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Abstract

This thesis work focuses on nanostructured optical elements for light and matter waves that
have been fabricated using helium ion beam lithography and electron beam lithography. The
motivation of this thesis has been to develop new optical elements and to contribute with foun-
dational work to instrumentation and characterization of nanostructures. The work has been
carried out at the University of Bergen, Nanostructure Laboratory and at the Massachusetts
Institute of Technology, Nanostructure Laboratory.

The thesis is based on five papers published in international, peer reviewed, Web of sci-
ence journals. The thesis defender is sole first author on paper I-IV and shared first author on
paper V. Paper I presents the first helium ion beam lithography patterning on a non-horizontal
surface. Such patterning is possible because of the large field of depth in a helium ion beam
instrument. Comparable writing cannot be performed with standard electron beam lithogra-
phy. Patterning on curved or tilted surfaces is potentially very useful in a range of devices
e.g. optical lenses, and is fundamentally an attractive property. Paper II presents a systematic
scanning-electron-microscopy study of the charging effect in metal nanostructures on insu-
lating surfaces. Negative charging is found to induce a measurement error in the measured
dimensions of the nanostructures comparable to a de-magnified image. In paper III, the op-
tical response of metal nanoparticles mediated by the localized surface plasmon resonance
effect are studied using integrating spheres, and the influence of the fabrication method on the
optical properties is discussed. Paper IV and V describe optical elements for matter waves.
In Paper IV a high-transmission atom sieve for focusing neutral helium atoms is fabricated,
showing that focusing below 10 nm should in principle be possible. Paper V demonstrates fast
resolution change in the focusing neutral helium microscope by inserting collimating aper-
tures. Without changing the properties of the neutral helium beam and without breaking the
vacuum a resolution change by a factor of 4.4 is demonstrated.
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Chapter 1

Introduction

1.1 Thesis structure

This thesis is divided into three parts. Part 1 “Overview and Summary” consists of 3 chapters.
Chapter 1 introduces the thesis work and summarizes and connects the results presented in
the five published papers. Instruments, fabrication procedures and characterization techniques
are discussed in Chapter 2. Part 1 finishes with a conclusion and outlook (Chapter 3). Part 2
comprises the papers that have been published during this thesis work. Finally, Part 3 contains
the appendices. Unless explicitly mentioned all images in this thesis were made by the thesis
defender.

1.2 Motivation and background

Nanofabrication is the manufacturing of structures with at least one dimension on the
nanoscale (1 nm = 1 × 10−9 m) [1]. One may ask, why pursue nanofabrication? This is a
question with many answers. Firstly, reducing the dimension of functional structures towards
or to the nanoscale increases the density of the device. This is manifested in the scaling of inte-
grated circuits described by Moore’s law [2]. Secondly, nanofabrication enables the study and
exploitation of physical and chemical phenomena that occurs when material dimensions reach
the nanoscale [3]. For example, the catalytic activity of a material can change completely on
the nanoscale [4]. Another prominent example of behavior change on the nanoscale, which is
of particular importance for this thesis work is the change in optical properties. The optical re-
sponse of metal nanostructures are related to the size and shape of the structures as well as to
the surrounding environment [5].

Nanofabrication can be categorized into two paradigms; bottom-up and top-down. Bottom-
up processes use individual particles (such as atoms or molecules) as building blocks to form
functional structures [1], e.g. sol-gel synthesis, atomic vapor deposition and self-assembly. In
a sol-gel synthesis, the particles are typically suspended in a liquid (the sol) and acts as pre-
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cursors to form a three dimensional network structure (the gel). Using metal alkoxides as pre-
cursors, metal oxide nanoparticles are often synthesized by the sol-gel process [6]. In atomic
layer deposition, films with thickness control at the Ångström (monolayer) level are deposited
onto a surface. A precursor reacts with and saturates the surface, depositing a monolayer onto
it. If multiple precursors are used, the precursors react with the surface in a sequential manner,
separated by a purging or evacuation step [7]. Self-assembly is the organization of compo-
nents into a structure or pattern. It is typically considered to be spontaneous and reversible,
and can be divided into three categories, static -, dynamic -, and templated self-assembly. The
formation of molecular crystals is an example of static self-assembly. In static self-assembly
the structures are in an (local) energy minimum ((quasi) equilibrium). Dynamic self-assembly
rely on the dissipation of energy as this allows the interactions responsible for pattern forma-
tion to occur [8]. Finally, an example of templated self-assembly is one that employs top-
down and bottom-up techniques. The template consists of posts written using electron beam
lithography. These posts control a subsequent self-assembly and guide the structures into an
energy-favorable design [9].

In top-down processes bulk materials are broken down to nanostructures [1]. It is largely
dominated by nanolithography, where a pattern is written in a serial fashion on a substrate (se-
rial lithography) or transferred to the substrate via a mask (mask lithography). The substrate
is typically, but not always, coated with a thin-film called resist that changes chemically upon
exposure. Exposure can be done using photons (visible light, UV – EUV light, X-rays), neu-
tral atoms, electrons and ions [10]. Additionally, mechanical probes such as an atomic force
microscopy (AFM) tip can be used to pattern a surface. In the so-called dip-pen lithography in
positive printing mode, the AFM-tip is coated with specific molecules, which are transferred
to the substrate via capillary action [11].

