate contributions. However, this separation is not possible for Ag
particles.

Modelling

Equation 3.31 is used to model the signal. The SH signal resembles that of the
Si substrate, and thus the starting point of the modelling is the optimization
of the Substrate contributions and then, the Ag particle contribution is intro-
duced. We will concentrate on the energies close to the E1 transition, namely
E1,S u r f , E1,b ul k and ESi O , as these are the energies which are most affected by
the presence of silver.

In paper A we succeeded by treating the two resonances related to E1 as one
and optimize the resonance position and phase. The resonance at E1 in Figure
5.6 (30 ML) and -(40 ML) has a flat top, suggesting that combining the two is
not possible with Ag particles and E1,S u r f and E1,b ul k must be included as
individual resonances. The substrate contributions are modelled primarily by
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Figure 5.6: SH spectra for p- to p-polarization. Both measured
(open black markers) and modelled spectra (black lines) are shown.
SH spectra for different amount of monolayers of Ag deposited rang-
ing from 10 ML to 40 ML are shown. The 0 ML SH spectrum corre-
sponds to the clean SiOx surface. The green and red lines show the
different contributions to the SH signal obtained from the model:
(red line) Ag contribution, which is multiplied by a factor of 5 to bet-
ter discern the features, (green line) combined E1,S u r f and E1,b ul k
contribution to the SH signal.
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optimizing the amplitude ( fn ) and the phase (φn ) of the resonance. The width
(γn ) and resonance energy (ωn ) of the interface resonances, E1,S u r f and ESi O ,
are also optimized as they might change due to silver deposition. The E1,b ul k

width and resonance energy should be fixed as they are bulk values and are
not affected by silver deposition. For simplicity the E2 resonances are treated
as one, and the remaining resonances, ESi O ′ and E ′1, must also be included in
the model as they contribute to the final results.

Following the initial modelling of the surface contributions, the silver par-
ticle contributions are introduced. As described in subsection 3.2.6 the modi-
fied dielectric function (Eq. 3.42) and the local fields factors (Eq. 3.40 and 3.39)
of the Ag particles are determined from the SEM investigations and the results
from the linear measurements. This simplifies the modelling of the SH gen-
eration of the present system to the problem of finding the three Rudnick and
Stern parameters for each polarization (see Eq. 3.28). As with the substrate
contributions, the parameters are found by optimization.

The modelling is then performed by alternating between optimizing the
surface and silver particle contributions, until the modelling converges.

Metal contributions

Fig. 5.7 shows the Rudnick and Stern parameters used in the modelling as a
function of particle diameter. The black crosses represent the absolute value
of the parameters and the red circles represent the phase. The a‖⊥‖ and a⊥⊥⊥
parameters describe the parallel and vertical surface currents, respectively. In
many cases the two currents are sufficient to describe the observed signal [7, 8].
With the sample geometry with Ag particles on a silicon substrate this proved
to be insufficient. The contribution from P⊥‖‖ is found to be quite significant
as seen in the absolute value of the a⊥‖‖ parameter, which is an order of mag-
nitude larger than the values found for gold particles in paper A. The value of
a⊥⊥⊥ is known to depend strongly on surface configuration [8–10]. For Alu-
minium particles the value ranges from around 0 up to 37 depending on sur-
face configuration [10]. For Au particles values of up to 56 were found as pre-
sented in paper A. The surface structures has also a clear effect on all the a
parameters.
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Figure 5.7: Rudnick and Stern parameters obtained from the model
as a function of the particle diameter: (black cross markers) Abso-
lute value and (red circle markers) phases relative to the phase of
a‖⊥‖.

Substrate contributions

Table 5.4 shows the result of the modelling for three resonances of interest. Al-
ready after deposition of 10 monolayers of silver, an immediate jump in the
resonance position to a value of ∼3.4 eV is seen, which suggests that the de-
posited silver creates a SCR and enables an EFISH signal. In the model the
EFISH contribution is represented by E1,b ul k , and as expected, the value ob-
tained from the optimization for both the resonance energy and the width is
very close to the bulk value for Si. The optimization did not change the reso-
nance energy of the interface resonances (E1,S u r f and ESi O ) and they retain
the values from the SiOx modelling. The width of both interface resonances
increased during the optimization.

According to Rumpel et al. [11], an EFISH resonance in phase with the E1

surface resonance corresponds to a positive SCR, whereas a phase different of
π corresponds to a negative SCR. The relative phase of the EFISH contribution
obtained in this experiment shows a value of ∼ 1.8π for all sample areas, thus
suggesting that a positive SCR is created very early in the deposition process.
Additionally, the relative phase difference between the E1,b ul k and ESi O reso-
nance is close toπ and can be coupled to the sharp decrease in signal between
the two energies, which is especially apparent for 40 ML of silver deposition.
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0 ML 10 ML 20 ML 30 ML 40 ML
E1,S u r f

ω [eV] 3.29 3.29 3.29 3.29 3.29
f 0.235 0.690 0.984 1.44 1.79
φ [rad] 0 π 0.92π 0.99π 1.09π
γ [eV] 0.17 0.20 0.20 0.20 0.20

E1,b ul k

ω [eV] 3.39 3.39 3.39 3.39 3.39
f 0.0005 0.377 0.502 0.615 0.803
φ−φE1,s u r f 0 1.85π 1.78π 1.80π 1.86π
γ [eV] 0.11 0.11 0.11 0.11 0.11

ESi O

ω [eV] 3.53 3.50 3.50 3.50 3.50
f 0.008 0.0780 0.168 0.435 0.872
φ−φE1,s u r f 0.13π 3.05π 3.08π 2.94π 2.98π
γ [eV] 0.06 0.12 0.12 0.12 0.12

Table 5.4: Parameters for selected resonances used in the model to
fit the measured SH signal from Si with Ag nanoparticles.

With respect to the amplitudes, f , of the resonances, the values obtained
from the modelling are also shown in Tab. 5.4. For the EFISH transition, it is

the amplitude of the effective second-order susceptibility tensorχ
(2)
e f f (see Eq.

3.30). For the interface transitions, the amplitude represents the product of
Le f f ,n and fn , and thus contains the field factors for both the electric fields at
ω and 2ω. In Fig. 5.8 the contributions from each resonance have been ex-
tracted from the modelling and presented together with the measured signal.
Already at 10 ML the SCR is created, and at this stage the EFISH contribution
is larger than the E1,S u r f contribution. With increasing silver deposition both
the E1,S u r f and EFISH contributions continue to grow, with E1,S u r f growing at
a greater rate. This difference can be understood through the origin of the two
contributions. Tunneling of electrons from a silicon substrate through a thin
oxide to Sn particles has previoulsy been shown from photoemission studies of
Sn nanoparticles [12]. In this study, they also observed that the band bending
resulting from the tunneling of electrons increased with metallic surface area
and total surface charge, levelling out at high coverage with 10 ML deposited.
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Figure 5.8: The open black markers show the measured SH spec-
tra for p- to p-polarization. 0 ML is the SH spectrum from clean
SiOx surface and 10 ML-40 ML are SH spectra from areas with 10-
40 monolayers of deposited silver. The cyan, red, green, blue and
black lines represent the contribution from E1,S u r f , E1,b ul k , ESi Ox ,
E2 and E ′1, respectively.
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In [12] a band bending of 0.40 eV is reported, which corresponds approxima-
tively to the value obtained for a clean Si(111) 7x7 surface with a space charge
region depth of ∼730 nm. In the present work on Ag particles 10 ML corre-
sponds to the minimum amount of Ag deposited. The band bending seems to
have saturated which can be explained by the build up of charges on the parti-
cles preventing more electrons to tunnel through the oxide layer. This barrier
is constant as the particles become larger.

As reported in [13] the EFISH intensity depends both on the band bend-
ing and on the penetration depth of the pump and SH fields. When the pen-
etration depth is significantly shorter than the depth of the SCR, the EFISH
intensity depends linearly on the band bending. It was shown in [14] that the
penetration depth of light in silicon is ∼15 µm for 1.65 eV, ∼25 nm for 3.3 eV
and ∼10 nm for 3.4 eV photons, which indicates that the EFISH contribution
originates from the first few tens of nanometres in the Si substrate for which
the DC field from the SCR can be considered constant.

As for Au particles in paper A the field enhancement from the silver parti-
cles is expected to be located at an even shorter range, such that L(z ) is limited
to a few nanometres into the silicon substrate [15, 16]. The interface contri-
bution to the SH signal is expected to be favored with respect to the bulk like
EFISH part when silver particle are present.

In Fig. 5.9(a) the enhancement factor (|Le f f |2) for the E1,s u r f is presented
and is found to scale liniarly with particle diameter. The results are obtained
via the modelling, as explained in subsection 3.2.5, containing the contribu-
tions from both the electric fields atω and at 2ω. It is shown that the enhance-
ment factor increases the strength of the field enhancement. The increase is
limited when comparing it with other experiments with metallic particles as
field enhancers[17–22]. Compared to the work in paper A with gold particles,
the increase is significant. In both experiments the amount of metal deposi-
tion is comparable, but the maximum enhancement factor is 58 and 3.3 for
silver and gold, respectively. This was expected due to the difference in the
plasmon resonance position and the difference in the strength of the plasmon
resonance for the silver and gold particles.

A surprising result of the modelling was the large increase of the SiO reso-
nance at 3.50 eV, especially for 30 ML and 40 ML Ag deposited. As explained
above, the sharp decrease in signal starting ∼3.4 eV is explained by an ∼ π
phase difference between the E1,b ul k and ESi O resonances. The increasing
strength of ESi O also increases the effect of interference with the EFISH con-
tribution, thus enhancing the drop in the signal.
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Figure 5.9: (a) Enhancement of the E1,S u r f resonance as a function
of particle diameter. (b) Amplitude squared of the E1,S u r f , E1,b ul k
and ESi Ox resonance as a function of particle diameter.

The enhancement factors are calculated by comparing the amplitudes from
the silver samples with the amplitudes from the SiOx modelling, and they de-
scribe the enhancement due to local fields. For the SiOx signal both the E1,b ul k

and the ESi O contributions are very small and associated with large uncertain-
ties. Changes in the EFISH contribution is not only due to field enhancements,
but also to the strength of the SCR. Moreover, the width of ESi O was found to
change significantly compared to the SiOx value. By trying to calculate the en-
hancement factors a value of∼2.6e6 and∼1.2e4 for E1,b ul k and ESi O is found,
respectively. These values do not represent the enhancement factor as defined
by Eq. 3.29 and are associated with large uncertainties.

To compare the different contributions, the amplitudes of E1,S u r f , E1,b ul k

and ESi O are presented in Fig. 5.9 (b) as a function of particle diameter. The
figure shows how local field enhancements favor interface resonances as the
E1,s u r f increases faster than the EFISH contribution. Both the E1,s u r f contri-
bution and the EFISH contribution appear to scale linearly with particle diam-
eter. Within the span of particle diameters investigated here, the ESi O does not
follow the same linear trend of increasing with particle diameter.

E1,S u r f and ESi O are both interface transitions and are thus easier to com-
pare. With increasing diameter, the perpendicular plasmon moves from 3.3 eV
(E1,s u r f ) to 3.45 eV (close to ESi O ) while increasing in strength. The FWHM of
the plasmon resonances is wide (see Tab. 5.3) both compared to the change
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in plasmon resonance and to the width of both E1,s u r f and ESi O . Given the
information above, the immediate expectations are for the two resonances to
evolve the same way. The apparent behaviour of the fSi O amplitude is different
than the others and has yet to be explained.

5.5 Summary

This chapter presented the SHG studies performed on Ag particles deposited
on Si(111). In this work, second harmonic generation spectroscopy studies
of Ag particles on Si substrate with a thin 1 nm thick surface oxide were per-
formed. Field enhancements from Ag particles of different sizes (diameters of
9 to 30 nm) were measured and modelled. Those studies were originally per-
formed before the Au study presented in paper A, but proved to be more com-
plicated to interpret. The knowledge gained through the Au study helped in
analysing the Ag data and drawing the conclusions presented in this chapter.

A horizontal plasmon resonance near ∼2.5 eV and a perpendicular plas-
mon near∼3.4 eV were identified from results from linear optical spectroscopy.
Those values were used as inputs for different parameters and properties in the
model, which include the local field factors, optical properties, and absorption
and transmission of the silver island layer.

