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Abstract
Surface plasmon resonance is a phenomenon in which illuminated nanoscale particles
exhibit strong near field electric field enhancement. This has many applications
in the area of sensing, with spectroscopic measurements such as fluorescence and
Raman scattering having their signal to noise ratio enhanced by the strong electric
near field.
For surface plasmons to be excited in bulk material, coupling structures need to
be fabricated. One of these structures are nanogratings, and this thesis explores
the fabrication of these nanogratings, with an emphasis on mass production.
Two methods of fabrication were used. First a series of samples were patterned
with a grating pattern using electron beam lithography (EBL). After lithography,
the samples were etched using reactive ion etching (RIE). The etched samples were
characterized using scanning electron (SEM) and atomic force microscopy (AFM).
The EBL pattern quality was found to be adequate, and the process was optimized
to maximize throughput. The RIE grating etch was found to be unsatisfactory,
and a new, working etching process was devised and demonstrated. Reflectance
spectroscopy measurements suggested plasmonic resonance for these samples.
The second method used was nanoimprint lithography (NIL). For this, stamps
were fabricated, starting by fabricating the gratings using EBL and in a similar
way as before. After this, a process for etching the mesa of the stamp whilst
conserving the grating was developed. The fabricated stamps were then used to
pattern substrates. The first experiments were failures, with the resist sticking
to the stamp. From the failed experiment it became apparent an anti-sticking
coating was needed. An anti-sticking layer was first deposited unsuccessfully using
a manual process, but the second method of deposition via atomic layer deposition
(ALD) was successful. With the coated stamps more imprinting experiments were
done. These experiments unfortunately failed, first due to alignment problems and
afterwards due to an unknown reason possibly related to the alignment.

Keywords Nanoimprint lithography , nanofabrication , plasmonics , electron beam
lithography , plasmonic grating , reactive ion etching
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Tiivistelmä
Pintaplasmoniresonanssi on ilmiö jossa valaistut nanoskaalan hiukkaset osoittavat
voimakasta lähialueen sähkökentän voimistamista. Tällä on monia käyttökohteita
aistimisen saralla, muun muassa spektroskopisten heijastus- ja Raman-mittauksien
signaali-kohina -suhteen parantaminen voimakkaan paikallisen sähkökentän ansios-
ta.
Pintaplasmonien virittämiseen suuremmissa ainemäärissä tarvitaan nanorakenteita.
Yksi näistä rakenteista on nanohilarakenne, ja tämä lopputyö käsittelee näiden
valmistusta, korostaen massatuotannon vaatimuksia.
Hiloja valmistettiin kahdella tavalla. Ensimmäistä menetelmää varten valmistettiin
sarja näytteitä elektronisädelitografialla. Litografian jälkeen näytteet etsattiin reak-
tiivisella ionietsauksella ja mitattiin käyttäen pyyhkäisyelektroni- ja atomivoima-
mikroskooppeja. Litografialla kuvioidut hilarakenteet olivat laadultaan tyydyttäviä,
ja prosessi optimoitiin tuotantokyvyn maksimoimiseksi. Hilojen etsausprosessi to-
dettiin puutteelliseksi, ja uusi toimiva prosessi kehitettiin ja osoitettiin toimivaksi.
Tehdyt heijastusspektrimittaukset viittasivat näytteiden ilmentävän plasmonista
resonanssia.
Toinen valmistustapa oli nanopainantalitografia. Tätä varten tehtiin leimasimia,
alkaen nanohilarakenteiden kuvioimisella elektronisädelitografialla kuten aikaisem-
minkin. Tämän jälkeen leimasimen tasannetta varten kehitettiin etsausprosessi,
säilyttäen tasanteen päälliset hilarakenteet. Valmistettuja muotteja käytettiin hila-
kuvion siirtämiseen perusmateriaaliin. Ensimmäiset kokeet epäonnistuivat resistin
tarttuessa muottiin. Epäonnistuneiden kokeiden tuloksista pääteltiin, että leimasin
tarvitsi tarttumisenestopinnoitteen. Pinnoite höyrystettiin leimasimelle ensiksi
käsikäyttöisellä menetelmällä, mutta lopputulokset olivat huonot. Toinen kokeil-
tu menetelmä eli atomikerrospinnoitus onnistui. Pinnoitetuilla muoteilla tehtiin
uusia kokeita kuvion siirtämisellä painannalla. Nämä kokeet epäonnistuivat, ensiksi
kohdistusongelman takia, ja tämän jälkeen tuntemattomasta syystä johtuen.

Avainsanat Elektronisädelitografia, nanovalmistustekniikka, plasmoniikka,
litografia, plasmoninen nanohila, reaktiivinen ionietsaus
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Symbols and abbreviations

Symbols
Atotal Total grating area
d Film thickness
dmesa Mesa etch depth
D Exposure dose
e Elementary charge
F Fill rate (grating spacing / period)
h Planck constant
Iuv Mask aligner lamp intensity
k Spring constant
me Electron rest mass
m∗ Electron effective mass
n Refractive index
ne Electron density
ng Grating harmonic number
NA Numerical aperture
p Momentum
R Reflectance
Rlamp Lamp reflectance
Rmeasurement Measured reflectance
Rdark Ambient dark field reflectance
tcalibration Electron beam calibration time
tetch Mesa etch time
texposure Exposure time
Tg NIL resist glass transition temperature
Va Electron gun acceleration voltage
ve Electron velocity
α Electron beam exposure time constant
ϵ0 Permittivity of free space
ϵd Permittivity of dielectric
ϵm Permittivity of metal
η Viscosity
θ Optical microscope half angle
λ Wavelength
ω Spin speed
ωP Plasma frequency
ωSP Surface plasma frequency
ωSPP Surface plasmon polariton frequency
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Abbreviations
AFM Atomic force microscope
ALD Atomic layer deposition
BCE Before the Common Era
BSE Backscattered electron
CE Common Era
DNQ Diazonapthoquinine
EBL Electron beam lithography
EBPG Electron beam pattern generator
FDTS Perfluorodecyltrichlorosilane
FOTS Perfluorooctyltrichlorosilane
HDMS Hexamethyldisilazane
HF Hydrofluoric acid
IBL Ion beam lithography
IL Interference lithography
IPA Isopropanol
KOH Potassium hydroxide
NIL Nanoimprint lithography
PAC Photoactive compound
PMMA Poly-methyl methacrylate
PVD Physical vapour deposition
QCM Quartz crystal microbalance
RF Radio frequency
RIE Reactive-ion etching
RMS Root mean square
SCCM Standard Cubic Centimetres per Minute
SE Secondary electron
SEM Scanning electron microscope
SFE Surface free energy
SPM Sulphuric acid-peroxide mix
SPP Surface plasmon polariton
TMA Trimethylaluminium
TMAH Tetramethyl ammonium hydroxide
T-NIL Thermal NIL
UV Ultraviolet



1 Introduction
The interaction of light with matter has fascinated scientists and artists for millennia.
Metal nanoparticles exhibit intense colours with silver nanoparticles showing yellow
colouration and gold ruby red. This has lead to the use of them as colouring agents in
glass and metal platings. Early surviving examples of use in art include 8th century
BCE gilded ivory carvings found in Syria [1] and a Roman 4th century CE cup
called the Lycurgus Cup. The cup shows extraordinary properties as light reflected
from the cup has a green colour, but light shined through the glass is turned into
a ruby colour. This phenomenon is called dichroism and it comes from dispersion
mechanisms from gold and silver nanoparticles suspended inside the glass of the cup
[2]. Later historical examples include the stained glass windows of the Notre Dame
cathedral.

The fabrication methods for the early examples produced by artisans are lost
to time, but were likely initially the results of mishaps that brought colloidal metal
particles or metal salts into their works. Scientific work on the topic began in earnest
after Michael Faraday’s 1857 publication presenting a simple way to produce gold
nanoparticles [3]. In his publication he showed that the metal nanoparticles of a
smaller size than the wavelength of light show colours very different than that of
the bulk metal. The colours exhibited by the nanoparticles were explained in 1908
by Gustav Mie as results of strong absorption and scattering by dispersion by the
particles [4]. This work was built on by David Bohm and David Pines in their 1951
work which introduced the concept of a plasmon to mean a quantum of collective
plasma oscillation [5]. Building on the shoulders of these precursors, there has
been much interest and publications on plasmonic effects, especially in the last two
decades.

Due to their inherent properties, plasmonic devices have many applications.
Plasmonics are able to enhance the near-field electric field intensifying the signals
gained from measurements such as Raman spectroscopy or fluorescence imaging [6].
Plasmonic effects have been used successfully especially in biosensors, where they
make measurements possible at a molecular level and without the need for labels [7].

As plasmonic effects in the visible spectrum exist only in nanoscale features,
nanofabrication methods are needed. This poses a problem for fabricating large areas
and in bulk, since many nanofabrication methods don’t scale well in volume.
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2 Background
The goal set out for this thesis is to explore the fabrication of plasmonic nanogratings,
with an emphasis on viability for mass production. The grating dimensions and
materials were chosen from the results of Jonas Ylönen’s numerical simulation work,
as there are no simple analytical formulae to be used.

In this section a brief overview on plasmon theory is presented along with
discussion on the lithography methodology selected.

A plasmon is quasiparticle describing plasma oscillation. To visualize what this
means, think of a metal sphere. When an external electric field is applied over the
sphere, the conductance band electrons in the metal drift towards one side of the
sphere, in order to cancel out the electric field. If the external field is removed, the
electrons start to oscillate around a equilibrium point at what’s called the plasma
frequency. A plasmon is a quantum of this collective oscillation energy.

The plasma frequency is dependent on the material in question, and can be
approximated with the following equation [8]

ωP =
√

nee2

m∗ϵ0
[rad/s], (1)

where ne and m∗ are the electron density and effective mass, e the elementary charge
and ϵ0 the permittivity of free space. From the equation it can be seen that the
plasma frequency increases with electron density, with metals having high plasma
frequencies.

The plasma frequency of the material affects its optical properties as light of a
smaller frequency will be reflected. For most metals the plasma frequency is in the
ultraviolet (UV) range, making them reflective to visible light.

Surface plasmon polaritons (SPP) are a type of surface wave confined to the
interface between a material with a negative permittivity and a dielectric. In a
metal-air interface, it is possible for the plasmons to couple with light. This forms
an electron density wave inside the surface (surface plasmon) and an associated
electromagnetic wave in the air (polariton).

E

(a) Nanoparticle

z

Metal
x

E

Dielectric

(b) Metal-air interface

Figure 1: Surface plasmon resonance types visualized, adapted from [9].

Exciting surface plasmons can be done using incident light, when the size of the
metal particle is comparable to the skin depth of the material, which for gold is in
the range of 20–45 nm for visible light [10]. In this case the incident light electric field



12

can penetrate the metal and polarize the conduction band electrons. Only light with
a frequency in resonance with the plasma oscillation can excite SPP’s. This type of
light coupling is called localized surface plasmon resonance, and is characterized by
an electric field amplification of 100–10000 times of the excitation light and a spatial
range of 10–50 nm from the surface [6].

The resonant frequency of the nanoparticles is highly dependent on the size, shape
and dielectric medium surrounding it, which can be used to tune the frequency. For
gold particles the whole visible spectrum and parts of the ultraviolet and infrared
spectra are available for tuning [6].