Mask lithography allows for instant exposure, but it is limited by the lack of pattern design
flexibility. The trend in optical lithography, often considered the key to the age of micro- and
nano-based semiconductor devices, has been to expose using shorter wavelengths of radiation
(13.5 nm for EUV, and less than 1 nm for X-rays) to improve the diffraction-limited pattern
resolution [12]. In nanoimprint lithography a pre-fabricated mask is imprinted in a resist which
is later cured by heat or light. The pattern resolution is in principle limited by the mask
(or put in other words the ability to fabricate the mask) [10], and as an example 4-nm half-
pitch gratings have been realized in a UV-curable resist [13]. In atom lithography, the table
is somewhat turned as light fields typically acts as a mask. Atoms can be deposited onto the
surface by using a so-called light force mask that changes the atom flux by a spatially varying
force. Alternatively, excited atoms (metastable) can expose resists. In this case, the pattern is
determined by an absorptive light mask that optically force atoms to their ground state [14].
Finally, solid masks approximating binary holographs have been used to manipulate atom
beams and create arbitrary patterns in the far-field regime [15]. It has recently been shown that
by moving to the near-field regime it should be possible to make also nm-resolution pattern
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with this method [16].
In serial lithography, electron beam lithography (EBL) is considered to be the work horse

and is generally the method of choice for high-resolution mask-fabrication. The pattern is
written in a resist using a focused probe of electrons and isolated dots with a diameter of 1.7
nm has been written in a conventional resist (negative-tone PMMA) [17], and structures with
a half-pitch of 4.5 nm have been fabricated (in HSQ) [18]. Serial lithography with light ions
(helium or neon) is an emerging fabrication technique, and neon ion beam lithography has
demonstrated 7 nm lines with 14 nm pitch [19].

1.2.1 Thesis Objectives

The objective of this thesis has been to explore state of the art charged particle lithography to
develop new optical elements for light and matter waves. The main focus has been on the fab-
rication of (a) metal nanoparticles as plasmonic structures, (b) nanostructured optical elements
(atom sieves and collimating apertures) for neutral helium microscopy and c) nano-gratings for
future generation of Smith-Purcell radiation. In all cases, a well-functioning device requires
accurate fabrication. To ensure this, precise characterization is crucial. Precise characteri-
zation of metal nanostructures on insulating substrates (particular relevant for (a)) is a major
challenge and paper II has been dedicated to this theme. Finally, as a general contribution to
instrumental development, the thesis presents the first experiment demonstrating resist-based
helium ion lithography on a tilted surface, an aspect that is important for a large range of
devices.

This work has been carried out at the University of Bergen, Nanostructure Laboratory (pa-
per II, III and V) and at the Massachusetts Institute of Technology, Nanostructure Laboratory
(paper I and IV). The thesis is based on five published papers, all of which have been pub-
lished in peer-reviewed journals accessible through the Web of Science or PubMed. The thesis
defender is first author on all of the published papers (shared first-authorship in paper V).

1.3 Summary of the published papers

1.3.1 Paper I: Exploring proximity effects and large depth of field in helium ion beam

lithography: large-area dense patterns and tilted surface exposure

Helium ion beam lithography (HIL), described in greater detail in Chapter 2, benefits from a
reduced interaction volume to that of an electron beam of similar energy. Figure 1.1 shows the
trajectories of (a) 30 keV electrons and (b) 30 keV helium ions into silicon. The calculations
are done using the free software Casino (electrons) [20] and SRIM (helium ions) [21].



4 Introduction

For lithography purposes, the effective results of a reduced interaction volume are a reduc-
tion in unwanted exposure (proximity effects), higher resist sensitivity and possibly higher
resolution [22, 23].

10 μm

(a)

10 μm

100 nm

(b)

Figure 1.1: (a) Electron and (b) helium ion beam trajectories into silicon. 1000 helium ion-
s/electrons enters the material, and as can be seen the total interaction volume of the helium
ions is much smaller than the interaction volume of the electron beam. Also note the narrow
helium ion beam profile for depths smaller than 50 nm, shown in the inset of figure (b).

High-resolution helium ion beam microscopy is becoming a well-established technique
[24, 25, 26], as is high-resolution milling with helium ions [25, 27, 28]. So far the work done on
resist-based helium ion beam lithography has been focused on reaching sub-10 nm resolution,
and hence has mostly been single-pixel exposures over small areas, see e.g. [29, 13, 22, 23].

The short wavelength and the small angular spread of the helium ion beam gives rise to a
large depth of field. Depth of field is defined as the region above and below the focus plane
where the beam is acceptably sharp, and depends upon the aperture, the working distance and
in the case of HIL the spot control number (the spot control number dictates the position of the
beam crossover above the aperture). The large depth of field has been demonstrated in helium
ion beam images [24, 30], but has not been exploited in lithography before this thesis work.
It should enable patterning on tilted and curved surfaces without the need for any additional
instrument adjustments, such as the use of laser auto focus in EBL. This is of relevance for the
patterning of e.g. optical fibers and lenses [31], and a fundamentally attractive property as it
provides a large focus tolerance.