The SHG signal from the silver samples are dominated by resonances close
to the E1 and E2 bulk transitions of Si, but with a much larger signal. The field
enhancement in the Si Surface induced by the presence of the silver nanopar-
ticles was obtained by following the evolution of the characteristic SHG Si res-
onance near the E1 point. The silver nanoparticles affect the SHG signal near
the E1 resonance both through charge transfer from the substrate to the metal
and through enhancement of the field at the Si-oxide interface. The EFISH sig-
nal was found to dominate for small particles where charge transfer modifies
the band bending in Si. The local fields increase with increasing particle size;
the Si-oxide interface dominates the SH signal for larger particles.
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Optical second-harmonic generation (SHG) spectroscopy has been used to determine the field

enhancements from Au nanoparticles on a silicon substrate. Au particles with diameters from 30 to

250 nm have been deposited on a Si substrate passivated by a 1 nm thick surface oxide. The linear

optical spectra are dominated by a horizontal plasmon resonance near 1.0 eV, and the experimental

spectra are modelled by the island film model in order to extract the linear properties of the metal

particles. SHG spectroscopy from this system shows resonances from the metal particles and from

the silicon/oxide substrate. By following the evolution of these Si resonances with the size of the

Au particles, the field enhancement in the Si surface has been modelled. The effect of the Au par-

ticles on SHG at the Si E1 resonance is a combination of charge transfer through the thin oxide that

changes the space charge region and an enhancement of the optical field in a thin surface layer of

the Si substrate. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972190]

I. INTRODUCTION

One of the promising applications of nanoplasmonics is

the design of metallic structures that can enhance optical

fields in the surrounding media at specific wavelengths. Both

size and shape of the nanostructures can be used to tailor res-

onances to specific applications.1 Raman scattering spectros-

copy enhanced by plasmonic resonances is becoming a well-

established technique in chemical and bio-medical sensing

where sensitivities down to the single molecule level may be

reached.2–4 This is made possible by the fourth power depen-

dence of the Raman signal on the enhancement of the inci-

dent optical field at the surface where the molecules are

placed. Another application of surface field enhancements by

plasmons that has been studied intensely over the past

decade is the enhanced light absorption in solar cells.5,6

Increased light absorption is particularly important for thin

film cells, organic as well as inorganic, where the thin active

layer has a poor light absorption compared to thicker cells.7,8

Excitation of plasmons in metal particles placed near the

active layer may lead to strong light scattering, increasing

the optical path through the layer, and to strong fields near

the metal particles that localize the field in the active layer.

More than 50% enhancement of the photocurrent in Si thin

film cells has been reported.8 Various geometries of the

metal structures have been investigated with sizes in the

range of 50–100 nm giving an optimal compromise between

absorption and scattering.

Nonlinear processes are particularly interesting in rela-

tion to investigations of field enhancements of the driving

field. Early investigations of surface enhanced second har-

monic generation (SHG) performed on roughened surfaces

and island films showed up to 3 orders of magnitude inten-

sity enhancement attributed to local fields.9,10 More recent

spectroscopic investigations of SHG and third-harmonic

generation (THG) from metal particles have identified plas-

mon resonances around harmonic wavelengths of 270 nm in

Ag particles separated from a Si surface by oxide layers of

varying thickness to demonstrate the effect of the effective

refractive index of the substrate.11 Up to 5 orders of magni-

tude enhancement of SHG from Au particles arranged as a

self-assembled monolayer (ML) with a gap of 0.8 nm to a Au

substrate has been demonstrated.12 The strong frequency

dependence of the enhancement indicates that localized plas-

mons are the source of the enhancement. While these spec-

troscopic SHG investigations are focused on signals from the

metal particles, the present work uses SHG spectroscopy to

investigate field enhancements in a Si surface resulting from

Au particles placed on top of the surface. The metal particles

are isolated from Si by a very thin surface oxide (1 nm). The

metal particles are then as close as possible to the substrate

without a direct contact - an arrangement one would seek in

a solar cell. Oxide covered silicon surfaces have a number of

well-known resonances in SHG spectroscopy. The basic idea

in this work is to follow the evolution of the Si resonances,

in particular, the resonances associated with the E1 critical

point, as a function of the size of Au nano-particles in order

to deduce the enhancement of the fields in the Si surface

layer. The theoretical background for the analysis of linear

and SH spectra is presented in Section II. The experimental

setup is presented in Section III. In Section IV, experimental

spectra recorded for various particle sizes are presented

along with the fits of the theoretical models, and the analysis

of the results is discussed in Section V.

II. THEORY

A. Second-harmonic generation spectroscopy

Second-harmonic generation has for many years been

used to investigate the surface and interface properties of

semiconductors and multilayered structures. The second har-

monic (SH) signal from Si surfaces and Si/SiO2 interfacesa)Electronic mail: kp@nano.aau.dk

0021-8979/2016/120(23)/235307/10/$30.00 Published by AIP Publishing.120, 235307-1

JOURNAL OF APPLIED PHYSICS 120, 235307 (2016)



has been studied and is well described in Refs. 13–15.

Generally the SH signal is expressed via an interface polari-

zation P
ð2Þ
i at twice the pump frequency given by15,16

Pið2xÞ ¼ vð2Þijk ð2xÞEjðxÞEkðxÞ; (1)

where E(x) is the optical field of the pump-laser at the inter-

face at frequency x, and vð2Þijk is the second-harmonic suscep-

tibility tensor of the interface. The SHG spectrum from a Si

surface has two main features originating from E1 (�3.3 eV)

and E2 (�4.4 eV) interband transitions in Si. Resonances

near the E1 transition often appears as two distinct resonan-

ces,15,17 an electric field induced part from the space charge

region (SCR) appearing at the bulk E1 transition at 3.4 eV,

and a surface contribution shifted down in energy to

�3.3 eV. Furthermore, a broader feature associated with the

Si oxide interface (3.7 eV) and the E01 (5.3 eV) transition

contribute to the spectra. The measured SHG spectrum from

these transitions can be modelled as15

I 2xð Þ /
����
Xn

k¼1

fk h;xð Þexp i/kð Þ
2x� xk þ iCk

����
2

; (2)

a superposition of n resonances each with a resonance fre-

quency xk, an amplitude fk(h, x) which is a function of both

incidence angle and frequency, a phase /k, and a width Ck.

B. Second-harmonic generation from metallic
nanoparticles

A large SH signal from small metal particles was first

observed and associated with local surface-plasmons in the

early 1980.9,18 The SH polarization of small metal particles

is given by11

PAuð2xÞ ¼ L2xvð2ÞAu ð2xÞL2
xE2ðxÞ; (3)

where E(x) is the optical field of the pump-laser at frequency

x, vð2ÞAu is the effective SH susceptibility of the metal, and Lx

and L2x are the local field factors at frequency x and 2x,

respectively. In the dipole approximation, the local field fac-

tors are given by11

L xð Þ ¼ �d xð Þ
�d xð Þ þ �m xð Þ � �d xð Þ½ �M ; (4)

where �d and �m are the dielectric constants of the matrix and

the metal, respectively, and M is the shape-dependent depo-

larization factor of the metal particles.

In the present work, the nanoparticles are disk-shaped

with a large diameter to height ratio, and they are situated on

a Si surface. We therefore treat the particles as disks with

negligible heights and only one large surface (see Fig. 4(a)).

With this assumption, the surface SH polarization reduces to

three contributions19

Pkð2xÞ ¼ Pk?kð2xÞ
P?ð2xÞ ¼ P???ð2xÞ þ P?kkð2xÞ; (5)

where Pk and P? are the total parallel and perpendicular SH

polarization. Each term in Eq. (5) takes the form

Pijkð2xÞ ¼ Lið2xÞvð2Þijk ð2xÞLjðxÞEjðxÞLkðxÞEkðxÞ; (6)

where i, j, and k can represent the parallel or perpendicular

directions. The local field factors Li(2x), Lj(x), and Lk(x)

are obtained from Eq. (4). The tensor elements vð2Þijk in Eq. (6)

can be calculated using the classical form for the surface of a

semiinfinite system20,21

v 2ð Þ
ijk ¼ �

aijk

2
�m xð Þ � 1½ � e�0

mx2
: (7)

Again �m is the dielectric function of the metallic particles

and is modified to take into account, the size and shape

effects. The constants ak?k and a??? are the Rudnick and

Stern parameters which are related to the parallel and verti-

cal surface currents, respectively. The values of these param-

eters can be both complex and frequency dependent.20,22 The

P?kk term is often left out in the literature as it is considered

very weak for plane surfaces,23 but we keep it in our model

as we have found its contributions to be significant for the

gold particle covered surface.

C. Metal particle effects on SHG from silicon

As mentioned above, the signal from a clean Si/SiO2 inter-

face is well understood and can be modelled by Eq. (2). The

metallic particles enhance the local electric fields, both the

pump-field and the generated SH field. The metallic particles

also change the reflection and transmission properties of the

interface and absorb light. The combined effect of the local field

enhancement and the transmission properties of the interface on

the SH polarization of the silicon surface can be summarized as

Pið2xÞ ¼ Teff ;ijkLeff ;ijkv
ð2Þ
ijk ð2xÞEjðxÞEkðxÞ; (8)

where Leff,ijk contains the local field factors for both the elec-

tric fields at x and at 2x. Teff,ijk contains the changes in

absorption and reflection at the surface at both x and 2x.

jLef f j2 is often referred to as the enhancement factor.

Space charge regions (SCR) in semiconductors break

the symmetry of the material with its built-in electric field

(Edc), thus giving rise to a SH signal. This mechanism is

called the electric-field-induced-second-harmonic (EFISH)

and the resonance from Silicon appears at �3.4 eV, the

bulk E1 resonance. The presence of built-in charges in thin

films or in particles deposited on a Si/SiO2 surface has been

shown to create a SCR.24,25 EFISH is fundamentally a

third-order process, but the response can be described by a

second-order susceptibility tensor vð2Þef f , and the SH polariza-

tion is given as26

PSi;EFISHð2xÞ ¼ vð2ÞSi;eff ð2xÞE2ðxÞ; (9)

where vð2ÞSi;eff ð2xÞ ¼ vð3ÞSi ð2xÞEdc, vð3ÞSi being the third-order

susceptibility tensor, and Edc is the built-in electric field.

D. Linear effects

The linear optical response of metal particles has been

investigated for many years, especially properties related to
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localized plasmon resonances. The linear response gives

some valuable insights to help interpret the SH spectra and

provides us with both the depolarization factors and the

absorption of the particles. In this work, we use the Island

film theory approach27,28 and the differential reflectivity

spectroscopy29 to investigate the linear properties. Here the

metallic particles are included by adding a term to the

Fresnell reflection coefficients which contains the surface

susceptibilities c and b. The particles are assumed to be

oblate spheroids touching the substrate. The particles’ major

semi-axis (a) is parallel to the surface and the minor semi-

axis (b) is perpendicular to the surface.

The modified Fresnel reflection and transmission coeffi-

cients are given as

rp ¼
j� � n�
jþ � nþ

(10)

and

tp ¼
2na cos H 1þ 1

4
k2�abc sin2H

� �

jþ � nþ
; (11)

where

j6 ¼ ns cos Hi6na cos Htð Þ 1� 1

4
k2�acb sin2Ht

� �
; (12)

n6 ¼ i
2p
k

c cos Hi cos Ht6n3
ansb sin2Hi

� �
; (13)

and na and �a are the refractive index and dielectric function

of the ambient, respectively. ns is the refractive index of the

substrate, and k¼ 2p/k. Hi and Ht are the incidence and

refracted angles. Via q, the number of nanoparticles per unit

area; ak and a?, the parallel and perpendicular dipolar polar-

izabilities, respectively; the coefficients c and b are given as

c ¼ qak and b ¼ qa?=�
2
a: (14)

In the dipole approximation, the polarizabilities of sphe-

roidal particles can be expressed analytically as

ak;? ¼
4pa2b

3

�a �m � �að Þ
�a þM?;k �m � �að Þ
� � ; (15)

where �m is the dielectric function of the metal particles, and

M? and Mk are the depolarization factors for the perpendicu-

lar and parallel direction. As the size of the metal particles is

comparable to the bulk mean free path of the electrons

(42 nm for Au), the metal dielectric function must be modi-

fied as

�m xð Þ ¼ �B xð Þ þ
x2

p

x2 þ ixs�1
B

�
x2

p

x2 þ ixs�1
; (16)

where �B is the bulk dielectric constant, xp is the plasma fre-

quency, sB is the relaxation time in the bulk metal, and

s�1 ¼ s�1
B þ vFR0�1

where vF is the Fermi velocity and R0 is

some effective radius of the particle. Moreover, for the larger

particles, it is necessary to consider the dynamic depolariza-

tion and renormalize the horizontal polarizability ak as27,30

1

a�k
¼ 1

ak
� k2

4pa
� i

k3

6p
: (17)

E. Modelling of SHG

Our model for the intensity of the measured SHG signal

from the combined system of the Si/SiO2 interface and the

gold particles is a sum of SH polarizations

Ið2xÞ /
���X

ijk

PAu
ijk þ

X
n

PSi
n

���2: (18)

Here PAu
ijk are the gold polarizations described by Eq. (6) and

PSi
n are the Si/SiO2 interface polarizations described by

Eq. (8). The model contains many variables and without

input from both scanning electron microscope (SEM) analy-

sis and linear measurements, any analysis would be difficult.

The list below gives an overview of the different parameters

for both the linear and the SH models that are obtained.

1. Model of the linear spectra

From SEM analysis: Particle diameter, coverage, and

density.

From literature: Refractive index of ambient and sub-

strate. Dielectric function, plasma frequency, and the relaxa-

tion time of gold.

Free parameters: Particle height and R0 (effective

radius).

2. Model of the SHG

From linear spectra: Depolarization factors. Modified

dielectric constant. Absorption, transmission, and reflection.

Locked parameters: The position and width of all Si/

SiO2 resonances, except E1.

Free parameters: The Rudnick and Stern parameters.

The position and width of the E1 resonance. The phase and

Leff,k for all Si/SiO2 resonances.

The EFISH contribution has not been included in the

model since the EFISH signal and the E1 interface signal are

close and cannot be separated in the measurements. Instead

both the position and the width of E1 are free parameters,

and the two contributions are treated as one in the model.