For larger objects a similar kind of excitation is not possible, as the dimensions
are larger than the skin depth and the incident light cannot polarize the metal
homogenously [9]. However, it is possible to excite a propagating SPP in the surface
of the bulk material. This type of surface wave is not as confined to the surface as
a localized plasmon. For visible light, the polariton electric field can reach up to a
micrometre perpendicular to the surface. The field enhancement is smaller, in the
range of 10-100x [6].

Both electrons and photons are able to excite SPP’s. Electrons can be fired into
the bulk and the scattering electron transfers its energy to the plasma [11]. When
exciting SPP’s with photons, there are extra difficulties as the photon and excited
SPP must have the same wave vector, ie. frequency and momentum in order for
coupling to occur. Free-space photons have a wave vector

k⃗0 = 2π

λ0
= ω0

c
, (2)

where λ0 is the wavelength and ω0 the angular velocity of the photon and c the speed
of light. A corresponding surface wave has a wave vector component parallel to the
surface described by

kSP P,x = ωSP P

c

√
ϵdϵm

ϵd + ϵm

, (3)

where ωSP P if the angular frequency, ϵd and ϵm the relative permittivities of the
dielectric and metal [12]. In a metal-air interface, this simplifies to

kSP P,x = ωSP P

c

√
ϵm

1 + ϵm

. (4)

As the SPP frequency ωSP P increases, it reaches an asymptotic limit called the
surface plasma frequency, which for a metal-air interface can be presented as [13]

ωSP = ωP√
2

. (5)

From this equation it can be seen that in order to have high surface plasmon
frequencies, a material with high plasma frequency is needed.
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The wavelength and momentum can be matched by using either a prism or a
diffraction grating structure. A grating will change the parallel wave vector

kgrating = ± ng
2π

a
, (6)

where a is the grating period and ng the grating harmonic number [13]. The coupling
of an incident photon to a SPP via the grating wave number matching is described
in equation 7

∆k = kSP P − kx,photon ± kgrating

∆k = 0 when photon couples to SPP
⇓

kSP P = kx,photon ± kgrating

kSP P = ω0

c
sin Θ0 ± ng

2π

a
⇓

λSP P = λ0

2π sin Θ0
± a

ng

, (7)

where kSP and kx,photon are the wave vectors of the surface plasmon and incident
light photon, and Θ0 the incident light angle, c the speed of light and ω the angular
frequency.

From equation 7 it can be seen that the resulting SPP wavelength is related to
the grating period. This can be used to tune which wavelengths of light are coupled
into the structure. For visible light, the grating period needs to be in the nanoscale
[14].

Materials used for the grating structures are limited by the necessity of having
negative permittivity, which for visible light are limited to metals. This is due to
materials only exhibiting negative permittivity when below their plasma frequency.
Typically used plasmonic materials are gold, silver, copper and aluminium. Out of
these, silver has the least ohmic losses in the visible region, but can be problematic
to deposit. Gold is very biocompatible and inert, leading to good passivation, but
has intra-band losses below 400 nm wavelengths limiting its usefulness. Aluminium is
CMOS-compatible and considered the best for the UV and deep UV ranges. Copper
is also CMOS-compatible and is used mostly for near-infrared frequencies [15].

The gratings needed for SPP coupling have dimensions in the nanoscale region.
This poses difficulties for fabrication, as standard photolithography cannot be used due
to diffraction. This poses a problem for mass production, since most nanofabrication
methods don’t scale well in production volume.

The chosen methods for plasmonic grating fabrication are electron beam and
nanoimprint lithographies. Electron beam lithography (EBL) uses a focused beam of
electrons to transfer the pattern to the substrate, sidestepping the diffraction problem
of photolithography. It is however a low-throughput method as each specimen will
be patterned in series in a relatively slow method.
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In order to facilitate mass production, the other lithography method used in the
experimental work is nanoimprint lithography (NIL). In this method a stamp with
the desired grating pattern is fabricated and the pattern is transferred by imprinting.
NIL has the potential for mass production, as the imprinting process is reasonably
smart.

Interferometry lithography (IL) could possibly also be used to pattern plasmonic
nanogratings. In this method, diffraction gratings are used to multiply the source
radiation frequency and resolution. It is a promising method since it would allow for
high throughput fabrication. The fabrication of sub-50 nm period patterns have been
demonstrated [16]. The resolution limit of IL is equal to half the exposing light source
wavelength, and the light has to be coherent. The coherence length required from
the source is also connected to the size of the area to be patterned. This poses some
issues with finding such as source. Another problem with interferometric methods is
that they can only produce periodic structures.

EBL could be replaced with ion beam lithography (IBL), but most of the same
problems that exist with EBL regarding throughput exist with IBL also, and the
enhanced resolution is not necessary, as the grating dimensions are well within the
capabilities of EBL.
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3 Methodology
In this section the experimental methods of fabrication and characterization used in
the experimental work carried out for the thesis are described. Trivial process steps
are not described in detail, such as spin coating and baking on a hotplate.

3.1 Characterization
Resolution of traditional far field optical microscopy is limited by the Abbe diffraction
limit, which is determined by

dAbbe = λ

2n sin θ
= λ

2NA . (8)

In the equation, n is the refractive index, θ the half-angle from the optics to the light
beam spot and NA the numerical aperture. Numerical aperture in modern optics is
typically limited to about 1.4, which leads to a maximum imaging resolution of about
190 nm when using visible light. This is the smallest distance that two features can
be distinguished from each other [17].

As the nanograting dimensions are below the diffraction limit of visible light,
conventional far field light microscopy cannot be used to determine the topology and
more advanced characterization methods are needed.

3.1.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is an imaging technique that uses electrons
instead of photons to characterize the surface of a sample. The main reason for using
electrons is to achieve better resolution in imaging, as the de Broglie wavelength of
electrons is smaller than that of visible light.

The de Broglie wavelength of an electron can be calculated using

λde Broglie = h

pe

= h

me · ve

, (9)

where h is the Planck constant, p momentum, me electron rest mass and ve elec-
tron velocity [18]. The wavelength of electrons emitted from an electron gun and
accelerated with a voltage Va is given by

λde Broglie = h

me ·
√

2 · e
me

· Va

= h√
2 · me · e · Va

, (10)

where e is the elementary charge. The resulting electron wavelengths are so small
that a SEM is not diffraction limited, but the resolution is limited by the scattering
mechanics of the electrons.

A SEM is made of several parts that are pumped to a vacuum in operation,
starting from a column, containing the electron source, that for a modern SEM is
typically either a cold field or thermally assisted field emission cathode. The emitted
electrons form a primary beam which is accelerated using a 0.1 – 30 kV voltage. The
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electrons travel in the column towards the sample, and are condensed into a tight
beam by one or more sets of magnetic condensation lenses. The condensed beam
in then in turn deflected in a raster pattern by deflection plates or coils. The beam
is condensed a final time before hitting the sample. A detector is used to collect
electrons and other signals produced after impact with the sample. These signals are
amplified, processed and presented. The SEM schematics are presented in figure 2.

1.

2.

3.

3.

4.
5.

Figure 2: Scanning electron microscope schematic, numbered parts from top to
bottom: The electron gun, consisting of the electron source (cathode) (1) and the
anode (2); two condensation lenses (3), the deflection lens (4) and the secondary
electron detector (5).

When the electron beam hits the sample surface, there are several different kinds
of signals generated. For imaging purposes, the most important of these are secondary
electrons (SE). These are emitted from sample particles that have been ionized by
beam electrons. Due to their nature they are inherently low energy (≤ 50 eV), and
so can only escape close to the surface of the sample, which for metals is 2 – 10 nm
and for nonconductors 5 – 50 nm [19].

The other important signal type are backscattered electrons (BSE). These are
electrons from the beam that undergo elastic or inelastic collisions with the sample,
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Sample
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Primary
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Figure 3: Signals generated by SEM and their usage. Adapted from [19].

and are scattered back to the detector with high energy. The energy difference can
be used in signal selection, by biasing the detector’s collection screen negatively to
reject secondary electrons and collect only BSE’s.

BSE imaging can also be used to determine the chemical properties of the sample,
as the signal strength is dependent on the atomic number of the element being
scanned, with higher atomic numbers having a stronger signal.

Other signals created by the interaction of the electron beam and specimen in
SEM imaging include Auger electrons, X-rays and cathodoluminescence. A core
electron from a sample particle can be removed by an incident electron from the
beam. The resulting hole is filled by an electron from a higher energy level, releasing
energy which can be released as either an Auger electron or a X-ray photon. The
excitation can also result in cathodoluminescence, which is radiated visible, UV or
infrared light.

SEM is limited in the types of samples that can be imaged, as a nonconductive
specimen can accumulate a charge from the negatively charged electrons, which will
disturb imaging due to Coulombic forces repelling the incoming electrons. This can
be mitigated by lowering the acceleration voltage or by coating the sample with a
conductive layer. Also the vacuum requirements can be problematic for certain types
of samples, such as biological specimens.

All of the SEM imaging performed for the thesis was carried out using SE mode.

3.1.2 Contact profilometry

Contact profilometry is a method for measuring a height profile on a sample. The
method uses a diamond needle-shaped scanning probe, which is mounted on a flexible
tower. The probe is lowered in contact with the substrate, and then moved along
the surface. The sample topology will move the probe vertically, and the probe
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position is measured, with the position corresponding to the height of the sample at
the measuring point. The measurement will be made on a set length, and the result
will be the height profile of the sample. A schematic of a profilometer is presented in
figure 4.

The profilometer probe position is set manually using micrometers to move the
stage and a camera to observe the sample and tip location. It can be difficult to move
the tip to an exact position, which limits the scanning position to micrometer scale
features, for smaller features an atomic force microscope is recommended, but the
profilometer is well suited for larger features that can have large vertical differences.

The maximum accuracy of the height measurement is in the Ångström range,
and the xy-position resolution is limited by the probe tip radius to about 100 nm
[20].

The advantages of contact profilometry are the speed and simplicity of the
measurement and analysis, but with the disadvantage that the probe in contact can
damage or contaminate the sample.

In the experimental work carried out for the thesis, profilometry was used to
measure the thickness of developed resist and the nanoimprint lithography stamp
mesa height.

Figure 4: A schematic illustration of profilometry.

3.1.3 Atomic force microscopy

Atomic force microscopy (AFM) is a more advanced form of profilometry. In AFM,
the probe is a cantilever with a tip featuring a smaller radius than in a profilometer.
As the name of the method implies, imaging is performed by measuring atomic scale
forces on the probe that are due to its interaction with the sample. The probe is
mounted on a scanner that moves it in the x, y and z directions via piezoelectric
actuation. During the measurement, the probe is set in close proximity to the sample,
and depending on the mode used, different forces act on the tip. The imaging is
implemented as a raster scan, measuring individual profiles with each profile having
an offset perpendicular to the measurement direction. The resulting profiles are
usually fitted to a plane using various mathematical means and a height map is
constructed.
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Figure 5: A schematic illustration of atomic force microscopy.

The force applied on the probe is measured using the deflection of the cantilever.
This is commonly measured by reflecting a laser beam from the top of the cantilever
onto an array of photodiodes. The currents from the diodes can be converted to
the deflection and tilt of the cantilever. Other methods for measuring the deflection
also exist, examples of these are using piezoelectric or piezoresistive cantilevers or
capacitive methods.