In paper I, two new areas of application in HIL are studied. Firstly, the reduced proximity
effects are demonstrated and large area grating are patterned using an area dose (see Chapter
2 for a more detailed description of dose). An area-dose exposure (in units of: µC/cm2 or
ions/nm2) requires in theory less dose than a single-pixel exposure (in units of: pC/cm or
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ions/nm), because in a single-pixel exposure much of the dose is wasted in overexposing the
pixel. Here, the design consists of 16 nm wide lines patterned using a 2 nm pixel size and
exposure areas up to 100 µm × 100 µm with pitches down to 35 nm. A helium ion beam
image of the 40 nm-pitch grating is shown in Figure 1.2. Secondly, 100 µm long lines are
patterned while having the sample stage tilted 45 degrees to exploit the large depth of field and
demonstrate for the first time helium ion beam lithography on a non-horizontal surface. The
depth of field scales with the working distance i.e. the larger the working distance, the larger
the depth of field (due to decrease of the angular spread of the beam). Therefore, the beam
was focused at a working distance of (a) ∼ 15 mm and (b) ∼ 27 mm. An increase in working
distance is equivalent to an increase in spot size. To accommodate this, single-pixel lines were
exposed with an increased pixel size (8 nm for 15 mm working distance and 10 nm for 27 mm
working distance). Variation in linewidth, or the lack of variation, serves as an estimation of
the depth of field. The grating shown in Figure 1.3(a)-(c) is written using a working distance
of ∼ 15 mm. The variation in linewidth along the first 50 µm indicates that the depth of field
is smaller than 50 µm for this resolution. Figure 1.3 (d)-(f) shows SEM images of the grating
written at a working distance of ∼ 27 mm. In this case, the width of the single pixel line is
found to be 26± 1.5 nm, which demonstrates that the depth of field at this resolution is at least
100 µm. This illustrates HIL’s potential to pattern on tilted and curved surfaces. Zhang et al.
estimated that the depth of field of an electron beam is on the order of 10 µm [32], and hence
the length scale presented here would be hard to realize using an EBL without a dynamic focus
correction.

100 nm

50 nm

Figure 1.2: HIM image of HSQ grating patterning using HIL. The lines are defined as rectan-
gles with a width of 16 nm and a length 50 µm. The measured width was 17 ± 1 nm, and the
pitch was 40 ± 1 nm.
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Figure 1.3: (a)-(f) SEM images along the diagonal of the 100 µm HSQ grating, written while
having the sample stage tilted 45 ◦. In (a)-(c) the working distance was 15 mm. (a) Lower left
sample area, line width 26 nm. (b) Middle sample are 39 nm. (c) Upper right sample area, line
width 52 nm. The working distance used in (d)-(f) was 27 mm. (d) Lower left sample area (e)
middle sample area (f) upper sample area. The width of the lines remains the same across the
patterned area, 26 ± 1.5 nm, and hence the depht of field for this resolution is at least 100 µm
[33].

Smith-Purcell Radiation

Though not discussed in the paper, a main motivation of this work was to make gratings that
can be used for the generation of Smith-Purcell radiation [34]. Although Smith-Purcell radia-
tion was not actually produced as part of this thesis work, a brief introduction is included here.
A beam of electrons that elongate parallel to a periodic structure can generate electromagnetic
radiation, so-called Smith-Purcell radiation. The basic principle behind Smith-Purcell radia-
tion is illustrated in Figure 1.4. The electron is incident parallel to, and at a height b above the
grating with periodicity p. The charges at the surface arrange themselves to screen the electric
field of the moving electron. The screening charges follow the grating topography and appear
to accelerate from a peak to a groove in the grating, and this acceleration results in the emis-
sion of light with a wavelength λSP. Based on a Huygens construction, the wavelength of the
Smith-Purcell radiation can, according to the notation in Figure 1.4, be written as [34]:

λSP =
p
m
(

1
β
− cosθ) (1.1)

where β = v/c in which v is the speed of the electron beam and c is the speed of light and p

is the grating pitch. λSP can thus be tuned by varying the electron velocity and/or the pitch
of the periodic structure. Radiation ranging from the far-infrared to the mm regime has been
generated using large-pitch gratings and low-energy electron beams [35, 36]. Advances in
nanofabrication techniques have enabled the fabrication of Smith-Purcell sources in the visible
and UV-regime [37, 38]. Traditionally, the electron beam energy has been increased to reach
shorter wavelength of radiation. For example, Smith and Purcell [34] used a 1.67 µm pitch
grating and an electron beam with a speed of 0.8 of the speed of light to excite visible light.
However, as seen in Equation 1.1 shorter wavelengths of radiation can also be reached by
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decreasing the pitch of the grating. The goal of this work was to produce light spanning from
the visible to the UV regime powered by a standard electron microscope beam. Based on
Equation 1.1, at normal emission (the light is to be collected by an objective with a numerical
aperture of 0.3, as described by Massuda et al. [39]) a 10 keV electron beam (β ∼ 0.2) will
produce λSP = 200 nm in the 40 nm-pitch grating.

e-

b

e-θ

λsp

p

Figure 1.4: The basic principle of the generation of Smith-Purcell radiation. An eletron beam
passes the surface of the grating with pitch p at a height b above the surface, generating radia-
tion with a wavelength λSP, with an angle θ relative to the surface.