III. EXPERIMENTAL SETUP

The Silicon samples were cut from (111)-oriented

wafers and mounted inside a UHV system with a base-

pressure below 10�10 mbar. Two short heatings to 1000 �C
removed the native oxide and the surface obtained showed a

7 � 7 reconstruction which was verified via the low energy

electron diffraction. The sample was then exposed to 1200 l

O2 (1 l is 10�6 Torr for 1 s) at a temperature of 600 �C to pas-

sivate and to seal the surface with a thin (�1 nm) SiOx

layer.31 The gold particles were deposited at a rate of 2

monolayers/min using an electron beam evaporator. During
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the deposition, the sample was held at 500 �C. Our setup

enabled us to move the sample into the shadow of a screen

during deposition, thus controlling the size of the particles

through the amount of metal deposited on the surface. Five

different areas where made, starting with 10 monolayers on

the first area and adding 10 monolayers for each area, up to

50 monolayers. Hereby five areas with different particle size

distributions were produced on the same sample. The rate of

material deposition and total material deposited were mea-

sured using a quartz crystal microbalance (QCM).

The SH spectra were obtained on the sample in UHV

using a Continuum Surelite II-10 Nd:YAG pump laser in

combination with a tunable Continuum Surelite optical para-

metric oscillator (OPO) system. The OPO emitted pulses of a

duration of approximately 4 ns, and the photon energy was

scanned from 0.9 eV to 2.42 eV. In order to minimize the risk

of damaging the nanoparticles on the surface, the intensity of

the laser was reduced by using a k/2-wave plate in combina-

tion with a polarizing beamsplitter. A 300 mm focal length

lens was used to focus the pump light onto the surface. In

most cases, the sample was kept a few cm away from the

tightest focus. The angle of incidence was 67� with the plane

of incidence parallel to the (110) direction. The reflected SH

signal was separated by low pass filters and passed through a

polarizer before being detected by a photomultiplier tube con-

nected to a boxcar averager. The signal was normalized using

the SH front surface reflection from a quartz-crystal wedge.

After the SH measurements, the sample was removed

from the UHV chamber directly to the linear measurements,

which were performed with a Sentech SE 850 ellipsometer.

The particle diameter and the number of particles per area

were obtained using images taken with a Zeiss 1540 XB

scanning electromicroscope (SEM) and subsequent analysis

with imageJ.

IV. RESULTS

The results of the SEM analysis of the nanoparticles

grown on area 2–4 are presented in Fig. 1. From this analysis,

it can be seen that each area has a double size distribution,

one with a diameter centered around �30 nm (marked 2 in

Fig. 1 30 ML) and a larger diameter which varies for the spe-

cific areas (marked 1 in Fig. 1 30 ML). Table I lists the com-

plete result of the analysis. In addition to the diameters, the

SEM analysis also provided the density of particles and the

coverage. Both the density and the coverage, included in

Table I, are independent of the diameter and are related to the

overall distribution.

The height of the particles was investigated using a

focused ion beam (FIB) cutting into the sample together with

SEM, but due to the small height of the particles, no reliable

measurement could be obtained. However, it was evident

that the particles were disk-shaped with a large diameter to

height ratio and a height considerably smaller than calculated

from the number of deposited ML divided by the coverage.

A. Linear reflection

Figure 2 shows the linear differential reflection measure-

ments and the result of our modelling using the Island film

approach. In the main figure, the incident light is p-polarized

and only the p-component of the reflected light was detected,

while the insert shows the measured s-component of the

reflected light, with s-polarized incident light. We used the

particle diameter and density from the SEM analysis and fit-

ted the remaining unknown variables, namely, particle height

and relaxation time. In Table I, the particle heights obtained

from the model are shown. The intensity fluctuations of the

light used in the differential reflection measurements are less

than 0.2% for energies below 3.7 eV. The uncertainty is very

low in the differential reflection, and we expect a higher

uncertainty for the film thickness.

Four distinct features marked A-D in the figure can be

identified in the linear spectra. A is related to the horizontal

localized plasmon frequency of the nanoparticles; the posi-

tion and the width of the resonance for each area is seen in

Table I. The position of each resonance and the shift towards

lower energy with size corresponds well with what one

would expect from the larger particles on the sample.32,33

The shoulder appearing around 2 eV (B), especially for the

large particles, is also an effect of the horizontal localized

FIG. 1. Nanoparticle size distribution from areas with 20 ML, 30 ML, and 40

ML and the corresponding SEM image. The two arrows on 30 ML indicate

the size two distributions. The scalebar inserted in the SEM images is 1 lm.

TABLE I. For each area on the sample, Table I lists the particle diameter,

particle height, density, and gold coverage. Also listed are the position and

width of resonance A. Diameter and height 1 and 2 refer to the two size dis-

tributions found to co-exist on the sample.

Monolayers 10 20 30 40 50

Diameter 1 nm 31 74 121 183 250

Diameter 2 nm 10 34 34 35 33

Density m�2 5.4 � 1014 1.2 � 1014 4.8 � 1013 1.8 � 1013 1.2 � 1013

Coverage 0.23 0.33 0.36 0.33 0.36

Height 1 nm 1.65 3.85 6.0 7.8 9.0

Height 2 nm 1.25 3.29 5.6 7.8 8.7

Resonance A eV 0.97 0.96 0.91 0.79 0.68

Width A eV 0.40 0.38 0.38 0.4 0.5
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plasmon as it is visible using both p- and s-polarized light. It

must be associated to the horizontal plasmon of the small

particles or to the quadrupolar mode of the large particles,

but the two contributions are difficult to distinguish from

each other. The feature at 2.5 eV marked C is related to the

increased absorption due to the interband transitions in gold.

Last, the negative 3.4 eV (D) feature coincides with the E1

transition of the silicon substrate. The width of the horizontal

plasmon resonance is large because of the very broad size

distribution (see Fig. 1). This broadening is incorporated

through the metal dielectric function as a larger relaxation

time.

The particle height used in the model is of the order of

20% of that obtained from the amount of Au deposited when

referring to the QCM (number of monolayer times zAu divided

by the coverage). There could be two reasons for this differ-

ence. First, the sticking coefficient of Au on Si is less than

one. The sticking coefficient depends highly on materials,

temperature of the substrate, and the amount of material

deposited.29,34,35 Secondly, sharp edges on the particles have

the same effect on the surface plasmon resonances as lowering

the particle height. Using the plasmon frequency to determine

the height may thus result in too low values.

B. Second harmonic generation

The measured second-harmonic spectra (open circles)

and the model (black lines) are shown in Fig. 3. All spectra

were measured with a p-polarized pump-field and SH-field.

The subfigure labeled 0 ML is the SH spectrum from a

clean Si/SiOx interface. As expected there are two distinct

features: the E1 resonance around 3.3 eV and the E2 reso-

nance around 4.4 eV. The silicon-oxide resonance at 3.7 eV

FIG. 2. The main figure is the linear differential reflection from area 1–5 for

p-polarized light. The full coloured lines represent the measurements, and

the dash-dot black lines are fits using the Island theory approach. The small

inset is the reflection from area 1–5 for s-polarized light. The intensity fluc-

tuations are less than 0.2% for energies below 3.7 eV.

FIG. 3. Measured and modelled SH spectra for p to p polarization. “0 ML” is the SH spectrum from a clean SiOx surface. 10 ML–50 ML are SH spectra from

areas 1–5 with 10–50 monolayers of deposited gold. The open black markers are the SH signals from the measurements, and the black lines are the result of

our modelling. The red lines represent the gold contribution to the SH signal, the green are the E1 contribution. The blue dashed line in 20 ML is the model

with substrate contributions above 3.4 eV removed. The magenta dashed line in 30 ML is the model with the P?kk contribution removed.
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and the E1
0 resonance at 5.3 eV are not pronounced but they

are needed in the model to get a good fit. The clean silicon-

oxide surface is modelled using Eq. (2).

Figure 3 10 ML to 50 ML show the measured SH spectra

and models from areas 1–5, respectively. The effect of the

added gold is clearly visible on all the measurements, mostly

as a large increase in signal in the low energy part of the

spectra. The E1 resonance from the substrate can still be

identified on all areas. The areas with gold particles are mod-

elled as a sum of SH polarizabilities including the gold parti-

cle part and the field enhanced silicon part as described in

Eq. (18). For the thin oxide used, the E2 resonance and the

oxide resonance around 3.7 eV are much weaker than the E1

resonance. The influence of gold deposition on these two res-

onances is thus not considered in detail here. However, we

include all three surface resonances (the oxide, the E2, and

the E01 transitions) in the figures since they contribute to the

fits used to extract the field enhancements. The blue dashed

line in Fig. 3 20 ML show the effect of removing these three

contributions in the model. It is clear that they affect the SH

spectra, even at a low energy. It is possible to adjust the

remaining parameters to improve the fit, but the extracted

enhancements become significantly different. However, a

large number of variables is included in the complete model

of the SH generation from a silicon-oxide surface with gold

particles, which make both the modelling and interpretation

very difficult. As described in Subsection II E, we used the

SEM investigations and the linear measurements to obtain

both the local field factors and the modified dielectric func-

tion of the gold particles, which simplifies the modelling of

the SH generation from gold particles to the problem of find-

ing the three Rudnick and Stern parameters of each polariza-

tion (see Eqs. (5), (6), and (7)). The gold contributions are

shown as red lines in Fig. 3. The silicon and silicon-oxide

part of the spectrum are modelled by adjusting the phase and

Leff,k of each resonance of the interface, and also the fre-

quency and the width of the E1 resonance. The changes in

transmission at both x and 2x are calculated using values

obtained from the linear measurements. The E1 contribution

to the SH signal is shown in Fig. 3 as green lines. As is evi-

dent in Fig. 3, 10 ML to 50 ML, we were able to include all

the major features of the SH spectra using this approach.

V. DISCUSSION

As demonstrated in both the linear and the SH spectra,

the large horizontal Au plasmon resonance can easily be sep-

arated from the SH resonances of the substrate. The linear

measurements (see Fig. 2) place the horizontal plasmon of

the gold particles at �1 eV and lower for the increasing

amount of deposited gold. As expected, we see a large sec-

ond harmonic generation signal from the particles in this

energy range, resulting in SH signal at twice the plasmon

energy. With an energy of �1 eV and lower, the horizontal

plasmon is just at the edge or outside the current spectral

region. The shoulder named B in Fig. 2 will lead to the SH

signal at higher energies, �4.0 eV. All the features from

2 eV to 3 eV in the SH spectra can be related via the model-

ling to cross coupling and the a?kk parameter. The main

difference between SHG and differential reflection is the sur-

face sensitivity. SHG is sensitive to a small fraction of a

monolayer of gold, in particular, in the plasmon region. The

sensitivity is considerably higher than for the differential

reflection since SHG is a direct surface sensitive measure-

ment of the deposition and not a difference between two sep-

arate measurements.

The Rudnick and Stern parameters used in the model are

shown in Fig. 4. Rudnick and Stern introduced the ak?k and

a??? parameters to describe the parallel and vertical surface

currents, respectively. In many cases, these two currents are

sufficient to describe the observed signal.20,23 With our sam-

ple geometry with disk-like gold particles on a silicon sub-

strate (see Fig. 4(a)), this proved to be insufficient, in

particular, concerning the feature around 2.4 eV. A calcula-

tion without the P?kk contribution as shown in Fig. 3 30 ML

as the magenta dashed line. The contribution from P?kk is

small as reflected in the absolute value of the a?kk parameter

compared to both ak?k and a???. In the pursuit of a better

model, especially at a low energy, we found that an addi-

tional parameter in the vertical direction a??k improves the

fits. This, however, is not pursued further as it is not in accor-

dance with the symmetry of a plane surface. The value of

a??? has previously been investigated,20,36,37 both theoreti-

cally and experimentally, and showed a strong dependence

on the surface configuration. For Aluminium particles, the

value ranged from almost 0 up to 37 depending on the sur-

face configuration.37 A strong dependence on the surface

structure is also observed here for all the a parameters. The

values found are within the expected range.

The E1 resonance of the substrate can easily be identified

on all the areas with deposited gold and through our model,

we could extract several resonance properties. Figure 5 shows

the resonance energy, enhancement, the phase, and width for

the E1 resonance. We see an immediate jump in the resonance

position to a value of �3.4 eV after 10 monolayers of depos-

ited gold. This strongly suggests that the deposited gold cre-

ates a SCR and an EFISH signal as explained in Subsection

II C. As more gold is added, the resonance returns to the

FIG. 4. (a) is a sketch of the sample geometry. (b)–(d) are the Rudnick and

Stern parameters used in the model. Black marks represent the absolute

value, and the red marks represent the phases relative to the phase of ak?k.
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interface value of 3.3 eV as can be seen via the green lines in

Fig. 3 and in Fig. 5(a). For p to p polarization, it is not possi-

ble to separate the interface signal (E1,if) and the EFISH signal

(E1,scr), and they are treated as one single resonance in our

model. Fig. 5(d) show an immediate drop in the resonance

width to a value of �0.12 after 10 monolayers of deposited

gold. The decrease in width is explained by an interference

between the E1,if and the EFISH contributions. The resonance

width follows the same trend as the E1 resonance position and

returns to the interface value when more gold is added.