Atomic force microscopy methods are separated into three main modes: contact,
tapping and non-contact. In contact mode, the tip is in constant contact with the
sample, using a set force. The actual measurement is then usually executed by using
a feedback loop to keep the cantilever deflection constant by moving the scanner
vertically. The measurement result is then the feedback signal. For this mode probes
with a low spring constant k are commonly used, to ensure a large deflection signal.

In tapping or semi-contact mode the probe is set to oscillate at its resonant
frequency, which is in the range of 50–100 kHz. The probe is lowered until it makes
intermittent contact to the sample, which will then reduce the amplitude of it’s
oscillation. The oscillating tip will be affected by Van der Waals, electrostatic and
other forces that change the amplitude, and the measurement can be carried out in
the same way as with deflection in contact mode. It is also possible to measure other
sample properties by measuring the phase of the oscillation. Tapping mode is the
most commonly used imaging mode, and one used for all the AFM imaging in the
thesis work.

The last main imaging mode is non-contact. In this mode the probe is oscillated,
and is set close, but not in contact with the sample surface. There is still interaction
between the sample and probe, by means of Van der Waals and electromagnetic
forces, among others. Typically the signal strength is weaker than in contact or
tapping mode, but certain properties and especially sensitive samples can be only
measured when not in contact.

The topographical resolution of AFM can be in the Ångström (0.1 nm) range
in the z axis, and is mostly limited by the tip radius in the x and y axis’s, but can
be in the 10 nm range [21]. Vertical topology can be difficult to measure due to the
limited aspect ratio of the tip. Overlapping topology can also be near impossible to
measure. These problematic situations are portrayed in figure 6.

It is also possible to measure other properties than topology with AFM. In
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(a) Vertical

(b) Overlapping

Figure 6: Topologies presenting issues for scanning probe imaging.

theory everything that causes a force on the tip should be measurable, but commonly
measured properties are magnetic and capacitive forces, and friction.

The fact that the AFM tip applies a force on the sample can be used to manipulate
the sample. It is possible to move particles around and scratch away material on the
surface.

An advantage AFM has in comparison to SEM is the higher imaging resolution,
and that the resulting image is in 3d, and more flexibility in what samples can be
imaged, as the samples don’t have to be electrically conductive.

The disadvantage for AFM is the relatively small maximum scan area of about
10 × 10 µm and slow scanning speed. Soft and sticky samples can also be difficult to
measure.

In the scope of my work AFM was used to measure nanograting topology including
grating width, spacing, height. Surface roughness was also measured to determine
deposited metal and dielectric thin film granularity and quality.

3.1.4 Reflectance spectroscopy

In order to determine if the sample truly exhibits plasmonic effects, its reflectance
spectrum has to be measured. For samples with plasmonic effects, there will be a
characteristic dip in reflectance, as light is coupled to the plasmonic gratings and
not reflected back.

The reflectance spectrum is measured using UV/NIS/NIR (Ultraviolet / Visible /
Near Infrared) spectroscopy. In the measurement the sample is placed in the rear of
an integrating sphere, which is a hollow sphere with its interior covered by reflective
material. A beam of light is guided with mirrors to the sample inside the sphere,
reflecting off it and subsequently from the sphere walls to the detector in the middle.
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The set-up for a reflectance measurement has a optical spectrometer, a set of
optics to guide the light to and from the sample and a helium light source, which
outputs light ranging from 400 to 900 nm. For the actual measurement, first the
lamp and ambient dark spectra are measured without the sample in place. After
this, the sample is put in place and the spectrum measured. After the three spectra
are measured, the reflectance spectrum R can be calculated using equation 11.

R = Rlamp − Rmeasurement

Rdark

, (11)

where Rlamp, Rmeasurement and Rdark are the measured light spectrum, the sample
reflectance and the ambient dark field spectra, respectively.

In the scope of this work, the reflectance measurements were used to determine
the presence of plasmonic resonance, and the measurement work was performed by
Nagarajan Subramaniyam and Jonas Ylönen.

3.1.5 Contact angle goniometry

The angle at which a liquid interface meets a solid surface is called the contact angle.
This angle gives an estimate of the surface free energy (SFE) of the wetted substrate.
A surface of a substrate has inherently more energy than the bulk portion of it, due
to there being free chemical bonds on the surface that would be bound below. For
a high SFE substrate, there are plenty of energetically advantageous binding sites
for liquid particles to bind to, increasing the attraction of the liquid bubble to the
surface. For low SFE substrates the opposite is true, with the lack of binding sites
the bubble is effectively repelled by the surface.

Contact angle goniometry is highly dependent on the liquid used. Deionized
water is commonly used, and when water is in question, the surfaces are said to
be hydrophilic if the contact angle is < 90◦, hydrophobic for angles > 90◦ and
superhydrophobic for angles > 150◦. [22].

(a) Hydrophilic (b) Hydrophobic (c) Superhydrophobic

Figure 7: Illustrations demonstrating differing water droplet contact angles.

Contact angle goniometry is a collection of methods to measure said angle. In
the case of this work, the measurement was done optically. In the measurement
set-up used in this work, water was applied via a nozzle on the substrate, and a
photo was taken with a camera mounted on the side. From the photo the angle can
be measured using machine vision.

In addition to the static measurement a dynamic contact angle measurement was
made by injecting water to the already formed droplet, and measuring the enlarging
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water droplet contact angle, called advancing contact angle. After this, the same
nozzle was used to draw water from the droplet, shrinking it, and measuring the
receding contact angle. The difference between the advancing and receding contact
angles is called hysteresis, which can be used to quantify surface roughness, porosity
and inhomogeneous contamination of the surface [23].

In the scope of this work, contact angle goniometry was used to measure the
properties of the anti-sticking layer deposited on NIL stamps.

3.2 Lithography
Lithography is a collection of methods to generate and transfer patterns onto sub-
strates. These patterns are necessary for many applications. Lithography is typically
carried out by first applying a photoresist to the surface of a substrate. The resist
is then patterned and used either as a permanent structure, or as a soft mask to
pattern subsequent processing steps.

For lithographic processes important properties are resolution and speed, which af-
fects throughput. Resolution is quantified through the minimum resolvable linewidth,
also known as half-pitch. This is the minimum distance that two patterned lines can
be separated from each other.

Radiation based lithography processes can be roughly divided into two types,
direct write and mask using techniques. In direct write methods the pattern is written
directly on the substrate, using for example a laser or electron beam. Direct writing
can be used to draw a photomask. The pattern can be then transferred by exposing
the whole substrate, with the mask blocking the radiation selectively.

Direct writing is better suited for prototyping, where the pattern can change
frequently, and fabricating masks can be time consuming and expensive. It is also
possible to reach a smaller linewidth than when using masks, especially when using
electron beams.

Using photomasks has the advantage of much greater speed, as the whole pattern
is drawn in a single run, which typically takes seconds or minutes at most. This is of
great importance for mass production, for which direct writing is not suitable.

3.2.1 Photoresist

Photoresists are photosensitive materials that are used in lithography. These materials
react with exposure to electromagnetic radiation or accelerated electrons, changing
their chemical properties in a way that can be used to pattern the resist.

There are two types of resists available, positive and negative. A positive pho-
toresist becomes soluble in a developer from exposure. For negative resists, the
opposite is true, with the resist being soluble and becoming insoluble from exposure.
There are also so called image reversing resists, which can change their polarity with
additional baking and exposure steps.

Resists have differing levels of sensitivity. This is the minimum exposure energy, or
exposure dose (unit mJ

cm2 ), needed for proper patterning. For thicker films more energy
is needed, with exposure doses ranging 100–3000 mJ

cm2 for 1–20 µm resist thickness.
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Higher sensitivity leads to faster drawing times which is important especially for
direct write methods.

Resist consists of three main components: a base resin, photoactive compound
(PAC) and a solvent. The base resin determines most of the physical properties
of the resist, such as resistance to etching or thermal and optical properties. For
positive resists a common base is phenolic novolak, and for negative resists a common
base is epoxy. The second component is a photoactive compound, which makes
the resist sensitive to radiation, for positive novolak based resists, this is commonly
Diazonapthoquinine (DNQ) which inhibits solubility before exposure. For negative
epoxy based resists the compound is a photoacid or free radical generator, that causes
cross-linking in the resist when exposed. The base resin and PAC are dissolved in
solvent, and the ratio of solvent to other parts controls the viscosity of the solution.

Contrast is the difference between exposed and unexposed regions of resist after
development, as is closely linked to profile, which is the cross-sectional shape of the
developed resist film. The sidewalls of developed resist are rarely exactly vertical,
but usually form a slope of about 85–89◦, with the slope of the resist usually being
the same as the polarity.

Figure 8: Photoresist polarity: Positive resist exhibits a positive slope (left), negative
resist a negative slope (right).

Resist is typically applied via spin coating. In this method a drop of liquid resist
is applied on the substrate, which then is spun, spreading the resist to a thin film
with centrifugal forces. The film thickness d is proportional to its viscosity η and
spin speed ω according to equation [24]

d ∝
√

η

ω
. (12)

Resist thickness varies from 100 nm up to 50 µm. Depending on the resist, it might
also need to be heated in an oven or a hotplate to drive out excess solvent. This is
called a pre-exposure or soft bake.
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3.2.2 Optical lithography

Optical lithography, also known as photolithography or UV lithography is a common
method of pattern transfer used in the semiconductor industry. In this method
photoresist is applied on the substrate and selectively exposed through a photomask.
After exposure the resist is partially dissolved in a developer, leaving a patterned
resist that can be used in subsequent steps. After the processing steps the resist is
usually stripped.

Basic lithography process

In this section the lithography process is described in more detail using a example
where lithography is used to pattern a dry etch.

1. Clean and preparation: The substrate needs to be prepared before a lithography
step to ensure it is clean and in a known condition. The substrate might need
cleaning from contaminants, particles and also possibly a native oxide.
Cleaning can be done using wet processes. Examples of these are immersion in
hydrofluoric acid (HF) to remove native oxide or sulphuric acid-peroxide mix
(SPM) to remove organic contaminants. Oxygen plasma is another common
method of substrate cleaning.
After cleaning the substrate is prepared by first putting it in oven to remove ab-
sorbed water (baking) and depositing hexamethyldisilazane (HDMS) (priming)
to make the surface hydrophobic. This will protect it from water absorption
and promote photoresist adhesion. These steps are shown in figure 9.

(1) Cleaning and oxide removal (2) Bake and prime

Figure 9: Substrate preparation.

2. Photoresist application: Resist is spun coated on the substrate, and a soft bake
step is usually needed. These steps are shown in figure 10.

3. Photomask alignment: A mask aligner is used to align the patterns of the
photomask to the substrate. Alignment markers in the substrate and mask are
used to for proper positioning of the mask. The mask is moved close to the
substrate to maximize the resolution.
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(1) Resist drop (2) Spinning (3) Soft bake

Figure 10: Resist application via spin-coating.

4. Exposure: The substrate is exposed through the aligned mask, using the mask
aligner’s light source. The photomask occludes parts of the substrate, so only
the exposed portion will receive an exposure dose. The photoresist will react
to the radiation with the exposed parts, for a positive resist, becoming soluble
in the developer. For negative resist the inverse will happen. The mask aligner
lamp light intensity Iuv and exposure time texposure determine the exposure
dose D as shown by

D = Iuv · texposure. (13)
Some photoresists require a post-exposure baking step to make the resist soluble.
Photomask alignment and exposure are shown in figure 11.