1.3.2 Paper II: A systematic investigation of the charging effect in scanning electron

microscopy for metal nanostructures on insulating substrates

Reliable characterization of nanostructures by the means of microscopy is of key importance
in order to make functional devices, as the physical and chemical properties of nanostructures
may depend upon particle size, shape and surrounding environment. Moreover, characteriza-
tion is crucial for a nanofabrication process, as the way to success is often careful optimization
of correlated sub-procedures. Among others, atomic force microscopy (AFM), transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) can be used to charac-
terize nanostructures. Whereas AFM uses a physical probe to scan the surface, TEM and SEM
use a beam of high-energy electrons (typically greater than 50 keV for a TEM and smaller
than 30 keV for an SEM) to look at transmitted or reflected signals, respectively [40]. SEM is
possibly the main method of characterization due to the microscope resolution, simplicity in
operation, image quality and promptness of the microscope [41].

A well-known challenge in SEM is the characterization of insulating (non-conductive)
materials, see e.g [42, 43, 44]. An SEM image is generated by raster-scanning the beam across
the sample. The incident electrons interact with the sample and generate signals that can be
detected e.g. backscattered electrons, characteristic or continuum X-rays, Auger electrons,
cathodoluminescence and secondary electrons (SEs). Out of these, SEs are widely used for
imaging. SEs are generated via inelastic interactions and generally have energies below 50 eV.
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They are detected either by an InLens detector that collects secondaries generated within the
sample (i.e. SE1 and SE2) or by an Everhart-Thornely detector that, when positively biased,
additionally collects SEs generated in the chamber (i.e. SE3) [41].

The charging in insulating materials in SEM causes magnification variations, image drift
and abnormal contrast [45], and qualitatively it can be described as follows: a fraction of
the incident electrons are trapped in the material which generates a surface potential. This
potential can change the energy and trajectory of the subsequent incident electrons in two
ways. A negative potential will repell and de-accelerate the incident electrons, decreasing the
penetration depth of the beam. A positive potential will attract and accelerate the incident
electrons, increasing the penetration depth of the beam. As a result a negative potential will
increase the number of secondary electrons generated, and vice versa for a positive potential.
The trapped incident electrons are responsible for negative charging, while the emission of
SEs causes positive charging. Charge balance is achieved when the arrival of one incident
electron is accompanied by the emission of another electron (either as a SE or a backscattered
electron). As shown in Figure 1.5, there are two cross-over energies where charge-balance
can be reached. E1 is usually in the range between 50 and 200 eV and hence not reachable in
conventional SEMs. E2 on the other hand is located in the range 500 eV – a couple of keV,
suitable for SEM-imaging [43].

In paper II, we systematically investigate gold nanostructures on a glass substrate. Specif-
ically, we find that the measured dimensions of the structures appear smaller than the dimen-
sions measured in a conductive environment and using an AFM. The measurement error is
caused by the build-up of negative charge in the sample and is comparable to a de-magnified
image. We study the measurement error as a function of various microscope settings, and find
it to depend on acceleration voltage and secondary-electron detector used for imaging. It is
found to be independent of the scan-direction of the electron beam, working distance and the
probe current at a given acceleration voltage. Additionally, we find that it should in principle
be possible to fit three normalized measurements to a single exponential function to estimate
the (second) cross-over where charge balance is reached, thus extracting the true sample di-
mensions.
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Figure 1.5: The total emitted electron yield from a non-conductive material versus incoming
electron beam energy. Charge balance is obatined at two cross-over energies, E1 and E2. The
figure is redrawn from [43] and presented in [46].

1.3.3 Paper III: Optical elements for light waves - nanoplasmonics

Sub-wavelength optics

Nanoplasmonics is the study of the interaction of light and metal nanostructures, mediated
by the collective oscillation of conduction electrons in the nanostructures. Nanoplasmonics
makes it possible to confine light into volumes smaller than about half of the wavelength of
light; the classical diffraction limit. This opens a wide range of applications in e.g. optical
sensing, photovoltaics and cancer therapy [47, 48, 49].

The metal nanoparticle can in its simplest form be described as an oscillator, see Figure
1.6. A collective displacement of the conduction electrons relative to the ion core is induced
when light couples to the nanoparticle. This generates a restoring force. A state of resonance
arises when the frequency of light matches the eigenfrequency of the oscillator, known as
the localized surface plasmon resonance (LSPR). The LSPR wavelength (frequency) of the
nanoparticle depends on the constituent metal, the size and shape of the structure, as well as on
the surrounding medium. The resonant response of the metal nanostructures can be described
by different approaches. The simplest is Rayleigh scattering, an approach that is valid when the
structure is much smaller than the wavelength of incoming light. Within this limit, the electric
field is spatially static over the nanostructure, and the nanostructure is described as an ideal
dipole. At resonance, the well-known Fröhlich condition expresses the LSPR-dependency on
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the surrounding medium [50]:
Re[ε(ω)] =−2εm (1.2)

where ε(ω) is the dielectric function of the metal and εm the dielectric constant of the sur-
rounding medium. Assuming that the metal nanoparticle is a Drude metal with negligible
damping and has the shape of a sphere, the resonance frequency is reached when ω =

ωp√
(3)

in air. By placing this sphere in glass (εm ∼
√

1.5) , the Fröhlich condition is met at ω =
ωp
2 .

Hence, increasing the dielectric constant (or the refractive index) of the surrounding medium
redshifts the spectral position of the LSPR [50].