In the following, the shift in E1 resonance position is

discussed. Photoemission studies of Sn nanoparticles on an

oxide covered silicon surface similar to the substrate in the

present work show that when Sn is deposited on the oxide,

electrons from the silicon substrate tunnel through the thin

oxide to the metal particles.38 The band bending following

this charge transfer was found to increase with metallic sur-

face area and total surface charge, levelling out at high cov-

erage with 10 ML deposited. The results showed a band

bending of 0.40 eV, which is close to the value of a clean

Si(111) 7 � 7 surface, giving a space charge region depth of

�730 nm. In our case, 10 ML is the minimum amount of Au

deposited. The band bending saturates as the build up

charges on the particles prevent more electrons to tunnel

through the oxide layer, and larger particles do not lower this

barrier.

The EFISH intensity depends on both the band bending

and on the penetration depth of the pump and SH fields.39 In

the case that the penetration depth is much shorter than the

depth of the space charge region, the EFISH intensity exhib-

its a linear dependence on the band bending. The penetration

depth of light in Silicon is calculated40 to be �15 lm,

�25 nm, and �10 nm for 1.65 eV, 3.3 eV, and 3.4 eV pho-

tons, respectively. Thus, the EFISH contribution originates

from the first few tens of nanometres in the Si substrate

where the DC field from the space charge layer can be con-

sidered constant.

The field enhancement from the Au particles is expected

to be located in an even shorter range, such that L(z) is lim-

ited to a few nanometers into the silicon substrate.1,41 Field

enhancement from the Au particles is thus expected to favor

the interface contribution compared to the bulk-like EFISH

part. The shift in E1 resonance position can thus be under-

stood in the following way. Deposition of the first 10 ML Au

leads to charge transfer to the metal particles and thus an

increasing DC field in the space charge region, resulting in a

dominating EFISH contribution at the bulk E1 resonance

(3.4 eV). The band bending is expected to saturate around 10

ML and as more gold is deposited, the growing particles size

leads to an increasing polarizability (see Eq. (15)), thus also

increasing the field enhancement. As the short range field

enhancement grows, the surface contribution at 3.3 eV grows

to dominate the E1 resonance. Variations in the phase of the

E1 resonance coming out of the modelling (see Fig. 5(c))

also support this interpretation. Samples with a positive

space charge have a phase difference of �p between the

EFISH and the surface contributions.17 Thus, the phase of

the Si signal relative to that of the Au particles, change

according to the type of resonance that dominates the signal.

In the following, we turn to the discussion of the field

enhancement at the Si/oxide interface. First, it should be real-

ized that the signal from this interface is seen through the

deposited Au particles. Adding gold changes the transmission,

reflection, and absorption properties of the surface. This can

be seen in Fig. 6 which shows the transmittance for each area

of the surface, including absorption in the gold particles.

These are linear effects and are very well understood via Eqs.

(10) and (11), and via the relation 1¼AþTþR, where A is

the absorption, T is the transmittance, and R is the reflectance.

Less of the pump field is present at the interface, and a smaller

part of the generated signal is transmitted back through the

surface as gold is deposited. Focusing on SHG around 3.3 eV

and comparing 50 ML coverage to the surface without Au, it

is seen by considering T(1.65 eV)2T(3.3 eV) that the Si signal

is expected to decrease by a factor of 5 due to the deposited

Au. Thus, though the E1 contribution to the measured SHG

intensity represented by the green curve in Fig. 3 decreases

FIG. 5. (a) Position of the E1 resonance as a function of the particle diame-

ter. (b) enhancement of the E1 resonance as a function of the particle diame-

ter. (c) Phase of the E1 resonance relative to that of the Au particles as a

function of the particle diameter. (d) Width of the E1 resonance as a function

of the particle diameter.

FIG. 6. Transmittance for p-polarized light at an incident angle 67� as a

function of the photon energy. The Transmittance is calculated using results

from the linear measurements and includes absorption in the gold particles.
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with coverage, the nonlinear signal at the interface grows due

to field enhancements.

The increasing strength of the field enhancement is evi-

dent through the enhancement factor jL2
ef f j from our model-

ling (see Fig. 5(b)); the increase is moderate, especially

compared to the other experiments with metallic particles as

field enhancers.2–4,9,10,12 There are a number of reasons for

this difference. (1) In our case, the E1 resonance is far from

the plasmon resonance of the gold particles, and we would

not expect a large enhancement. (2) We have a broad size

distribution which means that the particles are resonant at

different energies, resulting in a spectrally broad but also

weaker field factor. As mentioned before, the E1,if and E1,SCR

resonances are treated as one in our model, the very low

enhancement at 20 ML could be explained by the transition

from EFISH signal to interface signal. At the 50 ML area,

the enhancement appears to fall off again, possibly an effect

of depolarization of the quite large particles.

To further investigate the enhancement factor, we look

at the field factors which can be calculated via Eq. (4).

According to Wokaun,9 the field factor for the metal par-

ticles at normal incidence can also be calculated as

jf 2 k; dð Þj ¼ knsA x; dð Þ
2pdIm �m xð Þð ÞT x; dð Þ ; (19)

where f is the parallel field-factor at wavelength k and mass

thickness d, ns is the refractive index of the substrate, A(x, d)

and T(x, d) are the absorption and transmittance of the island

film, and �m(x) is the complex dielectric function of the

metal. The absorption and transmittance at normal incidence

can be calculated from linear measurements via Eqs. (10)

and (11) and the relation 1¼Aþ TþR. Also the mass thick-

ness is obtained from the linear measurements as the par-

ticles’ height times the coverage, in our case, for the 30 ML

area, the mass thickness is roughly 22 Å (60 Å high particles

covering 36% of the surface). The same factor can be calcu-

lated via Eq. (4) using the depolarization factor obtained

from the linear measurements. These calculations are shown

in Fig. 7 for the 30 ML area for both the Wokaun method

(Eq. (19)) and the method described by Aktsipetrov (Eq. (4))

The two methods agree on both the spectral shape and the

magnitude, except at the low energy end of the spectrum

where the magnitudes differ.

Wokaun9 has calculated the f2 for gold particles on a

sapphire substrate. Though sapphire has a lower refractive

index than Silicon, the strength of field factors should be

comparable for the two substrates. They find a field factor of

�3 at an energy of 2.33 eV and a mass thickness of �20 Å,

which agrees well with our findings. The above consider-

ations and calculations cannot be linked directly to our meas-

urements which are performed at 67� and on a silicon

substrate, but they support our method of finding the field

factors.

It is also interesting to see how the gold SH signal,

which dominates the spectra below 3 eV, compares with the

calculated enhancement factor. Our SHG measurements are

performed at an incident angle of 67�, so both horizontal and

vertical field factors are at play. Our modelling showed a

strong coupling between the horizontal and the vertical com-

ponent which leads us to an estimation of the enhancement

of the gold particles as

jLef f j2 ¼ jðLhðxÞ þ LvðxÞÞ2ðLhð2xÞ þ Lvð2xÞÞj2; (20)

where Lh,v are calculated via Eq. (4), and we use the island

film theory to find the depolarization factor M for both the

horizontal and the vertical component. Figure 8 shows the

measured SH signal (black circles) together with the calcu-

lated enhancement factor (red solid line), both for the 50 ML

area. The shape of jLef f j2 fits well with the low energy part

of the measured SH spectra, which is a region where the Si/

SiOx interface has no resonance and mainly the gold contrib-

utes to the signal. The minimum at 2.3 eV can via the model-

ling be linked to P?kk, thus it originates from a coupling

between the parallel and the vertical plasmon. This minimum

appears again at twice the energy, 4.6 eV.

The above considerations only relate to an enhancement

of the signal from the gold particles while our main interest

is in the enhancement of the SH silicon E1 resonance. We

will focus on the area with 50 ML of deposited gold as the

EFISH contribution is very small, and the E1 resonance seen

in the measurement is primarily the interface signal. As this

signal is generated in the first few atomic layers in the

FIG. 7. Absolute square of the local field factor at a normal incident as a

function of the photon energy. Black line is calculated via Eq. (19). The red

line via Eq. (4).

FIG. 8. The black circles are the measured SHG from the area with 50 ML

of deposited gold. The red solid line is the field factor for the gold particles

calculated via Eq. (20). The red dashed line is the field factor in the silicon

substrate calculated via Eq. (21).
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silicon, we are interested in the field in silicon. Due to the

thin SiOx layer, the particles are �1 nm from the substrate

and further more, light at the E1(x) energy is refracted from

an angle in air of 67� to an angle of 14� in silicon. The small

angle means that the vertical component is greatly sup-

pressed, and it is primarily the horizontal component that

contributes to the generated signal, which also simplifies the

problem as the horizontal component of electric field thus is

continuous across the boundary. Neglecting the vertical field

factor and leaving out the distance to the interface, the

enhancement factor in silicon can be calculated as

jLef f j2 ¼ j½cosðh0ðxÞÞLhðxÞ�2 cosðh0ð2xÞÞLhð2xÞj2; (21)

where h0ðxÞ and h0ð2xÞ are the light angle in Silicon at x
and 2x, respectively. The red dashed line in Fig. 8 shows the

enhancement factor as a function of 2x for the 50 ML area

using the expression above.

First we see that the low peak at 2x¼ 2 eV is an effect of

the horizontal plasmon, as it coincides with a peak in the

enhancement factor. The minimum at 2.3 eV and at 4.6 eV of

the solid red line in Fig. 8 disappears, which is expected as

these are an effect of the coupling between the horizontal and

the vertical plasmon. Also shown in the figure is the enhance-

ment factor at 2x¼ 3.3 eV, the E1,if resonance, which is

calculated to be 16.3. This number should be compared to

an enhancement factor of 3 found from our modelling (see

Fig. 5). However, the range of the field enhancement from the

metal particles has been left out. If we assume that the range

is the same for both the fundamental and the SH field, that the

particles are at a distance of 1 nm from the interface (approxi-

mate thickness of the SiOx layer) where the SH is generated,

and that only the decay length is responsible for this differ-

ence, one can calculate the decay length to be 3 nm. Jung

et al.41 showed that the range of the field factor is limited to a

few nanometers in silicon. The decay length in air is generally

assumed to be of the size of the particles. On the 50 ML area,

the particles are on average 9 nm in height. Our estimated

decay length of 3.3 nm is in the Si/SiOx material, which as

expected is shorter than the assumed decay length in air.

The high energy part of the SH spectrum is not treated in

detail in this work, but a couple of features are worth mention-

ing. In the bulk silicon, there are two E2 transitions:13 one close

to the X point at 4.27 eV, and one along the R direction at

4.51 eV. For the measured SH from the clean SiOx surface, the

E2 resonance is close to 4.51 eV, whereas it appears that the

4.27 eV is promoted when the gold is deposited. With 40–50

ML of deposited gold, the E2 signal is very weak and difficult to

identify. When the gold is added, a new and distinct resonance

appears around 4 eV. This resonance can be identified on all

areas with gold, and its position does not change with the gold

deposition or the particle size. We could not find any mentioning

on this particular resonance in the literature. Both of the above

features are not yet understood and are subject to further study.

VI. CONCLUSION

Field enhancements from Au particles with diameters in

the range from 30 to 250 nm deposited on a Si substrate with

a thin 1 nm thick surface oxide have been investigated by

second harmonic generation spectroscopy.

Linear optical spectroscopy identifies a strong horizontal

plasmon resonance near 1.0 eV and has been used to deter-

mine both the local field factors and optical properties, as

well as absorption and transmission of the island film. The

linear optical properties are well described by the Island film

model and are used in the investigation of the SHG signal.

At energies below the E1 critical point energy, a strong

SHG signal originating from plasmon resonances in the Au

particles is observed and well described by field enhance-

ments from local field factors based on the linear measure-

ments. By following the evolution of the characteristic SHG

Si-resonance near the E1 point, the field enhancement in the

Si surface induced by the Au particles has been determined.

It is found that the Au particles affect the SHG signal near

the E1 resonance both through charge transfer from the sub-

strate to the metal and through enhancement of the field at

the Si-oxide interface. Starting with the smaller particles, the

charge transfer modifies the band bending in Si and thus

gives rise to the EFISH signal, which dominates for smaller

particles. The optical transmission is decreasing with larger

particles, which in turn decreases the EFISH signal without

affecting the near field. Thus for larger particles, the field

enhancement at the Si-oxide interface dominates the SH

signal.