Figure 11: Photomask alignment and exposure.

5. Development: After exposure the soluble parts of the resist are removed using
a developer. Positive resists react with light to form carboxylic acid, which
is cleared away using an alkaline solution, typically tetramethyl ammonium
hydroxide (TMAH). For negative photoresists the exposed sections are cross-
linked and made stable, after which the unexposed parts are removed using
solvents. Development time and developer temperature have an effect on
resolution and patterned resist profile. In the example process a positive resist
is used. The development step is shown in figure 12.
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Figure 12: Photoresist development.

6. Subsequent process step: The patterned resist can be used as a soft mask for
many processes, including dry or wet etching, ion implantation, moulding or
lift-off. In this example a dry etching process is made, in which the resist acts
as a mask, protecting parts of the substrate from the etching plasma. The dry
etching step is shown in figure 13.

Figure 13: Example subsequent process step: dry etching with soft mask.

7. Resist strip: After the resist has carried out its duty and is no longer needed,
it will usually be removed. Both wet and dry methods for stripping resist
are used, with acetone and sulfuric acid being examples of wet, and oxygen
plasma an example of dry methods. What technique to use depends on the
resist applied, previous process steps, and already deposited materials on the
substrate. This step is visualized in figure 14.

Figure 14: Resist stripping after lithography is finished.

3.2.3 Electron beam lithography

Electron beam lithography is a direct write method in which patterns are exposed
using a focused electron beam. The process works in a similar way as with optical
lithography, with the exposure happening with to electron beams instead of UV
radiation.
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Most of the functionality needed for EBL is already present in scanning electron
microscopes. The important addition is a beam blanker, which is a device which
diverts the beam away from the target when no exposure is required. As a result
of this, many SEMs have EBL functionality and EBL devices can also be used as a
SEM.

Electron beam lithography can achieve sub–10nm resolution [25]. Due to the
single beam drawing it is inherently very slow in comparison to other lithography
methods and cannot be run in parallel.

EBL requires a high quality electron source and optics in order to create a small
beam spot for high resolution. There are also several mechanisms which worsen the
resolution disregarding the beam spot size. Firstly, the electrons in the beam itself
will repel each other via Coulombic interactions, which will widen the spot size.

The primary electron beam interacting with the resist and substrate causes the
areas outside the pattern to receive an exposure dose. This is limits the patterning
resolution and is called the proximity effect.

When the electron beam hits the resist, the electrons will collide with the molecules
in the resist, undercutting the non-exposed area, in a phenomenon called forward
scattering. A portion of the electrons will also hit the layer underneath the resist
and ricochet back into the resist, causing excess exposure to an area in micrometer
scale [26], this is called backscattering.

The electron beam ionizing resist molecules can also produce low energy secondary
electrons, which can widen the exposure in a range of a few nm and can limit the
resolution.

Finally, since electrons are charged particles, they can electrostatically charge the
substrate, especially if the target is insulating. In this case the charged area will repel
electrons due to Coulombic forces, widening the exposed area. Resist development
conditions also have an effect on the pattern quality, with lower temperatures
increasing resolution [27].

The electron beam can only be deflected 100–1000 µm, and when drawing larger
areas than that, the stage holding the substrate will need to be moved. This leads
to pattern placement misalignments called stitching errors which range from sub-10
to around 100 nm [28].

Current (unit A) is the rate of electrons being emitted by the electron gun. A
certain amount of electrons are needed to expose the resist, so higher current will
lead to a faster writing speed. However a beam with a higher current is harder to
constrict, increasing the beam spot size, and worsening the resolution.

Voltage is the potential difference the electrons are accelerated with in the electron
gun. Higher voltage means more energetic electrons that travel faster. This will
mean a smaller beam spot size, as the electrons have less time during transit to repel
each other, but also more problems with different scattering mechanisms [29].

Another process parameter is the exposure dose(unit µC
cm2 ). This is the amount

of charge transmitted to an area, and can be calculated as a function of current I,
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exposed area A and exposure time t as shown in

D = It

A
. (14)

This parameter shows how large a charge the exposed areas will receive. The needed
dose is determined by the sensitivity of the used resist. Increasing the dose will lead
to longer exposure times, which will in turn decrease the drawing speed. If the dose
is too small, the resist might not be fully exposed, leading to a distorted pattern.
Also with small exposure doses the relatively sparse electron density can lead to
statistical shot noise which again distorts the pattern. Too large a dose will lead to
overexposure and possible undercutting of the developed resist profile [30].

3.2.4 Nanoimprint lithography

Nanoimprint lithography is another method for transferring patterns onto a substrate.
The first step, as in other lithography methods, is to deposit a layer of resist on the
substrate. After this, the resist is heated up to above its glass transition temperature,
to increase its viscosity for increased flow to the stamp features. The resist is then
patterned by pressing a stamp or mould with the desired pattern onto it, making the
resist flow into the cavities and out from the protrusions of the stamp, copying the
features in mirror image. After imprinting, the resist is cured by either decreasing
temperature, for thermal NIL (T-NIL) or UV light, for UV-NIL. After the resist has
set, the stamp is detached (de-moulding) from the substrate, leaving the patterns
set to the resist. After this step, the substrate still has a residual layer of resist in
the sections of the pattern that should be exposed. This residual resist is removed,
typically using anisotropic plasma stripping. These steps are presented in figure 15

The two different imprint techniques differ in the method of curing the resist. In
thermal NIL, the resist used cures thermally by cross-linking in higher temperatures.
In UV-NIL, the resist is cured by UV radiation, as in UV lithography. This type
of NIL requires a stamp transparent in the UV region, commonly fabricated from
quartz.

The NIL process type chosen for this work was thermal NIL. This was mostly
due to the relative ease of silicon processing in comparison to quartz, which as a
nonconductive material is harder to pattern with EBL.

In T-NIL, the imprinting process starts with heating up the stamp and substrate
to above the resist glass transition temperature Tg. After this, the stamp is pressed
against the resist with a set force. After sufficient time for the resist to flow into the
features of the stamp has passed, the stamp is detached. The detachment happens
by first cooling the substrate and stamp below Tg and lifting the stamp. This imprint
cycle is presented in figure 16.

Stamps for T-NIL are made from materials that can withstand the pressures and
temperatures in NIL. Silicon is commonly used, due to the amount of techniques
available for fabrication. Metal stamps, for example nickel are also used. The stamps
are patterned using other lithography techniques, and for the stamps made in this
work, the grating patterns were made using EBL, and the mesa to protrude them
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Figure 15: Nanoimprint lithography process steps.

from the base of the stamp was patterned using UV lithography. The stamps wear
out in use, so a steady supply of stamps is needed for continuous production. To
make the stamp fabrication cheaper, it is possible to make a master stamp that is
used to pattern the actual stamps used in production.

t

Tg

Imprinting
Demoulding

Temperature
Force

Figure 16: Graph visualizing an example NIL imprint cycle.

The resist used in T-NIL has specific requirements in comparison to other lithog-
raphy methods. The applied resist layer needs to be highly uniform in thickness
and adhere well to the substrate. During imprinting, the resist needs to be very
viscous, and the temperature and pressure expansion coefficients should be as small
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as possible. Poly-methyl methacrylate (PMMA) is a common base for NIL resists.
The applied resist thickness needs to be optimized for the stamps: the resist layer
needs to be thicker than the stamp pattern depth, so the stamp won’t make direct
contact with the substrate, but the residual layer after imprinting should be as thin
as possible.

NIL resolution is not directly limited by scattering or diffraction mechanisms,
but with the resolution of the stamp fabrication process, and sub-10nm resolution
has been demonstrated [31].

In the context of this work, NIL was used to pattern the plasmonic gratings.

3.3 Etching
Etching is a method of removing material from a specimen. Often etching is masked
so only certain parts of the substrate are removed, with the rest being protected by
the mask, which is called soft when resist is used, or hard for other materials.

There are two types of etching: wet and dry. Wet etching is performed by
immersion or spraying the substrate with a liquid etchant. For silicon, typical
chemicals used are potassium hydroxide (KOH), mixtures of nitric and hydrofluoric
acids, and TMAH. Advantages of wet etching are the relative simplicity of the
method and equipment needed, and large batches of wafers can be processed in one
run in a process tank.

Dry etching uses etchants in a plasma or gaseous state. Fluoride, bromine and
chloride etch silicon, and they are usually inserted in the process as a part of a
molecule, which is then ionized or dissociated by means of a strong electromagnetic
field. Dry etching has the advantages of easier automation, better repetitiveness and
less contaminants.

Etch rate is the distance etched in a unit of time. The rate depends on the etching
process and the material being etched. Since etching is often a chemical process,
temperature has an effect on both wet and dry etch rates. Differing etch rates for
different materials in the same process leads to selectivity, which is the ratio of the
etch rates for the different materials. High selectivity is advantageous when doing a
masked etch, as the mask material will also be etched, and with higher selectivity
the mask can be thinner.

Etch profile is an important factor for many fabrication processes. An isotropic
profile spreads as a spherical wave, producing a semi-sphere shaped cavity when
etching through a hole in a mask. An anisotropic etch does not, and can make
vertical or almost vertical etch profiles. Most wet processes produce an isotropic
etch, but it is possible to do anisotropic etching by for example using the crystalline
structure of silicon and KOH, with the etch rates varying from one lattice direction
to the other. Dry etching processes can make both types of profiles by adjusting the
process parameters, but absolutely vertical sidewalls can be hard to achieve.

In the experimental work done for the thesis, all of the etching was carried out
using reactive ion etching, a type of dry etching.



31

(a) Isotropic (b) Anisotropic

Figure 17: Visualization of etch profiles with the etching directions shown with
arrows.

3.3.1 Reactive ion etching

In RIE, etchant gases are brought in a low pressure reaction chamber and a plasma is
formed by applying a strong radio frequency (RF) electromagnetic field. The etchant
molecules are broken up in the plasma via ionization, excitation and dissociation
mechanisms, forming ions and excited neutrals, both of which are important for
etching. The platen holding the specimen is connected to the plasma forming
electrode, leading to charged ions striking the specimen at high energies.

The etching occurs via with two separate mechanisms: physical and chemical.
Physical etching, also known as sputtering, is due to ions with large amounts of
kinetic energy impacting the surface and ejecting particles. This type of etching is
anisotropic, but has lower selectivity.

Chemical etching happens due to ions and radicals reacting chemically with the
sample surface. The chemical bonds created by the reactions need to be stronger
than the bonds keeping the substrate particles bound together in order for etching
to occur. This limits the etch chemicals that can be used, for silicon etching can be
performed using amongst others fluoride, bromine and chlorine. The bonds between
silicon oxide molecules are stronger than that of silicon to silicon, leading to more
resistance towards chemical etching. This can be used as an advantage by using the
oxide as a hard mask.