The electrostatic approach breaks down when the size of the nanostructure gets comparable
to the wavelength of the electric field, so that retardation effects need to be included. Mie
theory is a complete analytical theory of the scattering and absorption of light by an arbitrary
sized sphere. Retardation effects indicates the existence of higher order resonances, and indeed
as the nanostructure size increases, higher order resonances becomes more important, and the
oscillations of the electrons can no longer be described as one collective motion. Moreover,
Mie theory predicts a redshift when the particle size increases, which in the simple picture of
an oscillator is caused by a smaller restoring force [50, 51].

Figure 1.6: Illustration of a spherical nanoparticle in an electric field (light). The electric field
displaces the electron cloud.
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Paper III: Light absorption and scattering of 40 - 170 nm gold nanoparticles on glass substrates

In paper III we study light absorption and scattering in large periodic arrays (3 mm × 3 mm)
of gold nanostructures on glass substrates. The diameters of particles range from 39± 4 nm to
167 ± 5 nm, and their height is 25 ± 1 nm. The arrays were fabricated by the means of EBL
followed by metal deposition and a lift-off procedure. The gold was deposited directly on the
glass substrate, which has been assumed challenging due to the poor adhesion [52]. However,
possibly due to the fact that nanoparticles can release strain more easily than a film and the
assumed roughness of the glass substrate, the gold particles adhered well to the glass substrate
[53]. The optical response is measured using integrating spheres. An integrating sphere is a
spherical cavity coated with an ideal diffusely reflecting surface (a Lambertian surface), and
the sample (i.e. gold nanoparticles and glass substrate) and glass reflectance and transmittance
can be extracted from the raw data, see Figure 1.7. The integrating spheres are described in
greater detail in Chapter 2. The portion of light being extinct (i.e. removed from the directly
transmitted beam) by the particles are found using an extinction measurement set-up. As the
light scattered in all spatial directions is collected in an integrating sphere, it is possible to find
the light absorbed by the nanoparticle once their extinction spectra is known. The scattering
Qsca- and absorption efficiencies Qabs of the nanoparticle arrays are defined as [51]

Qsca = SNP/(Nπ(d/2)2) (1.3)

Qabs = ANP/(Nπ(d/2)2) (1.4)

where N is the normalized unit cell coverage, and π(d/2)2 the cross-sectional area of the
disk-shaped nanoparticle where d is the diameter. The efficiencies are dimension-less numbers
and because metal nanoparticles absorb/scatter more light than expected from their geometrical
cross-sections they can exceed unity.

The scattering and absorption efficiencies are tuned by controlling the shape and size of the
gold nanostructures and/or array geometry, and are hence largely determined by the method of
fabrication. An integrating sphere set-up requires a large-area sample and has, to the best of
our knowledge, not been used to study the optical response of metal nanoparticles fabricated
using EBL prior to this thesis work. The optical response of our EBL-fabricated samples are
compared to that of Langhammer et al. [54], where a similar set-up was used but the sam-
ples were fabricated by the means of hole-mask colloidal lithography (HCL). In HCL, a thin
polymer film and a charged polyelectrolyte (an adhesion layer) is deposited onto the sample
surface, followed by the deposition of colloidal polystyrene beads. The polystyrene beads
and the polyelectrolyte are charged oppositely, and the attraction between the two alongside
with the repulsion between the neighboring colloids defines a pattern of short-range order. An
oxygen-resistant etch mask is then evaporated onto the surface and the polystyrene beads are
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removed, leaving nano-holes in a plasma-resistant film, the so-called hole-mask. To create
gold nano-discs, the underlying polymer film is removed in an oxygen etch, finalized by metal
deposition and lift-off. The pitch and the shape are determined by the colloidal particles. The
size distribution is found to be less than 5 % for colloids with average diameters greater than
100 nm, and about 10 % for smaller colloids [55]. The EBL and HCL fabricated samples show
similar optical response taken into account the small difference in particle parameters and their
size distribution. The spectral position of the LSPR fits well with the simulations done using
the software Lumerical.
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Figure 1.7: Normalized reflectance and transmittance for sample and glass. The sample is an
gold nanoparticle array with average diameter of 80 nm and a particle pitch of 400 nm (sample
E in Paper III) [56]).

The EBL-fabricated arrays were made such that the particle-pitch was equal to or greater
than three times the particle diameter to avoid near-field coupling. That being said, for in-
creasing particle pitches (and hence increasing particle diameters), diffraction effects should
become increasingly evident. At a certain pitch (or grating constant) the scattered light fields
from neighboring nanoparticles almost constructive interfere, and this has been shown to
change the spectral position of the LSPR and its amplitude in extinction [57, 58]. In the EBL
fabricated samples, we see a splitting of the spectral position of the LSPR for the scattering
efficiency and the absorption efficiency for increasing particle pitches, which could be caused
by diffraction effects. This splitting is not observed in the hole-mask colloidal lithography
fabricated samples, possibly due to the lack of long-range order [54].
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1.3.4 Paper IV and V: Optical elements for matter waves

The Neutral Helium Microcsope

The neutral helium microscope (NeMi), housed at the University of Bergen, is a focusing
microscope where a beam of neutral helium atoms are scanned across the sample surface.
Ground state helium is inert and has a very low polarizability and no permanent magnetic
moment (and hence are the images not readily affected by magnetic or electric stray fields).
Additionally, the helium atoms have a very low energy compared to other particle probes, such
as the electron and the photon, as illustrated in Figure 1.8. Hence, neutral helium microscopy is
strictly a surface technique that maps the outermost electron density distribution of the sample
being imaged [59, 60].
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Figure 1.8: (Non-relativistic) energy versus wavelength for common probes used in mi-
croscopy. Note the small energy of the helium atom, less than 0.1 eV for a wavelength of
about 1 Å.