When investigating the field enhancement in Si near

the E1 resonance, an enhancement factor L2 of 3 is found

experimentally for the largest islands. This is about a factor

of 6 less than the corresponding factor calculated by the

local field factors when the separation between Au islands

and the Si interface region is neglected. It is argued that the

fast decay of the local field away from the metal islands

reduces the observed SHG signal and thus the resulting

field enhancement.
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Abstract: Light scattering from nanostructures is an essential ingredient in several optical
technologies, and experimental verification of simulations of light scattering is important. In
particular, solar cells may benefit from light-trapping due to scattering. However, light that is
successfully trapped in an absorbing media such as e.g. Si necessarily escapes direct detection.
We present in this paper a technique for direct measurement and analysis of light scattering from
nanostructures on a surface, exemplified with aperiodic patterns of Ag strips placed on a GaAs
substrate. By placing the structures on the flat face of a half-cylinder, the angular distribution of
light scattered into the azimuth plane can be directly detected, including directions above the
critical angle that would be captured if the substrate had the form of a slab. Modelling of the
scattered light by summing up contributions from each strip agrees with the experimental results
to a very detailed level, both for scattering backward and into the substrate.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Metallic nanoparticles have been intensively studied due to the strong scattering at the particle
plasmon frequency [1–3]. A special case is nanostructures on a surface which is of interest for
applications such as optical nanoantennas [4] and light-trapping in thin-film solar cells [1,2]. High-
refractive-index substrates are of particular interest since they have a large effect on the scattering
properties. These applications rely not only on the strong scattering of nanostructures but also the
ability to control the direction of the scattered light. The scattering and absorption cross-sections
of plasmonic metal nanoparticles have previously been studied both theoretically [5–8] and
experimentally [5, 9, 10], and the mechanisms governing these properties are well understood.
For thin-film solar cells in particular, the angular distribution of light scattered on a nanostructure
is important in order to trap as much light as possible. Hence, it is sought to maximize the
fraction scattered into the substrate and to scatter the light into angles above the critical angle.
The theoretical work in this area is extensive and covers a range of sample geometries, such
as a scatterer above or on a surface [8, 11–13] and a scatterer in a sandwich structure [6, 14].
Experiments measuring the angular distribution of light have primarily focused on emission from
a single scatterer using dark-field microscopy [15, 16] or special mirrors [17]. Other experiments
measure the angular distribution of light scattered off an ensemble of nanoparticles [18], but here
the single-particle angular distribution is lost and it is typically light scattered into air which is
measured.
For analysis and optimization purposes it is important to verify the simulated properties of

nanostructures. Such verification can be difficult, however, in the actual device geometry due to
light-trapping and absorption. For instance, the absorption in silicon (Si) is sufficiently high to
make it difficult to detect light scattered into the Si substrate, in particular with wavelengths of
interest for solar cell applications, and to obtain sufficient signal-to-noise ratio, while maintaining
the angular information. Hence, in this paper we present a practical and simple method to address
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these issues. A simple experiment is constructed where the angular spectrum of light scattered
into the semiconductor can be determined directly using an angle scanning setup [19]. This
is achieved by placing the structures on the flat side of a half-cylinder, near the center axis of
the cylinder. The scattering angles into the cylinder material can be determined by detecting
the angular spectrum transmitted through the cylindrical surface. As Gallium arsenide (GaAs)
has almost the same refractive index as Si just below the Si bandgap, but very low absorption,
the experiments are performed using a GaAs half-cylinder and a laser diode with a wavelength
of 980 nm. This allows us to directly observe the scattering angles as well as the scattering
cross-section of the structures. Hence, we demonstrate that the proposed method is a useful
and accurate tool for verification of simulated angular scattering profiles of relevance for e.g.
plasmon-enhanced solar cells.

2. Theory

Fig. 1. (a) Sample geometries for a single strip. (b) Scattering cross section as a function of
strip width for 3 different gap sizes. The dashed lines represent the strip width on the two
samples that have been fabricated. (c) Scattering per unit angle into both air and substrate
for a 130 nm strip. (d) Schematic illustration of the structure written on the flat side of the
half-cylinder.

2.1. A single strip

The scattering of light by a large number of Ag nanostrips on a GaAs surface will, in this
paper, be modelled by superposing scattered fields originating from each nanostrip. At normal
incidence and in-plane polarization perpendicular to the strips there is very little scattering in
the x-direction (see Fig. 1(a)), except for the generated near-field. The combination of a thick
substrate, a relatively large distance between strips, and the aperiodic structure, allows us to
neglegt multiple scattering between nanostrips, inter-strip coupling [20, 21] and surface-modes.
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The total scattered field is thus obtained as the scattered field from a single nanostrip multiplied
by a factor that takes into account the different propagation distances from each nanostrip before
the light reaches the detector.
The scattering by a single Ag nanostrip on a GaAs surface being illuminated by a normally

incident plane wave (see Fig. 1(a)) has been calculated by using the Green′s function surface
integral equation method (GFSIEM) [22] for 2D scattering problems. The nanostrip is assumed
to be of infinite length (along the z-axis), and the electric field is polarized along the x-axis. The
corners of the nanostrip are rounded with a 2-nm corner radius. The thickness of the nanostrip is
20 nm, and the wavelength is 980 nm. According to the literature [23, 24] a native oxide layer on
the GaAs is estimated to be from 0.5 nm to app. 2 nm depending on oxidation time. We take into
account the effect of this layer by adding a small air-gap between the strip and the GaAs surface.
The scattering cross section, i.e., the total scattered power normalized to the incident power per
unit area, is shown in Fig. 1(b) as a function of strip width. By normalizing the scattering cross
section with the strip width resonances can be easily identified. The resonances are due to the
excitation of surface plasmon polaritons propagating back and forth across the Ag strips (along
x) and being reflected at the strip edges. This leads to standing-wave resonances when the total
round-trip propagation and reflection phase is an integer multiple of 2π. The peaks in Fig. 1(b)
are due to excitation of the 1st and 3rd order standing-wave resonances. The 2nd order resonance
cannot be excited when using normally incident light due to symmetry considerations [22]. By
assuming an oxide layer thickness of 1-2 nm a peak is found at the strip width of app. 130 nm,
while a strip width of 250 nm being also considered in the paper is mid between resonances. The
scattered radiation pattern (or differential scattering cross section) for a 130-nm-wide strip is
shown in Fig. 1(c). Most of the scattered light goes into the semiconductor substrate, which
is a consequence of the large refractive index of GaAs compared with air [22]. In addition, a
large fraction of the scattered light is at angles that are above the critical angle of a GaAs-air
interface (≈ 17◦ at 980 nm). A plane wave being incident on a planar GaAs-air interface, i.e.,
from the GaAs side at an angle above the critical angle, would be totally internally reflected. In
the case of a GaAs film this means that the light would be trapped in the GaAs, which is useful
for a solar cell. The radiation pattern is almost the same as the one for a 30-nm-wide and 17-nm
thick strip (see [22]), which is because in both cases the strip width is significantly smaller than
the wavelength, and the radiation pattern is similar to that of a dipole in both cases.

2.2. Array of strips – reflection

To obtain a large signal-to-noise ratio of the measured scattered light, one strip is not enough.
Introducing more strips with equidistant spacing gives rise to sharp diffraction peaks, which, in
connection with the experiment, is undesirable as all information of the scattering profile for a
single strip is lost. To circumvent this we place the Ag strips in an aperiodic array to diffract the
light into a broad range of angles and thereby obtain information on the scattering profile. To
model the measured radiation pattern from the multiple strips we divide the model into two cases:
backscattered light and light scattered into the substrate. In each case we assume the structures to
be invariant along the z-axis.
For the backscattered case the model is straight forward. The detector is moved around the

half-cylinder at angles up to θ = 90◦ as illustrated in Fig. 2(a). At large distances from the strip
the scattered field will propagate roughly as a cylindrical wave and for each detector angle (θ),
see Fig. 2(b), the electric field at detector angle θ is calculated as

E(θ) = F
∑
p

S(αp) exp(−ik0rp) exp
( −(xp−xc )2

w2

)
rp

. (1)

Here, F is a scaling factor, S(αp) is the square root of the single-strip radiation pattern (Fig. 1(c))
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Fig. 2. (a) Detector setup. (b) Sketch showing angles and distances used in the model for
reflection. (c) Sketch showing angles and distances used in the simple model for transmission.

at angle αp (see Fig. 2(b)), k0 is the free-space wave-number, and rp is the distance from strip
number p to the detector, also, xp is the strip position on the surface for strip p, xc is the position
of the center axis of the incident beam relative to the center of the write-field, and w is the width
of the incident Gaussian beam on the surface.

2.3. Array of strips – transmission

For light scattered into the substrate the problem is more complex for two reasons mainly. First,
the distance traveled by light from the individual strip to the detector varies a great deal due to
refraction and the curved backside. Second, the scattering intensity depends highly on the angle,
as seen in Fig. 1(c).

One could question the need to include the effects mentioned above for the forward scattering
and attempt a simpler approach much like Eq. (1). In such a simple model we assume that light
from each strip also travels to the sensor in a straight line, neglecting the curved backside and the
refraction of light as illustrated in Fig. 2(c). Again, the detector rotates around the fixed axis,
now at angles above θ = 90◦. The distance from strip to sensor, rp , is easily calculated, and if L2
(see Fig. 2(c)) is assumed the same for every strip, the distance travelled in GaAs follows directly.
The electric field at the detector angle θ is then calculated as

E(θ) = TF
∑
p

S(αp) exp(−ik0n1L1,p) exp(−ik0L2) exp
( −(xp−xc )2

w2

)
rp

. (2)

T is the transmission coefficient of the GaAs to air interface, n1 is the complex refractive index
of GaAs, and L1,p = rp − L2 is the distance traveled in GaAs. As will be apparent in Sec. 4.4
this model does not describe the measured signal and the effect of the curved backside must be
considered.
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The issues arising from the curved backside are illustrated in Fig. 3. If a strip is placed at the
center of rotation, the distance travelled in the substrate is the same as the half-cylinder radius
(R), the distance travelled in air is L2 = L − R, and the detector angle θ is the same as the angle
of the scattered light detected. For strips placed off center all three are changed into θ ′, L ′1 and
L ′2. Due to the relatively small radius of the cylinder and the high refractive index of GaAs, all
three effects are significant and cannot be neglected.
To correct for these effects we introduce the two parameters δ and α′, both illustrated in Fig.

3. δ is the change in the optical path length in air and α′ is the change in angle, relative to the
detector angle, of the scattered light reaching the detector. Moreover, we found it necessary
to introduce a fitting-parameter (y′ in Fig. 3) to account for a mismatch in rotational axis and
surface. The angles in Fig. 3 are greatly exaggerated and are in the experiment very small, thus,

Fig. 3. Sketch of sample and detector system. The sketch is not to scale, L = 0.30 m and R =
2.7 mm.

both δ and α′ can be estimated via the matrix method in paraxial optics;

d0

α0


=


1 L2

0 1




1 0
n1−n2
Rn2

n1
n2



1 L1

0 1



d ′

α′


. (3)

We define the optical axis as the straight line between the rotational axis and the detector. d0 is the
height above the optical axis of the light-beam at the detector and is always zero as the detector
per definition is on the optical axis. α0 is the angle of the light-beam at the detector. d ′ is the
strip height above the optical axis and can for each strip be calculated as d ′ = y′cos(θ)+ x ′sin(θ),
where x ′ is the position of the strip on the surface, and y′ is the surface offset (see Fig. 3). We
calculate L1 = R − y′sin(θ) + x ′cos(θ) and L2 = L − R, where L is the distance from center of
rotation to the detector and R is the radius of the half-cylinder. n1 and n2 = 1 are the refractive
indices of the substrate and air, respectively. By solving Eq. (3) one obtains both α0 and α′. To
calculate δ we estimate d = L2tan(α0) and then δ = R −

√
R2 − d2. The corrected distance for

each strip in both substrate and air is then

L ′1 = (L1 − δ)/cos(α′)
L ′2 = (L2 + δ)/cos(α0).

(4)

Finally, the laser beam has a Gaussian beam profile with a width w, thus each strip is not
illuminated equally. We end up with an expression for the total electric field at each detector
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position as

E(θ) = TF
∑
p

S(θ ′p) exp(−ik0n1L ′1,p) exp(−ik0L ′2,p) exp
( −(x′p−xc )2

w2

)
L ′1,p + L ′2,p

. (5)

T is the transmission coefficient of the GaAs to air interface, F is a scaling factor, S(θ ′p) is the
square root of the scattering intensity per unit angle in direction θ ′p = θ + α′p. x ′p is the strip
position on the surface for strip p. Finally a simple moving average is applied to model the width
of the detector.
The sample is mounted on a 5-axis stage when the structures are written using e-beam

lithography. This gives an uncertainty on the positions of the write-fields relative to each other.
This write-field stitching error must be accounted for in the model, but will result in a large
number of variables if the position of all illuminated write-fields should be free to move. In order
to limit the number of free variables in the models, we assume z invariance and that only three
write-fields are illuminated. This is reasonable as the full width half maximum (FWHM) of the
laser beam is 160 µm. This limits the free variables of the back scatter model to two write-field
stitching, one beam-center and a scaling factor. For the forward scatter model we reuse the former
values and need only one free parameter, the GaAs surface offset. The GaAs half-cylinder was
grinded and polished by hand and imperfections in the shape of the half-cylinder are expected.
As a consequence, prior to the experiment, a calibration of the half-cylinder was performed by a
number of different diffraction gratings written on the half-cylinder. The gratings were made
using e-beam lithography. The measured diffraction angles for each grating were then compared
to the theoretical value to make a calibration curve. As a final remark, this method is not limited
to any particular ordering of the strips or specific polarization of light. However, the array must
be aperiodic with sufficient gap between strips. Within this limitation the proposed method can
be applied to general scattering geometries and any polarization of the incidence light.

2.4. Summary of model

The list below gives an overview of how the different parameters for the models are obtained.

General assumptions:

Three write-fields, z invariance and cylindrical waves.

Measured quantities:

Width of the beam, distance from the cylinder axis to the detector, radius of the
half-cylinder, calibration of the half-cylinder.

Model of the backscattered light

Free parameters: Write-field stitching error, beam-center position and scaling
factor.