The etch rate is dependent on process parameters and substrate material. The
total etched area also has an effect on the etch speed, as etchants are consumed in
etching. This is called the loading effect. Different platens also affect the loading
of the etch. It is also possible to load the etch by inserting completely exposed
substrates called dummies in the reaction chamber in addition to the actual specimen.
This can be used to change the selectivity and etch rates of the process, amongst
other properties. If the pattern density varies, so does the etch rate , with denser
patterns being etched slower. This phenomenon is called the microloading effect [32].
The etch rate is also reduced when etching high aspect ratio trenches, as less etchant
particles reach the bottom of the etched trench. This is called RIE lag [33].
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3.4 Metal thin film deposition
Thin layers of metals are deposited on the silicon substrate in order to gain plasmonic
effects. Two methods of physical vapour deposition (PVD) were used, evaporation
and sputtering. All the deposition work for the thesis was carried out by Nagarajan
Subramaniyam and Jonas Ylönen, with the author doing characterization.

Thin film deposition is executed on the whole sample at once, and if selective
deposition is needed, another method, such as lift-off, is used in addition to remove
portions of the layer.

An important process parameter for thin film deposition is the deposition rate.
Higher deposition rates are advantageous when depositing thicker films, but if film
thickness tolerances are small, a slower deposition rate can be needed. Purity of
the deposited film is also important, and is dependent on the purity of the source
material and the quality of the vacuum in the deposition chamber.

Film quality is an important metric for characterization of deposited films. Con-
formality, also known as step coverage, describes how well the deposited film conforms
to the contours of the substrate. It is defined as the ratio of the film thicknesses of
the sidewall and top surface.

(a) Poor (b) Good

Figure 18: Thin film deposition step coverage: poor step coverage leaves the sidewalls
uncoated.

Deposited metal often first condense into droplets, onto which more metal particles
then aggregate, forming metal grains. The grain size of the deposited film is a metric
describing this. The granularity of the film also has an effect on the electrical and
mechanical properties of the film, the porosity of the film and also it’s roughness.
Roughness is commonly presented as the root mean square (RMS) value of the
measurement.

The deposition process can usually be monitored in situ, typically with a quartz
crystal microbalance (QCM) or ellipsometry, but other methods exist. When moni-
toring with a QCM, the piezoelectric crystal is oscillated by applying a voltage, and
the resonant frequency measured. Then when the mass of the crystal changes as
material is deposited on it, the resonant frequency shifts, which then can be used to
calculate film thickness [34].
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3.4.1 Evaporation

Metals and dielectrics can be deposited using evaporation. In this method the sample
is put in a reactor chamber, which is pumped to a high vacuum. Inside the chamber,
there is a source material, from which particles are evaporated. There are two
primary means of mobilizing source particles: thermally, by heating the source with
a electrical resistive heat element, or with electron or laser beam.

The source metal is usually held in a heat resistant crucible or boat structure
in the bottom of the chamber. The relatively cool substrate is held inverted on top
of the source, so the rising hot source material vapour will deposit on it and the
chamber walls.

Deposition rates are typically low, in the 0.1–1 nm/s range. Step coverage is poor
due to the line of sight pathways the source particles take from source to sample.
The depositing source particles have low energy, which results in little damage to
the substrate or the deposited film due to bombardment [35].

Metals with low melting points are easy to evaporate, but refractory materials
might need a e-beam for vaporization. In addition to this, alloys and compound
materials typically decompose when vaporizing which excludes most of them from
use.

In the scope of this work evaporation deposition was used to deposit silver and
gold on grating samples.

3.4.2 Sputter deposition

Sputtering is a phenomenon where particles are removed from a target material by
bombardment with energetic particles. The removed particles can then be transported
and deposited onto the substrate, forming a film.

The energetic particles impacting the target are typically generated by exciting a
gas or creating a plasma. The gas used is usually argon. The high energy positively
charged ions strike the negatively biased target material, transferring a portion of
their momentum to a target molecule, which subsequently transfers it to another
molecule, creating a cascade effect. The cascade can take a path back to the surface
of the material and eject a particle. Particles can eject if the transferred energy is
larger than the surface binding energy keeping the particle in place. This process is
called sputtering. The sputtered target particles are transported to the positively
biased substrate at a high energy and deposited with high energy collisions in a
process called resputtering.

In comparison to evaporation deposition, sputtering is able to produce higher
deposition rates of 1–10 nm/s. Step coverage is better than with evaporation with
the target particles taking nonlinear pathways to the substrate [35]. Due to the high
energy deposition process, damage to the target may occur. Sputtering has similar
kinds of issues with material selection as evaporation, with refractory materials being
more difficult to deposit.

In the context of this work, sputtering was used to deposit silver and gold on
grating samples.
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Figure 19: Metal thin film physical vapour deposition methods.
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3.5 Atomic layer deposition
Atomic layer deposition (ALD) is another method for depositing thin films. In ALD,
the substrate in exposed to a precursor A, which chemisorbs with the surface, forming
a conformal monolayer when all reaction sites on the substrate are occupied and thus
saturation is reached. The precursor cannot bind to itself, so the film thickness is
self-limited. Precursor A is then purged from the reaction chamber by pumping and
flushing with an inert gas and another precursor, B, is brought to the chamber. The
precursor B deposits another monolayer on top of the previous one, but as before,
is growth limited because it doesn’t react with itself. Precursor B is then purged
and the precursor A is reintroduced, looping the process back to the beginning. The
deposit-purge-deposit-purge steps are called the ALD cycle, and the desired film
thickness can be set by the amount of cycles.

Substrate
(1) (2) (3)

Figure 20: Atomic layer deposition cycle: Precursors A (red) and B (blue) are
alternated and deposited in turn.

There are a multitude of ALD precursors available, in solid, liquid or gas states.
The basic requirements for a precursor are high reactivity with the substrate surface
and also with the other precursor used, to ensure a feasible deposition rate. Thermal
stability and the different combinations the precursors can form also need to be taken
in consideration. Precursors can be roughly divided in two groups; non-metal and
metal, with different behaviours. Non-metal precursors are typically hydrides, such
as H2O or NH3. Metal precursors can be halides, alkyls or alkoxides. The reactivity
of the precursors can be increased by using heat, plasma or catalysts. [36].

As an example ALD process the deposition of aluminium oxide (Al2 O3) is
described: The process starts with trimethylaluminium (TMA, Al2 (CH3)6) reacting
dissociatively with the substrate surface hydroxyl (OH– ) groups, releasing gaseous
methane (CH4) and forming a layer of Al(CH3)3 on the surface. After reaching
saturation and the subsequent purging of TMA, water vapour is brought to the
chamber. The water reacts with the CH3 ligands, forming CH4 which is again released
as a gas, leaving behind Al2 O3 and also forming new surface hydroxyls to which
TMA can bind to in the next cycle [37].

The advantages of ALD include the high degree of precision and reproducibility in
film thickness and quality. With a suitable process deposition can also be performed
in low, even room temperature.

Disadvantages include very slow deposition rates that are around 1 Å/cycle, and
the cycle duration is dependent on the reactor design and the precursors, making
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practical deposition rates 100–300 nm/h [38]. This means ALD is not suitable
for depositing thick films. For arbitrary precursors and substrates, it can also be
challenging to find a working ALD process, especially when depositing single-element
materials. The precursors also need to be of high purity, which drives costs up [39].

In the context of this work, ALD was used to deposit anti-sticking perfluorooctyl-
trichlorosilane (FOTS) as well as dielectric aluminium (Al2 (CH3)6) and titanium
oxide (Ti O2) layers.

3.6 Anti-sticking compound deposition
To minimize the risk of resist sticking to the stamp during the nanoimprint process,
the stamp needs to be treated with a anti-sticking compound. The deposition process
has strict requirements: the deposited film needs to be uniform and thin, so the
shape of the stamp gratings are preserved. There were two methods used in the work
to achieve this.

The first method of depositing an anti-sticking layer consisting of perfluorodecyl-
trichlorosilane (FDTS) was carried out using a relatively simple and manual method
derived from a publication [40]. In this method, the stamp, cleaned with a piranha
solution and HF, is put in a glass petri dish, which is put on a hot plate heated to
250 ◦C. Which is above the FDTS boiling point of 224 ◦C [41]. The lid of the petri
dish is opened, and a small amount, 10 µl of FDTS per 20 ml of petri dish volume is
injected using a microsyringe, and the lid is closed as soon as possible. The injected
FDTS is vaporized and deposits for two hours on the stamp and petri dish walls.
After the deposition the stamp is flushed with a solvent to remove excess FDTS.

FDTS is polymerized by water, so to minimize the chances of this happening, the
deposition should ideally be executed in a water-free environment, like a hydrogen
glove box. However, due to the unavailability of such an environment, the deposition
was carried out in a fume hood. In addition to this, the removal of excess FDTS
after deposition should be done with anhydrous hexane, but due to this not being
available isopropanol was used.

The second method was executed by using an ALD to deposit a layer of FOTS,
which is a similar chlorosilane to FDTS. This deposition work was carried out by
Sakari Lepikko from the Soft Matter and Wetting group from the Department of
Applied Physics in Aalto University.
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3.7 Fabrication process flow
In this section the processes for fabricating plasmonic nanogratings are described.
There are two differing ways of fabrication, direct writing with EBL, and NIL, with
the process flow having common portions in the beginning and end.

3.7.1 Common process steps for both EBL and NIL

The first process steps are shared by both NIL and EBL patterned samples, with
only minute details in etching depths, and so are presented together, starting from a
fresh piece of silicon. These steps are shown in figure 21.

1. Silicon substrate: The process starts with a fresh piece or wafer of silicon.
The silicon substrate is cleaned using HF, solvents, SPM, RCA cleaning and/or
oxygen plasma. After cleaning the substrate is baked and primed to remove
excess water and promote resist adhesion.

2. Photoresist application: The photoresist for EBL, AR-6200P from AllResist,
is applied on the substrate by spin-coating. After coating, the resist is soft
baked to drive out excess solvent.

3. EBL exposure: The applied resist is exposed to pattern the nanogratings.
This is carried out using a Vistec EPBG–5000pES EBL. There are several
patterns ranging from 300 × 300 nm to 10 × 10 mm in area and with differing
periods and spacings between gratings.

4. EBL development: After exposure, the substrate is immersed in the EBL
developer, AR 600-546. As AR-6200P is a positive resist, the developer removes
the exposed spacing areas of the gratings, opening a window for etching.

5. Grating RIE etch: After development, the grating spacings are etched with
a dry etch. The etch depth is dependent on the purpose of the sample, with
substrates to be made into stamps being etched deeper than those that are
finished in terms of lithography. The etch is executed using Oxford Instru-
ments Plasmalab 80Plus. The recipe for this etch is optimized to produce an
anisotropic vertical etch.

6. Resist strip: After the RIE etch, excess resist is stripped away using the EBL
resist remover AR 600-71 from AllResist and oxygen plasma.

After these steps the sample is ready to have dielectric and metal layers deposited
on it. These steps will be described later, with the steps for NIL stamp fabrication
following.
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Si

(1) Silicon substrate
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(2) Photoresist application
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(3) EBL exposure

Si

(4) EBL development
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(5) Grating RIE etch

Si

(6) Resist strip

Figure 21: Common fabrication steps for EBL lithography and stamp fabrication.
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3.7.2 Stamp fabrication

After the nanograting has been patterned on the stamp, there are subsequent steps
necessary to fabricate the stamp, as the stamp pattern needs to protrude from the
substrate on a mesa. This requires another round of lithography and etching, with
the steps being shown in figure 22.

7. Mesa resist application: Another application of resist is needed for the stamp
mesa patterning. The resist chosen for this task is AZ9260 from MicroChemicals.
This resist was chosen because it produced the thickest layer of resist from the
all the resists available from Nanofab. The application happens in much the
same way as before with spin-coating and a soft bake step.