The basic principle behind NeMi is illustrated in Figure 1.9(a). The neutral helium beam
expands from a high pressure gas reservoir through a small aperture nozzle intro high-vacuum
conditions (i.e. a free-jet expansion or a supersonic source). A set of apertures collimated the
beam, before it meets the focusing element, i.e. the zone plate or the atom sieve. The micro-
scope can be used in transmission (shadow) mode for porous samples, and in reflection mode,
quite similar to an SEM [59]. Note that in a helium atom microscope in reflection mode, the
signal is generated by the backscattered atoms and there are no enhancement at edges such as
is the case for SEM. Hence, in principle helium atom microscopy has the potential to become
a very precise metrology instrument. Figure 1.9(b) shows the first image ever taken with a
neutral helium beam; a shadow image of a copper TEM grid [61]. This particular image was
taken using a predecessor of the present instrument [59]. It should be noted that another con-
figuration also exists, where simply the two apertures (the skimmer and a pinhole) collimates
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the beam onto the sample surface. Recently, using such a pinhole microscope chemical con-
trast coming from inelastic effects was demonstrated [62]. Research on contrast mechanisms
is ongoing.
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Figure 1.9: (a) Shematic of the main components of NeMi. The instrument can work in re-
flection mode similar to a scanning electron microscope or for porous samples in transmission
mode to obtain shadow images. The figure is redrawn from Ref. [59]. (b) Neutral helium atom
image of a copper TEM grid obtained in transmission mode (shadow image). This is the first
2D image obtained with a neutral helium beam and is taken using a predecesssor of the current
instrument. The figure is reproduced with premission from [61].

Paper IV: Atom sieve for nanometer resolution neutral helium microscopy

One typically considers two different routes to focus a beam. Option one is to use magnetic
or electric fields, while option two is based on exploiting the wave nature of the beam using
techniques analogous to classical optics. As mentioned above, ground state helium has a very
weak polarization coefficient and no permanent magnetic moment, and thus has to be focused
via its wave nature [63]. As such, one is again left with two options; either to use a mirror or
to focus via diffraction. Mirrors have been used to focus atoms [64]. They rely on specular
scattering and hence do not suffer from chromatic aberrations, but there are some signal loss
through diffraction and scattering from defects. Unfortunately for matter waves, up till now, it
has been challenging to control the curvature of mirrors with high enough precision to achieve
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a highly focused beam [64, 65, 66] and in NeMi the beam is thus focused by diffraction optics
[67, 68].

A Fresnel zone plate is a circular diffraction grating consisting of rings with decreasing
widths for increasing radii. The construction of this diffractive element is based on the concept
of Fresnel zones. Basically, a monochromatic spherical wave emitted from a point source can
be divided into a series of circular regions separated by λ/2 centered at the point P, see Figure
1.10. Radiation from adjacent zones will destructively interfere, and by blocking every other
zone the irradiance at P will be increased [69].
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Figure 1.10: Illustration of the propagation of spherical wavefronts separated by λ/2. The
figure is redrawn from [69].

In a zone plate the various diffraction orders creates different focal points with different
diffraction efficiency, see Fig 1.11(a). The diffraction efficiency can be written as

ηm =
Im

Itotal
=

(
sin( a

d mπ)

mπ

)2

(1.5)

where m is the diffraction order, and a
d the ratio of transparent zones to that of opaque zones.

An opening area of 50% corresponds to a design where half of the zones are opaque and half
of the zones are transparent. In this case, the zero-order beam takes up 25% of the incident
intensity, while the± 1 each get about 10.1% each. Only 1.1 % goes to± 3 [70]. In NeMi, the
first-order beam is focused onto the sample, while the overlapping zero-order beam is blocked
by removing the innermost zones of the zone plate and including an order-sorting aperture
behind the focusing element [71].

The focusing properties of the zone plate is approximated to that of a thin refractive lens,
given that the number of zones, N > 100 [70]. In this case, the focal length of the first order
focus, f is given by

1
f
=

1
g
+

1
b
=

Nλ

r2
N

(1.6)

where g is the object distance, b is the image distance (or working distance), rN the radius of
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the zone plate. The resolution δ of the zone plate based on the Rayleigh criterion is given by

δ = 1.22drN (1.7)

where drN is the width of the outermost zone. It should be noted that higher orders of diffrac-
tion will increase the resolution by a factor 1

m , although with reduced intensity. This ultimate
resoluiton neglects chromatic aberrations due to the energy spread of the beam [72].