Model of the forward scattered light

From backscattering model: Write-field stitching error, beam-center position and
scaling factor.
From literature: Refractive index of substrate.
Free parameters: The GaAs surface offset.
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Fig. 4. SEM image showing the full width of a 100 x 100 µm2 write-field with 130 nm Ag
strips. Write-field stitching errors are seen in the red squares.

3. Experimental

The experimental setup is shown in Fig. 2(a). Laser light with a wavelength of 980 nm from a
continuous laser-diode is focused with a 200 mm focal length lens onto the flat side of the half
cylinder at normal incidence. The FWHM of the beam at focus has been measured to 160 µm.
We use a Si detector mounted on an arm with a length of L = 0.30 m that can be rotated around
the half-cylinder and all intensities are obtained from a single measurement. The half cylinder
used in the experiment has a radius of R = 2.7 mm and is made of crystalline GaAs. The Ag
strips are made by a standard e-beam lithography and lift-off procedure and are placed near the
center on the flat side of the half-cylinder, with all strips parallel to the cylinder axis.

Specifically, two different samples have been fabricated, one with strips of 130 nm width and
one with 250 nm width, all with a thickness of 20 nm. The width of 130 nm is chosen as it is
expected to be at a plasmon resonance, whereas 250 nm is between two resonances, and a weak
plasmon effect is expected, see Fig. 1(b). The e-beam-setup has a writing area of 100 x 100 µm2,
so both the 130 nm area and the 250 nm area are made of several identical write-fields written
close together (see Fig. 1(d)).

The strips must be placed in an aperiodic manner and the exact position of each strip must be
known. This is possible using e-beam lithography and for this experiment we have chosen the
following position for each strip on a write-field of 100 x 100 µm2

xp = ±50µm
(

p
pmax

)1.4
, p = 1, 2, 3, ..., pmax (6)

where xp is the position of strip p and pmax is the number of strips in one half of the write-field.
The number of strips is determined by the required coverage

Both the 130 nm area and 250 nm area are designed to have a strip coverage of 10%, which
leads to 77 strips and 40 strips on a 100 x 100 µm2 area, respectively. For the 130 nm sample the
range of periods spans from 0.24 µm to 1.83 µm . A SEM image of a part of a 100 x 100 µm2

write-field with 130 nm strips is shown in Fig. 4. Also indicated in the red squares on Fig. 4 are
write-field stitching errors, which can lead to both an increase and a decrease in the distance
between the outer strips of two neighboring write-fields.
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Fig. 5. Measured intensity of the transmitted light for the setup illustrated in Fig. 2(a). The
incidence light is polarized transverse to the strips and results are shown for the aperiodic
array of 130 nm and 250 nm Ag strips and the same areas without strips.

4. Results

4.1. Direct transmission

The level of interaction between light and nanostructures, both in terms of scattering and
absorption, is an important property to investigate. Figure 5 shows the intensity of the directly
transmitted beam. The polarization of the incidence light is transverse to the strips and results
are shown both for the 130 nm and the 250 nm strips and for the same areas with no strips.
The asymmetry in the directly transmitted beam, especially for the clean surface, is related to
the beam quality of the laser diode used in the experiment. The reductions indicated in Fig. 5
represent the difference in directly transmitted light, with and without strips. It is calculated by
comparing the integrated intensity per unit angle between the critical angles (from 163◦ to 197◦)
for the same area, with and without strips. Thus, the reductions represent the light that is lost via
absorption, reflection and scattering into angles larger than the critical angle due to the Ag strips.
For the 130 nm wide strips (see Fig. 5) we see a larger decrease in transmitted light compared
to the case of 250 nm strips, i.e, ≈ 16% and ≈ 7%. This corresponds well with the expected
resonance for the 130 nm strip (see Fig. 1(b)). The difference in magnitude of scattering out of
the direct beam is also evident in Fig. 1(b), where the cross section per strip width on resonance
is twice as large as off resonance. This comparison is posible as both areas have a 10 % strip
coverage. The measured reduction contains both reflection, absorption and scattering, but at this
structure size, scattering is the dominating effect [6, 9].

4.2. Scattered light – reproducibility

We now turn our attention to the diffracted light, starting with the total scattered light and means
of tracking changes in the properties of nanostructures. Figure 6 shows the intensity of the light
scattered off the aperiodic array of 130 nm Ag strips on the GaAs surface and is defined as
Is = I − I0 where I is the measured intensity with strips and I0 is the measured intensity without
strips. The black line is the intensity from a new sample, whereas the red line is the intensity
from the same sample, but 80 days older. The scattered intensity for the 80 days old sample has
been multiplied by a factor of 8. Angles from 0◦ to 90◦ are backscattered light and from 90◦
to 180◦ is light scattered into the substrate and transmitted through the half-cylinder. The 90◦
to 180◦ intensity has been corrected for transmission and reflection losses. The green line is
the calculated scattering per unit angle for a single strip and is equivalent to the one shown in
Fig. 1(c). First, the ratio of backward to forward scattered light can be directly assessed and
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Fig. 6. Measured scattered intensity of the diffracted light from the aperiodic array of 130
nm Ag strips. The green line shows scattering per unit angle for a single 130 nm Ag strip on
a GaAs surface. The black line is the measured signal for a new sample, while the red line is
for an 80 days old sample multiplied by a factor of 8. The transmitted intensity has been
corrected for transmission and reflection losses.

compared with the calculated profile(see Fig. 1(c)). Second, we see that our measurements for
the new and 80-day old sample show the same complex peak pattern and intensity distribution
except for a scaling factor where the intensity is much lower for the old sample. Exposure to
the atmosphere is known to affect Ag nanostructures and both reduce plasmon effects and shift
resonances [25, 26] which, in this case, results in a large decrease in scattering cross-section
and thereby the scattered intensity. The interference between light scattered from the individual
strips is clearly visible as a large number of peaks forming a complex pattern. As illustrated,
this pattern is largely unaffected by the oxide layer, and the position of the peaks is reproducible.
Thus this method is a strong tool for tracking changes in the properties of the nanostructures.

4.3. Backscattered light

We now discuss the details of the diffraction pattern. First, we consider the backscattered light.
The red line in Fig. 7(a) shows the measured intensity of the backscattered light from the
aperiodic array of 130 nm Ag strips. The black line in Fig. 7(a) is the calculated backscattered
light using Eq. (1) and the green line shows the scattering per unit angle from a single 130 nm
Ag strip on a GaAs surface. We have restricted ourself to three write-fields in the model, which
are perfectly placed next to each other with no write-field stitching error (Fig. 4). The strips are
infinitely long and the beam is perfectly centered on the middle write-field. Both the measured
signal and the calculated spectra (F in Eq. (1)) have been scaled to a maximum intensity of one.
With these initial parameters our model shows some resemblance with the measured signal. Both
the strong onset of signal around 30 degree, which is caused by diffraction from the long period
part (1.83 µm) of the aperiodic array, and large scale features at high angle are modeled with
some success.
To improve our model we include the write-field stitching error and the position of the beam

center axis by allowing the two outer fields and the beam (xc) to move, still using Eq. (1).
Optimizing the position of the write-fields and the beam in the model resulted in the calculated
graphs in Fig. 7(b), again, both the measured signal and the calculated spectra have been scaled
to a maximum intensity of one. We obtained the best result with the following movements:
left write-field shift 0, right write-field shift 0.9 µm, and xc = 7 µm. The write-field shifts are
within the accuracy of 1-2 µm for the stage in the e-beam lithography setup. The center of
the half-cylinder surface can be found with comparable precision, and a xc value of 7 µm is
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Fig. 7. In both (a) and (b), the green lines shows the scattering per unit angle from a single
130 nm Ag strip on a GaAs surface. The red line is the measured signal from the aperiodic
array of 130 nm Ag strip and the black lines are the calculated signals using Eq. (1). In (b)
the positions of the write-fields and the beam center have been optimized to match modelling
and measurements.

Fig. 8. The green line shows the scattering per unit angle from a single130 nm Ag strip on a
GaAs surface. The red line is the measured signal from the aperiodic array of 130 nm Ag
strips and the black line is the calculated signal using Eq. (2). The model is corrected for
transmission and reflection losses. In the model we have used the write-field stitching error,
beam axis position and scaling factor obtained from the modelling of the backscattered light.
The dashed vertical line at ≈ 163◦ represents the critical angle for the GaAs-air interface.

within the expected range when also considering imperfections in the shape of the half-cylinder.
This has a large impact on the model for the backscattered light, which is now very close to the
measured signal. Both the peak positions and the intensity of each peak fit well with the measured
ones. The small differences probably originate from the fact that we only use three write-fields
and neglect write-fields above and below these three which also contribute to the signal.

4.4. Forward scattering

First, we compare the result of modelling using Eq. (2) with the measured signal for the aperiodic
array of 130 nm Ag strips. The result is presented in Fig. 8, where the black line is the model,
the red line is the measured signal and the green line is the scattering per unit angle for the
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Fig. 9. In both (a) and (b), the green lines shows the scattering per unit angle from a single
strip on which the respective models in (a) and (b) are based. The red line is the measured
signal from the the aperiodic array of 130 nm Ag strips and the black lines are the calculated
signals using Eq. (5) based on (a) free space dipole scattering and (b) the radiation pattern
from a 130 nm wide Ag strip on a GaAs surface (see Fig. 1(c)). The models are corrected
for transmission and reflection losses. In both models we have used the write-field stitching
error, beam axis position and scaling factor obtained from the modelling of the backscattered
light. The dashed vertical line at ≈ 163◦ represents the critical angle for the GaAs-air
interface.

single 130 nm Ag strip on GaAs. The critical angle for a GaAs-air interface is represented by the
vertical dashed line. The model is corrected for transmission and reflection losses and, finally, we
have used the write-field stitching error, beam axis position and scaling factor obtained from the
backscattering model. The modelling is based on a GaAs refractive index of n = 3.52+ i0.000083
at a wavelength of 980 nm, as obtained from interpolating Sopra SA data [27]. The result clearly
shows the need for a more detailed model for the forward scattered light. Despite the information
obtained from the backscattering, the simple model only agrees on the overall intensity of the
forward scattered light.

In Fig. 9 the results using the detailed model (Eq. (5)) are presented. The figure contains two
separate graphs, each with the measured signal from the aperiodic array of 130 nm Ag strips in
red, the modelling in black, the scattering per unit angle for a single 130 nm Ag strip in green
and a vertical black line representing the critical angle. In Figs. 9(a) and 9(b) the models are the
same but are based in 9(a) on S(αp) for a dipole in free space and in 9(b) on S(αp) for the 130
nm Ag strip on a GaAs surface (Fig. 1(c)). Like the previous simple model, the calculations are
corrected for transmission and reflection losses. The results have been obtain using the write-field
stitching error, beam axis position and scaling factor obtained from the backscattering model,
and by optimizing the surface offset (y′). We obtained the best result with a surface offset of y′ =
210 µm, which is reasonable considering the experimental setup where the rotational axis of
the detector and the center axis of the half-cylinder are aligned using the sample-stage with no
direct indication of overlap. The results are very convincing when using the radiation pattern in
Fig. 1(c), with good agreement between theory and experiment. For the model using free-space
dipole scattering, the peak pattern is equally well described, but some deviations with respect
to the intensity level appear. The peak pattern is fixed by the strips positions on the substrate
whereas the intensity is related to both the strips position and the scattering per unit angle used in
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the model.

5. Conclusion

A technique has been presented for verification of simulated light-scattering from surface
nanostructures, with particular focus on verification of the angular scattering profile of a single
scatterer. The technique is based on using multiple scatterers placed in an aperiodic array for
increasing the signal-to-noise ratio, and at the same time maintaining angular information of the
light-scattering from a single scatterer. By placing the scatterers on the flat face of a half-cylinder,
the light scattered into the surface is coupled out through the curved sides of the cylinder, such
that the angular profile of light scattered into the substrate can be measured. A thick substrate in
combination with the aperiodic array allows us to treat the scatterers as non-interacting, provided
we use a sufficiently large distance between neighboring scatterers. This leads to a detailed model
for scattering from the aperiodic array based on summing up contributions from each scatterer
using the scattering profile of a single scatterer, and taking into account the scattering direction
and light propagation distances in different media. The experiments are convincingly modelled,
both for the backward- and forward-scattered light. With the correct scattering profile for a single
strip, the complex experimental diffraction pattern is accurately reproduced. Importantly, the
comparison proved very sensitive to the single strip scattering profile used in the model. Thus, we
find that our technique enables sensitive experimental verification of simulated angular scattering
profiles.
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Abstract
This paper investigates the improved photo-current response obtained by depositing Al
nanoparticles on top of a Si diode. Well defined Al nanodiscs with a diameter and height of
100 nm are produced on the surface of a Si diode using electron-beam lithography, and the
change in photo-current generation is characterized. A blue shift of the photo-current response
is demonstrated, substantially improving the relation between gains and losses compared to
what is typically observed in similar schemes using Ag nanoparticles. Enhanced photo-current
response is observed in diodes with Al particles on the surface at all wavelengths larger than
≈465 nm, thereby minimizing the losses in the blue range usually reported with Ag
nanoparticles on the surface.

(Some figures may appear in colour only in the online journal)

The low absorption coefficient in silicon for light in the red
to near infrared (NIR) region is an inherent problem for Si
thin-film solar cells, resulting in poor efficiencies. Exploiting
the special scattering abilities of localized surface-plasmon
resonances (LSPRs) in metallic nanoparticles has recently
received much attention as a means to increase coupling of
light into Si.