8. UV exposure: The applied resist is exposed using a printed transparent film
as a mask. This time the exposure happens using UV light with the mask
aligner MA-6 from SUSS MicroTec. The mask is aligned manually to the
patterned gratings on the substrate. The exposure time is long due to the thick
resist.

9. Development: The exposed resist is developed, leaving a soft mask protecting
the grating area but opening the rest of the substrate for etching. The developer
used for this step is AZ 351B from MicroChemicals. As with the last step, the
development takes long because of the thick resist.

10. Mesa RIE etch: The patterned substrate is etched using the same instrument
as before, but with a different recipe. This time the recipe is optimized to have
as good a selectivity against the resist as possible, to ensure a deep etch.

11. Resist strip: After etching, excess resist is removed using solvents and oxygen
plasma.

After these steps the stamp is finished, but needs an anti-sticking layer to ensure
that resist doesn’t adhere to it during imprinting. This is carried out with either of
two methods described in section 3.6.
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Figure 22: NIL stamp fabrication process steps.
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3.7.3 Nanoimprint lithography

The stamp produced in the previous phases is used to transfer the pattern in
nanoimprint lithography. In the process flow, this will replace the EBL resist
application, exposure and development steps (steps 2–4 in section 3.7.1), and continue
similarly from there. The steps for NIL are presented in figure 23.

1. NIL resist application: The NIL resist mr-I 7020R from MicroResist Tech-
nologies is applied on a cleaned and primed substrate. The application happens
similarly as before, with spin-coating and a soft bake step.

2. Imprinting: The stamp is pressed against the substrate with the resist applied,
leaving the imprint of the pattern on the resist. Before imprinting, the stamp
needs to be aligned to the correct position and to the same plane as the
substrate. The imprinting cycle parameters of time, temperature and pressure
need to be optimized to get the optimal result. This step is done using the
nanoimprinting tool NPS300 from SUSS MicroTec.

3. Demoulding: After the resist has flowed in the cavities of the stamp and
cured, the stamp is detached from the resist, leaving behind the transferred
pattern.

4. Residual RIE etch: There is a residual layer of resist remaining after de-
moulding, which needs to be removed using a anisotropic dry etch, in order to
open a window to the substrate for subsequent etch steps.

5. Grating RIE etch: After the residual has been etched, the gratings are etched
in the same way as in section 3.7.1 step 5

6. Resist strip: After the RIE etch, resist is stripped in a similar way as in
section 3.7.1 step 6.

3.7.4 Thin film deposition

After the lithography and etch steps are finished, the substrates are covered with a
dielectric and metal layers. These steps are presented in figure 24.

1. Metal thin film deposition: A layer of gold or silver is deposited on the
substrate for plasmonic effects to occur. Before the metal layer, a thin adhesive
layer of titanium is deposited. The actual metal layer is deposited on top of
the titanium using evaporation or sputtering.

2. Dielectric deposition A layer of aluminium oxide (Al2 O3) is deposited on
top of the metal in order to passivate it and prevent a metal oxide from forming.
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Figure 23: Nanoimprint lithography process steps.
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(1) Metal thin film deposition
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Figure 24: Post lithography thin film deposition process steps.
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4 Results
In this section, the results of the experimental work are presented.

4.1 Electron beam lithography parameter optimization
The EBL process for patterning the gratings for both direct writing and the NIL
stamp fabrication was optimized with the goal of the fastest patterning speed, whilst
keeping the pattern quality acceptable. The drawing time is inversely proportional
to the exposure dose, and directly to the current used, as shown in equation 14.
In addition to the time consumed by the exposure itself, more time is used by the
EBPG for calibrating the electron beam, moving the stage, etc.

The first experiment made was a test to see which combinations of current and
exposure dose are feasible. For this experiment, 4 × 4 gratings were patterned, with
the exposure dose varied from 200 to 350 µC/cm2, in 10 µC/cm2 steps. Four of these
grid patterns were made, with differing currents: 1, 3, 10 and 20 nA. A single grating
area was 300 × 300 nm. After exposure, the patterns were developed in a standard
way: 1 minute immersion in the developer AR 600-546, followed by a IPA rinse
of 30 seconds. After this, they were etched 30 seconds with a old legacy etching
recipe repurposed from an earlier project described in section 4.2. After the etch, the
residual resist was removed by immersion in the resist remover AR 600-71 overnight,
followed by 10 minutes agitation in an ultrasonic bath, and finally a IPA rinse of 30
seconds. The sample was then characterized using AFM and SEM. AFM scans from
this experiment are shown in figures 25–28. The scan size for all of the images is
1 × 1 µm.

200 µC/cm2 220 µC/cm2 240 µC/cm2 260 µC/cm2

280 µC/cm2 300 µC/cm2 320 µC/cm2 340 µC/cm2

Figure 25: Exposure dose test: 1 nA current, AFM scan size 1 × 1 µm.
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200 µC/cm2 230 µC/cm2 260 µC/cm2

290 µC/cm2 320 µC/cm2 350 µC/cm2

Figure 26: Exposure dose test: 3 nA current, AFM scan size 1 × 1 µm.

200 µC/cm2 230 µC/cm2 260 µC/cm2

290 µC/cm2 320 µC/cm2 350 µC/cm2

Figure 27: Exposure dose test: 10 nA current, AFM scan size 1 × 1 µm.

From the results of this experiment, it can be seen that with 1 nA (figure 25),
all exposure doses seem viable, but with 3 nA (figure 26) current, 200 µC/cm2 is
showing signs of distortion. This is exacerbated in larger currents, with the 10 nA
(figure 27) test showing bridges forming between gratings. In the 20 nA test (figure
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200 µC/cm2 230 µC/cm2 260 µC/cm2

290 µC/cm2 320 µC/cm2 350 µC/cm2

Figure 28: Exposure dose test: 20 nA current, AFM scan size 1 × 1 µm.

28) the pattern drawing is completely failed with 200 µC/cm2 exposure dose, and
the pattern is visibly distorted also at 230 µC/cm2. Based on the results, the EBL
process parameters were chosen to be 20 nA current with 280 µC/cm2 exposure dose.
This was deemed to have a combination of fast exposure time and a reasonable
safety margin with the grating being patterned accurately enough for the purposes
of fabricating plasmonic nanogratings.

This first test with small patterned areas was followed by more samples with the
grating size increased. Tests were carried out with a square area with the side lengths
varied from 1–5 mm in 1 mm increments. In addition to these samples, samples
with 10 mm side lengths were patterned. The purpose of these experiments were to
determine the EBL patterning time with large area structures. The EBL process
was executed in the same way as before, but O2 plasma ashing was used in addition
to wet methods for resist removal to ensure better quality resist stripping. The EBL
parameters were 20 nA and 280 µC/cm2.

The EBL patterning times for the fabricated samples are presented in table 1. In
the table the fill rate is defined as the grating spacing divided by the period. This is
included due to the spacings between the gratings being the portion of the pattern
that needs to be exposed. Multiplying the area with the fill rate gives us the total
exposed area, also included in the table.

This data is plotted with a trend line in figure 29. Assuming a linear dependence,
the trend line coefficients give us an estimate on the drawing time as a function of
the grating area to be patterned, presented as

texposure = tcalibration + αFAtotal. (15)
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Table 1: Electron beam lithography exposure times with 20 nA and 280 µC/cm2.

Area Period Grating width Spacing Fill rate Exposed area Time
mm2 nm mm2 hh:mm:ss
1

250 150 100 1/3

0.33 1:24
4 1.33 5:38
9 3 12:40
16 5.33 22:27
25 8.33 35:08

100
300 200 100 1/3 33.33 2:04:20
350 200 150 3/7 42.86 2:41:07
400 250 150 3/8 37.5 2:21:54

Where tcalibration = 99.37 s, α = 223.31 s/mm2, F is the fill rate and Atotal the total
area of the grating.
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Figure 29: EBL exposure time plot with trend line plotted, process parameters 20 nA
and 280 µC/cm2.

In a broader inspection of the patterned samples, there are definite stitching
errors that can be seen in the pattern. These stitching errors occur in a grid pattern
with a size of ca. 1 × 1 mm, and are not visible in smaller gratings. SEM and AFM
images of the stitching are presented in figure 30.
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Figure 30: SEM scans displaying EBL stitching errors.

The results show stitching errors as large as 110 nm, which are much larger than
the EBPG manufacturer specification of 11–17 nm. The errors also propagate in NIL
to the imprinted patterns. However, as these errors had little apparent effect on the
surface enhancement of the gratings, there was no work performed to minimize them.
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4.2 Nanograting etching
For the first nanograting etching test, a set of 3 samples were patterned with EBL
and developed. These samples had 300 × 300 nm grating areas patterned, with the
period being varied from 150 to 500 nm in 50 nm steps. The EBL process parameters
were 1 nA current and 280 µC/cm2 exposure dose. After etching, the residual EBL
resist was removed with the AR 600-71 remover and rinsed with IPA. AFM was
used to characterize the results of the etch.

The etching for both the stamps and direct EBL gratings were carried out using
a Oxford Instruments PlasmaLab 80plus RIE. The first etch experiments were
executed using a legacy etch recipe using 12.5 SCCM (Standard Cubic Centimetres
per Minute) of SF6, 1 SCCM Ar and 3.5 SCCM O2. Etching time was varied from
5 seconds up to 1:30. A Matlab script was written to measure the etching depth,
sidewall angle, grating width and period from profiles measured using AFM. This
script is included as appendix A. The etching depth for RIE etches of 5, 10 and 20
seconds are presented in figure 31.
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Figure 31: Etching depth as a function of grating period using the legacy etching
recipe.

From the etching depth figure it can be seen that for the longest etch time of
20 seconds, the etch depth is limited for grating periods smaller than 400nm. The
reason is speculated to be the lack of anisotropy of the etch recipe, with the smaller
period gratings having the flats from the top of the grating having been etched away.
This phenomenon can be seen in the etch profiles presented in figure 32, with the
20s etch profile being almost sinusoidal in shape.

From the results, it became obvious a new recipe was needed. When fabricating
a NIL stamp, the grating etch needs to be around 200 nm deep, but with the legacy
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Figure 32: Legacy RIE recipe nanograting etch profiles, 250nm period.

recipe, the isotropic etch limits the profile beyond usability.
To solve the problem, an RIE etch recipe was asked from Oxford Instruments.

The new recipe had 50 SCCM of CHF3 and 15 SCCM of SF6.
To test the new recipe, a set of three samples were fabricated. Each of the samples

were patterned with EBL (20 nA current and 280 µC/cm2 exposure dose) with 6
gratings whose period being varied from 250 to 350 nm in 20 nm increments. After
patterning, the samples were etched with the new recipe for 1, 2 and 3 minutes, and
characterized using AFM. The results of this experiment are plotted in figure 33 and
presented in table 2.

The results of the test suggest that the new recipe is more anisotropic than the
old one, as the period of the grating has little effect on the etch depth.

However, due to to the near vertical sidewalls and narrow spacings of the nanograt-
ings, AFM is not the best tool for characterization, so a 2 minute RIE etched sample
was diced and a cross-sectional SEM image was taken, shown in figure 34.
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Figure 33: Etching depth as a function of grating period, new etching recipe.