The helium atom do not penetrate solid materials (their typical energy in NeMi is less than
0.1 eV for a de Broglie wavelength of about 0.1 nm), and hence the Fresnel zone plate has
to be a free-standing, suspended structure (i.e. binary) as illustrated in Figure 1.11(b). This
imposes certain fabrication challenges. An attractive alternative is the Fresnel photon sieve,
where pinholes are distributed along the Fresnel zones. Holes are easier to fabricate than free-
standing rings aligned to the underlying support structure. Kipp et al. [73] used a photon
sieve to focus X-rays to a spot smaller than the smallest pinhole. Focusing below the smallest
pinhole is possible because the resolution is limited by the underlying Fresnel zone, which
was smaller than the smallest pinhole. The pinholes in the original design were distributed
randomly across the Fresnel zones to reduce the efficiency of higher orders, although this
limits the intensity in the first order fucus. In 2015, the Nanophysics group at the University of
Bergen fabricated and tested the very first atom sieve, and focused helium atoms to a few µm
(the smallest hole was 150 nm) [74] with a design similar to that of the original photon sieve.

In paper IV, we designed an atom sieve with holes distributed along the Fresnel zones with
a fixed gap to increase the transmitted signal (opening ratio 22.6 %). Based on Equation 1.5,
the diffraction efficiency of the first order focus is 4.57 %. The smallest hole is 35 nm, and the
ultimate resolution is given by Equation 1.7. The atom sieve was fabricated using EBL and
reactive ion etching. The correct dose was found by iteration, see Figure 1.12, and in the final
design it was increased linearly from the innermost to the outermost zones. A functional atom
sieve relies on successful pattern transfer, which was found to cause additional broadening of
the holes. This fact made numerical optimization of the design challenging, and therefore the
process was optimized by iteration. A potential one-step fabrication procedure using neon ion
beam milling is discussed in Appendix A. An SEM image of the (free-standing) atom sieve
is also shown in Figure 1.12. In addition, smaller holes with a diameter down to 15 nm were
fabricated in a separate experiment. Here the holes were randomly distributed showing that a
sub-10 nm spot size in principle should be possible.
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Figure 1.11: Left panel: Illstratation of the various diffraction orders when a plane wave
interacts with a zone plate. Right panel: Illustration of the support structure and zone plate
currently used to focus the neutral helium beam. The figures are redrawn from [75].
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2 μm 2 μm 5 μm

Figure 1.12: SEM images of atom sieves. Iterative exposures of atom sieves with a single
exposure dose followed by reactive ion etching was used to find the correct dose. Hence, all
atom sieves are free-standing. In the left image the innermost zones are over-exposed/over-
etched, while in the middle image the outer-most zones are under-exposed and do not receive
enough dose to print. The final atom sieve is shown to the right were the dose was increased
linearly from the innermost to the outermost zones. The innermost hole is 377 nm± 3 nm and
outermost hole is 38 ± 4 nm.

Paper V: Fast resolution change in neutral helium atom microscopy

Being able to perform a fast change of resolution in a microscope is an attractive property, as
this allows different aspects and features of the sample to be investigated. In NeMi the reso-
lution can in principle be changed by changing the temperature of the beam, thereby chang-
ing the de Broglie wavelength and hence the focal length of the focusing element. However,
by changing the wavelength of the helium atoms, the fundamental properties of the beam is
changed, which could affect e.g. image contrast. Furthermore, it is a slow procedure, because
the beam needs to stabilize at the new temperature. In paper V we present a solution to this.
We show that inserting collimating apertures of various diameters in the neutral helium mi-
croscope allows us to perform fast resolution changes in the microscope. Effectively, this is
done by changing the source size and hence the spot size on the sample. The experimental
set-up is shown in Figure 1.13(a). The collimating aperture is placed as close as possible (28
± 1 mm) to the skimmer to maximize the beam flow and avoid any reduction in intensity due
to backscattering. Note that the design also include an order-sorting aperture that filters out
the zero-order beam, as well as many higher orders of diffraction [71]. This basic design idea
allows for a resolution change without breaking the vacuum. Figure 1.13(b) shows the scan
results of a 10 µm slit over the varying spot diameters form different collimating apertures (10
µm, 20 µm and 50 µm). The spot sizes were found by fitting an error function to the presented
data, and a resolution change by a factor of 4.4 was demonstrated.
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(a) (b)

Figure 1.13: (a) Illustration of the experimental set-up. The central part of the beam is selected
by a 120 µm skimmer. The movable collimating apertures are placed as close as possible to
the skimmer. The beam is focused onto the sample using a zone plate and an order-sorting
aperture removes the zero-order part of the beam (and most of the higher orders). The focal
spot is determined by scanning a 10 µm slit across the focal plane. (b) Line scans of the 10
µm slit over the different spot sizes originating from the various collimating apertures and
associated error function fits. 50 µm aperture is represented as a blue line, 20 µm aperture
shown in red, and finally 10 µm is the black line [76]
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Chapter 2

Methods: Fabrication and Characterization

This chapter gives an introduction to the instruments and techniques used for fabricating the
devices of this thesis work. Fabrication procedures are further discussed in the appendices.