Several groups have demonstrated this approach using Ag
metal particles deposited on the surface of thin-film Si solar
cells [1–8], and have generally achieved photo-current gain
at wavelengths in the visible to the NIR region. A substantial
loss is also observed, however, at wavelengths below a certain
cross-over point (λcross), typically in a region where the solar
spectrum is still very intense [7, 5, 9, 2], resulting in a poor
relationship between gains and losses.

Based on the interpretations of [10, 9, 4] the cross-over
point is closely related to the position of the LSPR in the
particles, which makes it highly interesting to blue shift the
LSPR and thereby improve the balance between reduction and
enhancement effects from the particles [11, 10, 12].

The position of the LSPR can be tuned by varying the
size (d and h), shape (L) and dielectric function of the particle
(εp) [13]. For particles large compared to the wavelength of
light the LSPR can be blue shifted considerably by lowering
the size of the particle. Decreasing the nanoparticle size,
however, also leads to a decrease in the scattering efficiency of
the particles. The LSPR can also be blue shifted by increasing
the shape factor L (described in [13]). The range of possible L
values, which increases with the height to diameter disc aspect
ratio, however, may be limited by practical concerns in the
synthesis of nanoparticles.

The dielectric function of the particle is determined by the
chosen material. Silver can support a strong resonance, which
is widely tunable by the methods mentioned above, but it
appears to be difficult to blue shift the cross-over point below
500 nm while maintaining a sufficiently large nanoparticle. To
avoid losing too much sunlight at wavelengths smaller than
the cross-over point, 500 nm is not far enough towards the
blue. Aluminum, on the other hand, also supports a strong
plasmon resonance, which has been shown to be tunable from
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Figure 1. Sketch of the inverted Si diode structure used in the
experiments. All layers were grown on an n+ substrate using
molecular-beam epitaxy.

the infrared to the ultraviolet by varying the shape and size of
the particle [14, 15]. Assuming that Al particles on the surface
of a solar cell behave in a way similar to the trend described
above for Ag particles, this opens up the possibility of blue
shifting the cross-over point closer to the edge of the solar
spectrum than what is reported for Ag particles [5, 9, 2]. The
present investigation will demonstrate the feasibility of this
approach. We have not aimed at optimizing the system with
respect to e.g. maximum in-coupling of light but have mainly
focused on the proof of concept.

Usually particles on the surface of a solar cell are
separated from the silicon surface by a thin dielectric layer,
which has a strong effect on the scattering properties of the
particles [16]. Choosing a host material with a low refractive
index will cause a blue shift of the resonance. Thus in order
to obtain the maximum blue shift a dielectric of low refractive
index such as SiO2 is preferable. This has been used in the
present investigation.

All experiments were made on an inverted diode structure
made by molecular-beam epitaxy (MBE) as shown in figure 1.
A 700 nm layer of boron doped p-type Si (1 × 1017 B cm−3)
was grown on top of a highly Sb doped n-type substrate (1 ×

1018 Sb cm−3) with a 200 nm intrinsic Si layer in between to
extend the pn junction. On top of the p-type Si layer a 100 nm
p+ Si layer (1×1019 B cm−3) was added for improved ohmic
contact with the Al electrodes, and for reduction of surface
recombination by a front-surface field. The MBE growth was
carried out at a pressure of 2 × 10−10 mbar at a growth rate
of 3 Å s−1 with the substrate heated to 700 ◦C. Finally, all
diodes had a 40 nm SiO2 layer deposited on top by magnetron
sputtering.

Using electron-beam lithography (EBL), one sample was
prepared with Al discs with diameter (d) of 100 nm and height
(h) of 100 nm placed in an array with periodicity 400 nm
on the SiO2-layer on the surface of the diode (figure 2(a)).
In order to demonstrate the well established effect of Ag, a
sample with Ag discs of diameter 100 nm and height 25 nm
was also prepared (figure 2(b)). The NP where characterized
by SEM (shape and diameter) and AFM (height). The external
quantum efficiencies (EQEs) of the diodes were derived
from photo-current (PC) measurements using an Oriel MS257
monochromator and a calibrated Newport 818UV photodiode.

In figures 3(a) and (b) the effect on the EQEs of the
diodes by depositing Al and Ag particles on the surface
is shown, respectively, together with the corresponding
reference measurements. The relative gain is calculated by
dividing with the EQE of an identical reference diode without
particles, and is also shown in figures 3(c) and (d). Note that
the reference diode is not a bare Si but also has a 40 nm SiO2
layer on the surface. Overall, the Al particles show the same
trend as the Ag particles (losses at shorter wavelengths and
gain at longer wavelengths), however, with a substantial blue
shift of the cross-over point compared to what is reported for
Ag particles. This has a strong positive effect on the overall
gain as will be described further below. Compared to the
Ag-demonstration sample in this article, the cross-over point
for the sample with Al particles is blue shifted ≈105 nm,
while maintaining a gain on the long wavelength side similar
to what is measured with Ag. For Al, a relative gain in the
EQE of up to 5% is seen at all wavelengths from the cross-over
point at λAl

cross = 465 nm to the edge of the spectrum in the
NIR. At wavelengths below the cross-over point a reduction
of up to 14% is observed. For Ag a relative gain in the EQE

Figure 2. SEM images showing (a) Al and (b) Ag nanodiscs on the surface of the diode.
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Figure 3. Measured external quantum efficiency (top) and calculated relative photo-current response (bottom) showing the effect of Al (a)
and (c) and Ag (b) and (d) particles on the surface of a thin solar cell. The cross-over points are at λ = 465 nm and λ = 570 nm for Al and
Ag respectively.

of up to 9% is observed at all wavelengths longer than 570 nm
and a relative loss of up to 19% at shorter wavelengths, which
is similar to what is reported in the literature for Ag particles
on the surface of a solar cell.

The observed blue shift may be explained by considering
the plasmonic properties of Al nanoparticles compared to Ag
nanoparticles. Zoric et al showed that the LSPR in metal
particles can be described by a relatively simple analytical
expression based on the electrostatic approximation and the
modified long wavelength approximation, using values of the
metal–dielectric functions from the literature. Agreement of
the model with experimentally observed LSPR wavelengths
for a large range of disc sizes and aspect ratios, including the
particles studied here, was also demonstrated by Zoric et al.

The polarizability of a particle shaped like an oblate
spheroid in the electrostatic approximation is given by [13]:

α(λ) =
4πa2b

3
εNP(λ)− εh(λ)

εh(λ)+ L[εNP(λ)− εh(λ)]
(1)

where a and b (defined here as a = d/2 and b = h/2) are the
major and minor axis of the particle, respectively, εNP(λ) and
εh(λ) are the complex dielectric functions of the nanoparticle
material and of the surrounding host material, respectively,
and L is the geometrical factor as defined in [13]. For larger
particles, like the ones used here, the polarization can be
corrected using the modified long wavelength approximation
to include finite wavelength effects [17, 14]:

α (k)MLWA =
α(k)

1− i k3

6π α(k)−
k2

4πaα(k)
(2)

where k = 2πnh
λ

. In our geometry shown in figure 1 εh =

(nh)
2
= (1.26)2 as in [15]. By inserting (1) into (2) and using

the dielectric functions εNP(k) from the literature [18, 19] the
polarizability can be calculated numerically.

Figure 4 shows the predicted position of the LSPR, using
this model for particles with heights of 25 and 100 nm, as a
function of inverse diameter for Ag and Al on SiO2. It can
be seen that for a given particle size and shape the LSPRs
for Al particles are closer to the UV than for Ag particles.

Figure 4. Predicted LSPR positions for Ag and Al particles on
SiO2 with heights h = 25 and 100 nm and diameters ranging from
d = 50–500 nm.

This shows that the position of the LSPR can be blue shifted
by replacing Ag with Al as a nanoparticle material. The Al
particles investigated in this experiment (h = 100 nm, d =
100 nm) are predicted to have an LSPR at λAl

LSPR = 450 nm,
whereas Ag particles with this shape have a resonance around
λ

Ag
LSPR = 520 nm. The experimental Ag particles included as

an example here (h = 25 nm, d = 100 nm) are predicted to
have a resonance at λAg

LSPR = 560 nm. As can be seen from
figure 4 the predicted blue shift of the LSPR wavelength
between the Ag and Al nanoparticles from 560 to 450 nm
is in excellent agreement with the observed blue shift of
the cross-over point from 570 to 465 nm. This strongly
supports the concept of blue shifting the cross-over point in
the photo-current response by using Al discs as light scatterers
instead of Ag on the surface of a solar cell.

The relationship between gains and losses is strongly
dependent on the position of the cross-over point in relation
to the intensity profile of the solar spectrum. To evaluate
this more quantitatively the total effect of the metal particles
is found by integrating the EQE weighted with the AM1.5
photon flux as a function of wavelength for samples with
and without metal particles on the surface and calculating the
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relative difference:

PCX
λ1−λ2

=

∫ λ2

λ1

[EQEX(λ)× Fphot(λ)] dλ

G =
PCNP

λ1−λ2
− PCref

λ1−λ2

PCref
λ1−λ2

.

G is the total gain/loss from λ1 to λ2, EQEX is the
external quantum efficiency of the sample with Al, Ag or
no particles and Fphot is the AM1.5 photon flux. Because of
the particular shape of the gain curve described above, the
total relative loss in photo-current from applying the particles
is given by integrating from λmin (minimum wavelength in
the solar spectrum) to the cross-over point whereas the total
relative gain is given by integrating from the cross-over point
to λbandgap.

When calculated this way, the Ag sample shown above
has an integrated photo-current gain of 3.7% from 570 to
1200 nm and a loss of 2.5% from 300 to 570 nm when
compared to the reference sample, giving a total gain of
1.2% for the whole photo-current spectrum. The Al sample
on the other hand has an integrated gain of 3.0% from 465
to 1200 nm but a loss of only 0.3% from 300 to 465 nm
giving a total gain of 2.8%. It is clear that even with a smaller
gain at longer wavelengths than with Ag, the Al particles
have a higher total gain benefitting from blue shifting the
losses out of the solar spectrum. The system reported here is
a proof of concept, and further improvements may be gained
by optimization. As is evident from the calculation above that
not much can be gained by blue shifting further, improving
the shape and amplitude of the gain on the long wavelength
side of the cross-over point is the main challenge, similar to
what has previously been done numerically in [11] for Ag and
Al and experimentally for Ag in [6].

In summary we have demonstrated the possibility of
using Al nanoparticles on the surface of a thin-film solar
cell to enhance photo-current generation. It is shown that
by using Al particles the cross-over point where the relative
photo-current changes from gain to loss can be blue shifted
substantially compared to Ag, reducing losses and improving
the overall effect of the particles.
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We present measurements of the collinear optical transmission through arrays of β-Sn nanoparticles on fused
silica substrates. The particles are cylinders or squares with side lengths of 120–520 nm, and heights of 26–118 nm
placed in square-periodic arrays fabricated by electron-beam lithography. By placing the 120 nm cylinders in an
index-matched environment peaks appear in the transmission spectrum at wavelengths where the diffracted light
propagates at a grazing angle to the substrate. Angle-resolved transmission measurements show that the peak
positions depend on the angle of incidence, and the shift of the peaks is in excellent agreement with theoretical
calculations of the dipole lattice sum. The peak positions can also be matched by a simple wave-vector analysis.
The larger square particles show resonant dips in the transmission even without index matching, and the depth of
the dips depends on the particle height. By index matching the environment around the large particles, the dips
are replaced by peaks.

DOI: 10.1103/PhysRevB.84.113405 PACS number(s): 78.67.Bf, 42.25.Fx

Metallic nanoparticles have been intensively studied with
the aim to enhance light trapping in silicon solar cells.1–3

In the search for the optimal particle properties, materials
such as gold and aluminum have attracted much attention.4

Another material which has a large potential is metallic Sn5,
as Sn and Si both are group-IV elements. This means that
Sn is electrically neutral as a substitutional impurity without
midgap defect levels6 in the Si lattice and hence is compatible
with integration in Si-based photovoltaics. This is further
described by Jung et al.7 In relation to solar cells, metal
nanoparticles are often arranged in arrays, which emphasizes
the need to understand the optical mechanisms in such
arrays. It is especially interesting to clarify whether diffractive
effects dominate the spectral response from the particles
or is a minor effect. Optical investigations of nanoparticle
arrays have previously been reported,8–12 but these mostly
concentrate on strong plasmonic materials such as gold and
silver. In particular, work has focused on light scattering either
via plasmons or grating resonances that redirect light into
directions favorable for absorption within the solar cell.

That gratings can introduce unusual optical effects was
already reported by Wood in 1902 (Ref. 13) as he observed
anomalous reflection bands from one-dimensional diffraction
gratings. These anomalies were theoretically investigated in
1907 by Rayleigh,14 and are often referred to as Rayleigh-
Wood anomalies. The anomalies appear as the diffracted light
becomes grazing to the plane of the grating.

For a two-dimensional particle array with period a in both
directions this occurs when

(n2

λ

)2
−

(n1

λ

)2
sin2 θ

(1)

−2
n1

λ
sin θ

(n

a
cos ϕ + m

a
sin ϕ

)
= n2 + m2

a2
,

where λ is the wavelength of the incident light, (m,n) denotes
the diffraction order, n1 and n2 are the refractive incidences
of the super- and substrate, respectively, θ is the angle of

incidence, and ϕ defines the angle between the (1,0) grating
plane and the plane of the incoming light.