Table 2: Nanograting etch results with the new recipe.

Etch time Depth [nm]
1 min 53.8 ± 0.48
2 min 90.0 ± 0.70
3 min 114.7 ± 3.23

Figure 34: A cross-sectional SEM image of gratings etched with the new nanograting
etch recipe exhibiting near vertical sidewalls.

4.3 Mesa etching
The NIL stamp mesa etch required a different type of etch than the nanograting one.
This is mostly due to the fact that the mesa needed to be etched at least 15 µm deep,
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in order for the base of the stamp not to come in contact with the substrate during
imprinting.

To achieve this, a thick photoresist layer was needed. The resist that was used
for this was AZ 9260 from MicroChemicals GmbH, as it was the resist that could be
spin-coated to the thickest layer out of the resists available. The resist application
parameters are shown in table 3.

Table 3: AZ 9260 usage parameters.

Spin coat 2000 rpm for 60 s
Soft bake 110 ◦C for 165 s
Exposure 60 s
Development 7–20 min

With these parameters, an about 10 µm thick resist film was deposited. The
thick resist needed an extensive exposure and development process, for which a series
of samples were made. In these experiments, the resist was first applied with the
parameters in table 3, after which the sample was exposed, starting from a 5 second
exposure up until a full minute, in 10 second intervals. After exposure the sample
was developed in a process tank containing the developer AZ 351B, and monitored
in situ. The results of these tests showed that it required a full minute of exposure
for the resist to be properly exposed, and this was the exposure time used from then
on in all tests.

With the exposure done, the development time has a large variation because
the potency of the developer varied. With fresh developer in the tank, development
would occur in about 7 min, but with an old solution, development could take even
more than 20 min. To have better reproducibility it is recommended to always use
fresh developer, but this will lead to increased chemical consumption.

To pattern the mesa, a photomask was needed. The mask was simple, with only
a 5 × 5 mm square to block the exposure of the mesa.

An attempt was made to print a mask with an office laser printer on a transparent
film, but the results were poor. This was due to the printed square not being opaque
enough, and the resist was being exposed through it. After this failure a proper mask
was ordered from Micro Lithography Services Ltd. This mask was also printed on a
transparent film, but using better equipment. The same mask was used in all the
mesa exposures, and at some point a hole formed in the print, which propagated into
the mesa as a pinhole, the SEM scan of which is shown in figure 35.

The mesa for the stamp was etched using a Oxford Instruments PlasmaLab 80plus
RIE. The etch requirements were high selectivity and silicon etch rate, but other
properties, such as isotropy and sidewall profile were not important. An RIE recipe
with these properties was asked and received from Oxford Instruments. The mesa
etch recipe used 60 SCCM of SF6 and 20 SCCM O2.

After the preparatory steps, test mesa etches were carried out, first with plain
silicon chips with no other processing. The samples had the resist application,
exposure and development performed in the way described in table 3. The etching
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Figure 35: A SEM image of a pinhole in the stamp mesa, taken in an oblique angle.

time was varied 10–40 min in 10 min increments. In addition to this, both the quartz
and graphite platens were used, and a dummy wafer was used with the graphite
platen. The etched mesa structures were characterized using a profilometer, and
measurements were taken before and after the resist stripping, to see the residual
resist layer thickness after etching. The results of these experiments are shown in
table 4.

Table 4: Results of the mesa etch experiments.

Time Platen Dummy Etch depth [µm] Etched
[min] Before After strip through

20 Quartz ✕ 12.5 11.7 ✓

10

Graphite

✓ 13.5 5.5 ✕

20 ✓ 18.7 12.8 ✕

30 ✓ 23.3 18.7 ✕

40 ✓ 24.9 n/a ✓

From these results, it can be seen that etching with a quartz platen and no
dummy wouldn’t work, as etch had already gone through the resist in a 20min etch,
with the resulting mesa being still under the required depth. Using the graphite
platen with a dummy wafer, much better results were reached. The 10 and 20 min
etches had still the resist intact, but without the required depth. The 30 min etch
was deemed to work for the mesa etch, as it had both the required depth and the
resist was still intact. With 40 min, the resist had been etched away, and the profile
of the mesa after etching was too rough to get an accurate measurement.

For further analysis, the etches made with a graphite platen and dummy were
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plotted in figure 36. Trend lines are included as dashed lines, and their coefficients
are presented in table 5, where dmesa and dresidual are the depth of the mesa etch and
thickness of the residual resist, respectively, and tetch the etching time, in minutes.
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Figure 36: Mesa etching results plotted with trend lines.

Table 5: Mesa etch graph trend line coefficients.

Before strip dmesa = 0.388 tetch + 10.4
After strip dmesa = 0.66 tetch - 0.9
Resist residual dresidual = -0.17 tetch + 9.57

From the coefficients of the trend lines the different etch rates for silicon and
resist can be estimated, as 0.66 µm/min for silicon and 0.17 µm/min for resist. With
these estimates, a selectivity of 1:3.9 for resist and silicon can be calculated.

From these results, it was deemed that a 30 min etch with the graphite platen and
a dummy wafer to load the etch was the optimal process. The results suggest that
longer etches should be possible despite the failure of the 40 min etch, which could
be due to possible overdevelopment of the sample or nonuniform etching. However,
the etch times are already quite long, and there is no need for a deeper etch.

After test etches with plain silicon samples were carried out, the mesa etch process
was tested with a sample that had a 5 × 5 mm grating area. The experiment was a
success, with the gratings remaining intact after the process. This was verified by
characterization with AFM and SEM, and cross-sectional SEM figures of a fabricated
stamp are shown in figure 37. It should be pointed out, that the front (camera)
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facing side of the stamp is jagged because of dicing, and also the gratings have a
large amount of particles also due to this.

(a) Profile, with the gratings barely visible on top of mesa

(b) Oblique angle showing gratings on top of the mesa along with debris
from the dicing

Figure 37: Cross sectional SEM images of a fabricated stamp.
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An issue with the nanograting etch was encountered: if the samples to be etched
were placed on top of a dummy wafer instead of directly on the platen, the resist
would prove very difficult to remove. None of the standard solvents in provided by
Nanofab would remove it, nor a long immersion in SPM or HF solutions. O2 plasma
stripping was also tried with no success, and the samples were deemed to be failed.
The reason for the resist becoming irremovable is speculated to be heat build-up
leading to thermal cross-linking, due to inhibited thermal flux to the platen through
the dummy silicon.

A photograph of a fabricated stamp is presented in figure 38. The stamp was
illuminated from the side with a torch and the photo was taken with a digital
single-lens reflex camera mounted on a tripod. The colour of the grating is due to
diffraction, and is dependent on the directions of observation and illumination.

Figure 38: Colour adjusted photo of a fabricated stamp, illuminated with a torch.
The base is 15 × 15 mm in size and the mesa 5 × 5 mm.

4.4 Nanoimprint lithography
With the stamp fabrication process finalized and described in sections 4.1–4.3, the
fabricated stamps were used to transfer the pattern to silicon substrates. The
imprinting process parameters were varied and are presented in table 6. These
parameters were taken from the documentation of the resist used, which was mr-I
7020R from Micro Resist Technology GmbH. The NIL resist was spun coated on
the substrate with the default parameters from the data sheet, which resulted in a
200 nm thick film.

The first imprints were performed using a uncoated stamp. The results were
not good, with the gratings being partially imprinted, but with the resist in the
substrate sticking to the stamp and peeling off. The resist also proved difficult to
remove, making the stamps in effect single use. A image, made by stitching together



56

Table 6: NIL experiment process parameters.

Resist mr-I 7020R
Weight 5, 7.5, 10 kg
Time 240–280 s
Stamp temperature 130 ◦C
Substrate temperature 40–50 ◦C

separate images taken with a far-field light microscope is presented as figure 39. The
vertical stripes are due to a recurring background on each stitched image.

This issue was resolved by applying an anti-sticking layer on the stamp, the
details of which are described in section 4.5.

Figure 39: NIL imprint, with the resist having peeled away (light areas) from the
substrate and adhered on the stamp.

The first imprinting issue was compounded by another, which was alignment.
With the stamp structures being around 150 nm in height, and the whole area of the
stamp 5 × 5 mm, the misalignment of the planes of the stamp and substrate can be
only about 1 millidegree on either axis. When the alignment failed, the end result
would be a partial imprint, with less than four corners being imprinted on the resist.
A stitching light microscope image of this is presented in figure 40.

The NIL tool has collimation optics to align the stamp with the substrate. The
main issue was that the collimation outline reflected from the stamp was ill-defined,
possibly due to scattering due to the stamp nanostructure. The collimation outline
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was fuzzy and often a copy of the shape was superimposed in the image. Through trial
and error, the alignment issue was minimized, with all four corners being imprinted.

Figure 40: NIL misalignment which can be seen by the lack of two corners of the
imprinted square shape.

After the issues with resist peeling and alignment were resolved, a batch of new test
imprints were made. The results were still not satisfactory, with only approximately
half of the stamp area having been imprinted in the best case. A stitching light
microscope image of a best case imprint is presented in figure 41.

From the scanned image, a few conclusions can be made. Firstly, no resist has
been removed and adhered to the stamp, so the anti-sticking layer is working. Also,
since all corners are imprinted, it can be determined that the stamp is aligned well
with the substrate. However, the pattern is only transferred to the right side of the
imprint, and the imprinted pattern has many defects. These defects are thought to
be mainly particles or other protrusions in the stamp, and also the pinhole in the
mask used to pattern the mesa has propagated to the resist.

The reasons for the left side of the stamp not being imprinted is not clear, but
possible reasons are particles or protrusions in either the stamp or the substrate or
possible warping or bowing due to the quality of the silicon wafers used.

The results of the NIL experiments showed that substrate preparation and
contaminant control are of utmost importance. Defects or particles in the micrometre
scale will inhibit texture transfer during imprinting.

Possible avenues of resolving the outstanding issues are better sample preparation,
using RCA cleaning for both stamp and substrate before resist application. The NIL
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Figure 41: Best case NIL imprint, right side of the imprint has the pattern transferred

resist can also be spread thicker and the nanogratings of the stamp etched deeper.
Better quality silicon wafers could make a difference, if the issue is with the thickness
variation of the wafers. Another possible solution is to apply thicker NIL resist, and
also etch the stamp nanostructures deeper.

4.5 Anti-sticking compound deposition
From the initial imprint attempts it became obvious an anti-sticking layer is needed,
since large parts of the NIL resist peeled off from the substrate and adhered to the
stamp.

The first method of deposition, where FDTS is deposited on the stamp manually,
didn’t produce good results. The deposited FDTS formed large droplets, which
obscured the stamp topology and made imprinting impossible. SEM images of the
failed deposition are presented in figure 42.

From the SEM figures it can be estimated the droplet diameter to be more than
50 µm, which is too large by a factor of 105 for successful imprinting. It is suspected
the droplets are formed due to polymerization due to exposure to water in the air
and also in the isopropanol used to remove the excess FDTS. It is also possible too
much FDTS was injected to the petri dish, and after the deposition process it was
impossible to remove.

The second method of deposition via ALD was much more successful, and extra
experiments to improve first method were cut short due to this. The ALD process
lasted 40 minutes and resulted in a 3.51 nm adhesion layer of aluminium oxide
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Figure 42: Polymerized FDTS droplet after deposition on NIL stamp. Micrometer
scale droplet inhibits imprinting.

and 2.11 nm layer of FOTS, as measured in situ by ellipsometry. The stamp was
characterized using contact angle goniometry to estimate the surface free energy and
thus the anti-sticking properties of the layer, and AFM for the film uniformity.