In this Brief Report we show that the grating-induced effects
do play a very important role in the optical response of the
Sn particles. We observe a significant positive correlation
between the spectral position of the anomalies in the measured
transmission spectra of Sn particle arrays and the peaks in the
theoretically calculated lattice sum of the array. Furthermore,
our results corroborate the theoretical findings of Auguié
et al.15 who showed that for particle arrays the Rayleigh-Wood
anomaly can be suppressed by a reflecting surface close to the
particles as long as the particles are small.

Most of the experimental results below are for cylindrical
particles with diameter 120 nm and height 40 nm. Hence,
for wavelengths in the visible/infrared we expect the dipole
approximation to be reasonably accurate. We follow the
coupled dipole approach of Refs. 16 and 17 and consider
the index-matched case, in which each particle is described
as a dipole placed in a homogeneous medium. Care is taken
that the spot size in the transmission experiments is always
within the sample area of ∼4 mm2; thus all particles probed
represent particles within the array. Through dipole-dipole
coupling, the nth dipole placed at �rn induces an electric field

at �r0, which is proportional to
↔
G (�r0,�rn) · p̂, where

↔
G is the

dyadic Green’s function and p̂ is a unit vector along the dipole
moment.16,17 If the polarizability of isolated particles is α,
the dipole-dipole coupling included via a dipole-lattice sum
S means that the dipole moments in the array are governed
by an effective polarizability αeff = α/(1 − αS). Resonances
are generally associated with the poles of αeff but if α is only
weakly frequency dependent, the resonances coincide with
discrete diffraction orders associated with the poles of S. For
dipole arrays in homogeneous media, S is given by

S = k2
0

∑
n�=0

p̂ · ↔
G (�r0,�rn) · p̂ ei�k‖·(�rn−�r0), (2)

113405-11098-0121/2011/84(11)/113405(4) ©2011 American Physical Society
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FIG. 1. Calculated real part of the lattice sum S in units of μm−3

for different polarizations and incident angles. The lattice period is
400 nm and the surrounding medium has a refractive index of 1.46.

where k0 = 2π
λ

, �k‖ is the wave-vector component parallel to the
surface, and �r0 is the center position in the array. In practice,
we sum over a finite N × N lattice with N = 401. This means
that the poles of S become finite peaks in the spectrum but
also produce an unphysical oscillatory modulation with a
period inversely proportional to N . We remove this artifact
by averaging the spectrum over one period.

The real part of the calculated lattice sums S at different
angles of incidence θ is shown in Fig. 1 for both S- and
P -polarized incident light and ϕ equal to 0◦ and 45◦. Peaks are
seen in the S sum at wavelengths satisfying Eq. (1). At θ = 0◦
the peak at 584 nm originates from the (1,0) diffraction order
while the peak at 413 nm originates from the (1,1) diffraction
order. In Figs. 1(b) and 1(d), where the light is S polarized, the
two peaks in the S sum both split when θ is increased from
zero, as the diffracted light can be grazing to one or the other
side. In the case of P -polarized light shown in Figs. 1(a) and
1(c), only one of the two peaks splits. The physical explanation
for this is that in the case of P -polarized light the electric field
is lying in the plane of incidence in which θ is also varied.
As the dipoles primarily couple in the direction perpendicular
to the driving E field the coupling between the particles will
not change significantly as θ is increased. In Fig. 1(a), ϕ = 0
and the plane of incidence therefore goes through the (1,0)
direction, and as the incident light is P polarized the (1,0)
peak in the figure does not split. Likewise when ϕ = 45◦ and
the light is P polarized the (1,1) peak does not split as seen in
Fig. 1(c). A closer look at Figs. 1(a) and 1(c) shows that both
the (1,0) and the (1,1) peak undergo a slight blueshift as θ is
increased.

In our experiments we investigated these polarization-
dependent resonance phenomena through angle-resolved
transmission measurements of Sn-particle arrays on fused
silica. The Sn particles were fabricated by electron-beam
lithography, which is a technique that provides excellent
control over the shape and position of each particle. To
reduce charging effects in the electron-beam writing process

FIG. 2. (Color online) Left: Microscope image of the area covered
by Sn particles. The area consists of 437 0.1 × 0.1 mm write fields
each containing 250 × 250 particles. Right: AFM picture of an array
with period 800 nm consisting of square Sn particles having side
lengths of 510 nm and heights of 25 nm.

the resist was coated with a 20 nm aluminum layer. After
resist exposure the aluminum layer was removed with a KOH
solution. The spatial extent of the particle array was a circular
area with a diameter of 2.3 mm as shown to the left in Fig. 2.
The Sn particles were investigated both by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). An
AFM picture is shown to the right in Fig. 2. Generally, the
heights of the particles were found from the AFM picture
while the side lengths and periods were found from the SEM
pictures.

Optical-transmission spectra were obtained by measuring
the directly transmitted light through the samples using a
Shimadzu UV3600 dual-beam photospectrometer with spot
size 1.8 mm and beam divergence 3.5◦. The transmission
spectrum for cylindrical Sn particles having a diameter of
120 nm, a height of 40 nm, and a period of 400 nm is
shown in Fig. 3(a). The Sn coverage of the surface was
6%. Here the sample was illuminated by unpolarized light at
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FIG. 3. (Color online) Transmission spectra of cylindrical Sn
particles with diameter 120 nm, height 40 nm, and period 400 nm
illuminated by unpolarized light at normal incidence. The superstrate
is air (a) and index-matched oil (b). A reference spectrum of
the bare substrate is shown. The vertical dotted lines show the
theoretical positions of the Rayleigh-Wood anomalies according
to Eq. (1).
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normal incidence. The spectrum reveals a broad dip centered
around 500 nm. This feature could be interpreted as a weak
plasmon resonance but no conclusive evidence of such an
assingment has been found. The theoretical wavelengths for
the Rayleigh-Wood anomalies are calculated from Eq. (1) with
θ = ϕ = 0 and n2 = 1.46. These wavelengths are shown by
vertical dotted lines in Fig. 3 and the subscripts on λ denote
the diffraction order (m,n). However, no Rayleigh-Wood
anomalies are seen at the vertical lines in Fig. 3(a). As
suggested by Auguié et al.,15 the absence of an anomaly can
be due to a reflecting interface close to the particles, which
suppresses the interparticle coupling. By depositing an oil
index matched to the substrate onto the sample, the reflecting
interface is removed. Experimentally, a drop of index-matched
oil was put on the sample and a clean piece of fused silica was
placed on top to ensure a planar surface. The transmission
spectrum after index matching is shown in Fig. 3(b). As the
reflecting surface is eliminated features now appear at the
expected wavelengths as marked by the vertical dotted lines.
λ(1,0) lies exactly at a top in the spectra while λ(1,0) lies between
a top and a dip. The spectral feature at λ(1,0) resembles the
observations reported in Ref. 18, where the asymmetric feature
arises due to a frequency-dependent particle polarizability in
the region of the pole of S.

To test the theoretically calculated lattice sums shown
in Fig. 1, angle-resolved transmission measurements using
polarized light have been performed. The results are shown in
Fig. 4. The theoretical peak positions from Fig. 1 are shown

FIG. 4. (Color online) Angle-resolved transmission measure-
ments of cylindrical Sn particles with a diameter of 120 nm, a height
of 40 nm, and a period of 400 nm in an index-matched environment.
The angle ϕ and the polarization of the incident light are specified in
each graph. The peak positions of the lattice sum in Fig. 1 are shown
by vertical dotted lines.

FIG. 5. (Color online) Left: Measured transmission spectra at
normal incidence for square particles with different array periods.
Dashed curve: Particles with side length 490 nm, height 100 nm,
and surface coverage 33%. Solid curve: Particles with side length
520 nm, height 120 nm, and surface coverage 27%. Vertical lines show
λ(m,n) for array periods 800 (dashed) and 900 nm (solid) according to
Eq. (1). Right: Dip positions in the transmission vs array period. The
theoretical slopes are calculated from Eq. (1) with n2 = 1.46.

by vertical dotted lines for each angle. The agreement between
the theoretically predicted positions of the anomalies and the
measured values is excellent. In Figs. 4(a) and 4(c), only one
of the two peaks splits while the other peak makes a slight
blueshift when the incident angle is increased as theoretically
predicted by the S sum. In the case of S polarization, both
peaks split as expected, which can be seen in Figs. 4(b) and
4(d). Note that while the diffraction resonances are described
by Eq. (1), the full lattice sum is needed to describe the
polarization dependence.

In addition, Sn particles with larger sizes than those
presented above were investigated. Transmission spectra mea-
sured at normal incidence for two samples with square-Sn
particles are shown to the left in Fig. 5. The samples have
array periods of 800 and 900 nm and consist of particles
with side lengths of 490 and 520 nm and heights of 100 and
120 nm, respectively. Unlike the case of the small particles, it
is now possible to see the anomalies in the asymmetric index
environment without index-matched oil. The reason for this
is that the larger volume, and hence larger polarizability of
the particles, makes the anomaly dominate over the reflection
damping. This is in agreement with the theoretical predictions
by Auguié et al.15 The theoretical wavelengths for horizontal
diffraction in the fused silica substrate are calculated from
Eq. (1) and shown by vertical dotted lines for the two periods
in Fig. 5. There is a clear correspondence between the dip
positions and the λ(m,n) values. The depth of the dips is notable.
The sample with array period 800 nm only lets 8% of the
incident 1200 nm light pass through, meaning that 92% of
the light is blocked or scattered although only 33% of the
fused silica surface is covered by Sn particles. In other words,
the particles block three times as much light as would be
expected from the geometrical cross section, which indicates
a resonant character of the extinction mechanism. Additional
transmission measurements of arrays with different periods
have been performed (not shown here). They showed similar
dips and the three most dominant dip positions for each sample
are plotted vs the array period in the inset to the right in Fig. 5.
The plot reveals a linear dependence of the dip position on the
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FIG. 6. (Color online) Transmission spectra of almost identical
particles with an array period of 800 nm, width around 500 nm,
and different heights. In (a), the superstrate is air and in (b) it is
index-matched oil.

array period in agreement with Eq. (1). The theoretical slope
values given by n2/

√
n2 + m2 with n2 = 1.46 are shown in

the figure and, by comparison, it is seen that the experimental
and theoretical slopes agree within the uncertainties. It should
be noted that although the shape and size of the particles vary
in the arrays represented in Fig. 5 (inset), this does not affect
the position of the dips.

In order to investigate the effect of the particle height on the
optical transmission we compare in Fig. 6 the transmission
spectra of square Sn particles with an array period of 800 nm
and heights of 73, 67, and 26 nm. The nanoparticle side lengths
are nearly identical for the three samples, being 470, 500, and
510 nm, respectively. It appears from the three spectra that the
depth of the dips increases with the particle height while the
position of the dips is nearly unaffected, as already observed in

Fig. 5. This height dependence can be caused by the difference
in particle volume; decreasing the height reduces the particle
volume and hence the magnitude of the polarizability and
scattering cross section of the particles. At a fixed lattice
spacing, a reduction in polarizability reduces the dipole
coupling, which gives rise to a reduced optical fingerprint.
An alternative explanation might be that as the particle height
is reduced, the center of the particles moves closer to the
substrate. This could give rise to a larger suppression of
the Rayleigh-Wood anomaly due to the reflecting surface as
described by Auguié et al.15 By depositing an index-matched
oil on the three samples shown in Fig. 6(a), the reflecting
surface and hence this effect is eliminated. As can be seen
from Fig. 6(b) a pronounced influence of the particle height
on the spectral variation is still observed, which shows that the
observed height dependence is most likely due to the change
in particle volume. Interestingly, as can be seen in Fig. 6(b), at
λ(1,0) we now find peaks in the transmission instead of dips, and
indications of peaks at λ(1,1) and λ(2,0) are also observed. The
reason why the dips change into peaks when index matching
is at present not understood.

In summary, Rayleigh-Wood anomalies were observed in
the transmission spectra of periodic arrays of 120 nm Sn parti-
cles when placed in an index-matched environment. Angle-
resolved transmission measurements using polarized light
revealed splitting and shifting peaks as the angle increased,
in excellent agreement with the peaks in the theoretically
calculated dipole-lattice sums. Investigations of larger Sn
particles showed that these did not require an index-matched
environment to show anomalies in the transmission spectra.
This difference between the small and the large particles
supports the theoretical predictions by Auguié et al.15 The
anomalies for the large particles with array period 800 nm were
very strong. Up to 92% of the incident light was extinguished
by the array, even though the Sn particles only covered 33%
of the surface revealing a resonant extinction process.

We acknowledge financial support by the project “Local-
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financed by the Villum Foundation.
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and F. R. Aussenegg, J. Chem. Phys. 123, 221103 (2005).

11C. P. Burrows and W. L. Barnes, Opt. Express 18, 3187 (2010).
12L. Zhao, K. L. Kelly, and G. C. Schatz, J. Phys. Chem. B 107, 7343

(2003).
13R. W. Wood, Philos. Mag. 4, 396 (1902).
14Lord Rayleigh, Philos. Mag. 14, 60 (1907).
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