The contact angle measurement was performed by Sakari Lepikko, and the
receding and advancing contact angles are shown in figure 44 and images from the
measurement from the advancing and receding portions are presented in figure 43.

(a) Advancing (b) Receding

Figure 43: Camera view of contact angle measurement.

The raw measurement data was processed using protocols described in [42],
resulting in a mean advancing contact angle of 138.4◦ ± 2.4◦ and a mean receding
angle of 107.7◦ ± 4.2◦, from which a mean hysteresis of 30.1◦ ± 3.1◦ can be calculated.
The advancing and receding contact angles as a function of volume can be seen in
figure 44. From the measured contact angles it can be determined that the deposited
FOTS film is hydrophobic and these conclusions are supported by the lack of resist
sticking on the stamp during the imprinting process.

The AFM measurements show a good film quality, with RMS roughness being
around 4 nm when measuring the top of the gratings. There were also no extra
particles, droplets or anything else changing the topology. The AFM image, edited
with Gwyddion, with the area of measurement for the roughness measurement shown
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(b) Receding

Figure 44: Stamp contact angle plots measured after FOTS deposition.

in red is presented in figure 45.

4.6 Thin film deposition
Thin films of silver and gold were deposited on the samples, preluded by a few nm
adhesive layer of titanium.

The metals were deposited via evaporation and sputtering, and the film quality
is dependent on the method used. The metal films were measured with AFM and
are presented in table 7. The AFM measurements were analysed using Gwyddion,
with the grain detection carried out using the watershed algorithm [43].
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Figure 45: AFM scan of grating after FOTS deposition, with measurement area for
surface roughness coloured in red

Table 7: Thin film deposition results.

Material Method Parameters Grain size [nm] Roughness (RMS) [nm]

Silver Evaporation
1.4 Å/s 12.13 9.40
1.5 Å/s 9.764 11.71
2.0 Å/s 13.10 12.72

Sputtering 500W RF 7.07 7.54
Gold Sputtering 500W RF 7.35 10.44

From the results it can be determined that the roughness of the evaporated film
is dependent on the deposition rate, with higher rates producing rougher surfaces.
It can also be seen that sputter deposition produces a film with less roughness and
smaller grain size.

The difference in deposition method can be seen in the topology of the sam-
ples, shown in figure 46. The sputtered film is much more conformal and has less
protrusions.

(a) Evaporation (b) Sputtering

Figure 46: AFM scans of silver deposited on nanogratings, scan size 2 × 2 µm.
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4.7 Plasmonic nanograting reflectance
Reflectance measurements were carried out for many of the samples, but since the
measurement work was not carried out by the author, only one example is presented.

The sample was prepared in a standard way and a 300nm period grating was
patterned using EBL, with 20 nA current and 290 µC/cm2 exposure dose. The
gratings were etched for 35 s using the newer etch recipe and thin film layers were
deposited as such: first a 5 nm adhesive titanium layer and then 100 nm of silver
were deposited by sputtering. After these a 5 nm Al3 O2 layer was deposited on top
of that via ALD.

The reflectance spectrum was measured by Nagarajan Subramaniyam and the
raw data was processed by cutting off the sub-400 nm wavelengths due to noise and
by applying a 2nd order low-pass Butterworth filter. The plotted data is presented
in figure 47 and is relative to a measured reference sample.
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Figure 47: 300nm period grating reflectance plot relative to a reference silicon sample
exhibiting a reflectance dip around 510 nm.

From the reflectance plot a reflectance dip at around 510 nm can be seen. This
implies surface plasmon resonance.
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5 Summary and conclusions
A working method for fabricating large area plasmonic nanogratings was demonstrated
using EBL. The fabricated samples’ topologies were characterized using AFM and
SEM, and well-formed gratings were evident. These measurements corresponded
with the plasmonic dips in the reflectance spectra, proving the existence of plasmonic
resonance.

The EBL patterning time was explored with differing parameters and a working
and relatively fast set of parameters were found. There is still room for further
optimization with the EBL process, especially the current could likely be increased
from 20 nA, resulting in faster patterning times.

However, the EBL process throughput does not show good promise for mass
production, which was one of the goals set for the thesis. This was to be expected,
as EBL does not scale well for volume production.

The solution for feasible mass production could be nanoimprint lithography, and
considerable effort was put into exploring this avenue. The NIL process had its share
of setbacks, starting from the problems patterning the mesa. This was solved by
ordering a printed photomask. For extensive stamp fabrication, a quartz mask would
be needed, as already with the experiments done on this thesis the printed mask
started to degrade noticeably.

The second problem related to stamp fabrication was the mesa etch. First the
right resist had to be found, and after a few failures the resist AZ 9260 was found
to produce the thickest resist layer. The thick resist had its own share of problems,
with the exposure and development times being unexpectedly long, leading to more
failures. After trial and error, a suitable soft mask was patterned, which lead to the
next problem of the deep etch needed. A new RIE recipe was procured, but the issue
then was finding the right etching conditions for mesa etching. The RIE platen and
presence of a dummy wafer had a substantial effect on the end result. In the end,
a working process was found. This process can also scale well for mass production,
with the stamp pattern EBL drawing being the bottleneck. The EBL bottleneck can
be partially bypassed by using a master stamp to produce new stamps.

With the stamp fabrication issues resolved, work could progress to the actual
imprinting process. From the first few imprints it was already apparent that an
anti-sticking layer needs to be deposited on the stamp. The resist would stick to the
stamp and would essentially be irremovable, ruining the stamp in the process.

To deposit the anti-sticking layer, first a manual method of vapour deposition was
tried with little success. It’s possible this method could work if done in a nitrogen
cabinet. The amount of FDTS applied could also be too large. The next method was
so successful that no further effort was made to make the manual method work. This
working method was to use a ALD to deposit FOTS on the sample. This method
also scales well for mass production, as a full wafer of stamps can be coated in one
run.

With a freshly coated stamp in hand, work progressed on the NIL process. The
first complication to be sorted out was a problem in aligning the stamp to the
substrate. If the stamp is not aligned to the same plane as the substrate surface,
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the imprinting will only happen partially. The NIL tool used had alignment tools
built in, but the alignment symbols produced by the tool were not well-defined and
numerous attempts were needed for proper alignment. After the alignment issue
was resolved, an imprint with all four corners of the stamps visible on the imprinted
resist was made.

Unfortunately even with both the resist sticking and alignment problems resolved,
the imprint quality was still found to be lacking. The grating pattern was only
partially transferred. As a result of this, the further process steps for fabricating NIL
patterned were not explored. Possible solutions for the issue at hand include etching
the stamp grating features deeper and using a thicker NIL resist. This might lead
into problems with the residual etch, if the root cause is warping of the stamp or
substrate or misalignment of the stamp to the substrate. If the cause of the partial
imprint is the warping of substrate or stamp, higher quality wafers can help solving
the issue. The last suggestion for resolving the issue is better substrate preparation
for both stamp fabrication and the imprinted substrate. The results of inadequate
substrate preparation was apparent during experimentation, with the best results
reached when using the RCA cleaning process.
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A Matlab grating analysis script
% Function to calculate grating properties from a profile extracted
% with Gwyddion. Settings for exporting: comma separated value, POSIX
% number format, nothing else enabled.

function[height, height_dev,period, period_dev,width, width_dev, ...
angle, angle_dev, cur_period] = afmAnalyse(afmFile, current_period)

table = readtable(afmFile, ’Delimiter’,’;’,’Format’,’%f%f’,...
’ReadVariableNames’, false, ’HeaderLines’,0); % Read data from csv
data = table2array(table); % Convert to array
x = data(:,1); % separate x
y = data(:,2); % and y

Tolerance = 1;
ReferenceLevels = [10 90];

minimumMinPeakHeight = 2e-9;
minimumMinPeakDistance = (current_period*1e-9)/1.2;

maximumMinPeakHeight = 2e-9;
maximumMinPeakDistance = (current_period*1e-9)/1.5;

cur_period = current_period;

figure(1) % 1st state levels
levels = statelevels(y, 500, ’mode’);
statelevels(y, 500, ’mode’) % plot levels

figure(2) % 2nd rise times

rises = risetime(y,x,’PercentReferenceLevels’, ReferenceLevels, ...
’Tolerance’, Tolerance) % Store rising

risetime(y,x,’PercentReferenceLevels’, ReferenceLevels, ...
’Tolerance’, Tolerance);

figure(3) % 3rd fall times

falls = falltime(y,x,’PercentReferenceLevels’, ReferenceLevels, ...
’Tolerance’, Tolerance) % Store falling

falltime(y,x,’PercentReferenceLevels’, ReferenceLevels, ...
’Tolerance’, Tolerance);
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figure(4) % 4th duty cycles

dutycycle(y,x, ’Tolerance’, 10); % Plot duty cycle
dutycycles = dutycycle(y,x, ’Tolerance’, 10) % Also save in var

figure(5) % 5th pulse period

pulseperiod(y,x, ’Tolerance’,45); % Plot pulse period
periods = pulseperiod(y,x, ’Tolerance’, 10); % And save in var

period = mean(periods); % Calculate avg period
period_dev = std(periods); % And deviation

height = levels(2)-levels(1); % Height is difference
% between high state and
% low state

widths = periods.*dutycycles; % Calculate pulse widths
width = mean(widths); % And average width
width_dev = std(widths); % Also std deviation

riseangles = rad2deg(atan(height ./ rises)); % Calculate rising and
fallangles = rad2deg(atan(height ./ falls)); % falling edge angles

angles = [riseangles; fallangles] % Store both in one var

angle = mean(angles); % Calculate mean angle
angle_dev = std(angles); % And standard deviation

figure(6) % Sixth figure inversed
% To find minimums

minimum = min(y);
maximum = max(y);
shiftedData = y - minimum;

minimums = findpeaks(-y + maximum,x,’Annotate’,’extents’, ...
’WidthReference’, ’halfheight’, ’MinPeakHeight’, ...
minimumMinPeakHeight, ’MinPeakDistance’, minimumMinPeakDistance)
% Plot inversed profile

minimums = findpeaks(-y + maximum,x,’Annotate’,’extents’, ...
’WidthReference’, ’halfheight’, ’MinPeakHeight’, ...
minimumMinPeakHeight,’MinPeakDistance’, minimumMinPeakDistance);
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figure(7) % 7th figure maximums

findpeaks(shiftedData, x,’Annotate’,’extents’,’WidthReference’, ...
’’halfheight’, MinPeakDistance’,maximumMinPeakDistance, ...
’WidthReference’, ’halfheight’, ’Npeaks’, length(minimums), ...
’MinPeakHeight’, maximumMinPeakHeight) % Plot maximums

findpeaks(shiftedData, x,’Annotate’,’extents’,’WidthReference’, ...
’’halfheight’, MinPeakDistance’,maximumMinPeakDistance, ...
’WidthReference’, ’halfheight’, ’Npeaks’, length(minimums), ...
’MinPeakHeight’, maximumMinPeakHeight);

heights = maximums - minimums(1:length(maximums))
height = mean(heights); % Average height
height_dev = std(heights); % Std deviation of height

end
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