2.1 Resist-based-lithography with charged particles

As mentioned in Chapter 1, in charged particle lithography a focused beam is scanned across
a surface coated with a resist that change chemically upon exposure. In a positive resist, the
exposed regions become more soluble (chain-scissoring) in a developer solution. In a nega-
tive resist, the exposed regions harden (cross-link), and the non-exposed regions are removed
by the developer. The change induced in the resist, and hence the pattern resolution depends
upon the properties of the exposing beam and the properties of the resist. The spatial dis-
tribution of energy loss by the beam in the resist, the so-called point spread function is the
beam property of interest. Scattering in the resist and substrate is divided into three classes;
forward scattering (scattering angle < 90 ◦), backscattering (scattering angle > 90 ◦) and the
generation of secondary electrons [77]. The latter are typically considered being responsi-
ble for the resist exposure, and because their path length is short, they do not significantly
contribute to proximity effects. The point spread function is typically modelled as a sum of
Gaussian distributions, one attributed to the forward scattering of electrons and one describing
the backscattering contribution. It should be noted, however, that only accounting for forward
scattering and backscattering has been shown inadequate [78], and an accurate description
of the point spread function is crucial for proximity effects corrections and hence for realiz-
ing high-density, high-resolution features [79]. The resist property of interest is the contrast,
that is, the sensitivity of the resist in the developer solution relative to the beam dwell time at
each pixel. A high-contrast resist produces features with nearly vertical sidewalls, whereas a
low-contrast resist generates sloped-edge features. The beam dwell time relates to the dose as
follows:

Area dose [µC/cm2] =
Dwell time×Beam current

(Step size)2 (2.1)
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Line dose [pC/cm] =
Dwell time×Beam current

Step size
(2.2)

Dot dose [pC] = Dwell time×Beam current (2.3)

The dwell time is typically in the micron - millisecond range and its lower limit is set by
the clock-rate of the pattern generator. The beam current can vary from sub-1 pA to hundreds
of nA. The minimum step size (or pixel size) is also determined by the pattern generator, and
will be discussed in greater detail below. The optimum dose is typically found by iteration
through the fabrication of dose matrices, an example is given in Figure 2.1.

200 nm

0.4 ms 0.8 ms 1.2 ms

1.4 ms 1.8 ms 2.2 ms

Figure 2.1: SEM images of dose matrices. The images are taken with 3 keV electrons, a 30
µm aperture and a working distance of 4.9 mm. The dot exposure is done in 30 nm HSQ
using 30 keV helium ions, a beam current of 1 pA and a dwell time of 0.4 ms i.e. 0.4 fC (∼
2500 ions) to 2.2 ms i.e. 2.2 fC (∼ 13750 ions). Note that 0.4 ms does not correspond to the
dose-to-print in HSQ. However, for dwell times < 0.4 ms, the array was dominated by pattern
collapse, likely due to the large aspect ratio. The smallest average diameter is 12 nm, while
the largest is 26 nm (pitch = 50 nm in all cases).

In this thesis work two different high-resolution, high-contrast resists are used; poly(methyl
methracrylate) (PMMA, 950 K) and hydrogen silsesquioxane (HSQ) [80, 81]. PMMA can be
both a positive and a negative resist depending on the delivered dose, while HSQ is a negative
resist. Isolated dots with a diameter of 1.7 nm has been produced in negative-tone PMMA,
and pitches down to 10.7 nm has been realized [17]. This was done using an aberration cor-
rected scanning transmission electron beam microscope for lithography, and is to this date the
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smallest feature made using a conventional resist, and the densest pattern realized in PMMA.
A similar tool achieved 2 nm isolated dots and 5 nm half-pitch in HSQ [79].

The (positive-tone) PMMA was developed in 1:3 MIBK:IPA (methyl 2-methylpropyl
ketone:2-propanol) at room temperature for 1.5 minutes, rinsed with IPA and dried using pres-
surized nitrogen. Cold development of PMMA at zero degrees Celsius with a development
time of 30 seconds was also used. Specifically, cold development was used to develop the
atom sieve pattern presented in paper IV. This was done because cold development has been
found to improve feature quality and resolution [82, 83]. Conventionally, HSQ is developed in
25 % wt tetramethyl ammonium hydroxide (TMAH). However, in this thesis work salty devel-
opment consisting of 1 % wt NaOH (sodium hydroxide) and 4 % NaCl (sodium chloride) was
used, which has been demonstrated to improve the contrast by a factor of three [81]. The sam-
ple was immersed in the salty developer for 4 minutes at room temperature, and then rinsed
in deionized water for 1.5 minutes. Finally, the sample was rinsed in IPA and dried using
pressurized nitrogen.

2.1.1 Electron beam lithography

The Raith e_Line at the Nanostructure laboratory at the University of Bergen is a low-voltage
EBL tool (≤ 30 kV). It is in principle an SEM (Gemini column (Zeiss)) to which a beam
blanker, a high-precision sample stage with piezo-table movement and laser-interferometric
position control, and a pattern generator has been added. The beam blanker electrostatically
deflects the beam onto a beam stop with high speed, allowing precise dose control. The pattern
generator translates the computer-aided-design (CAD)-file into deflection signals, and hence
controls the beam blanker. The pattern generator operates with a clock-rate of 20 MHz, and is
a 16-bit system. Large patterns are written by stitching together smaller fields via controlled
stage movements. This is done because among others, deflecting the beam off-axis by large
angles introduces additional aberrations. Hence, only the sub-fields, called write-fields, are
written by beam deflection. The size of a write-field determines the minimum pixel size that
can be addressed. For a 16-bit pattern generator and a 100 µm × 100 µm write-field the
minimum pixel size is 2 nm (i.e. 100µm

216 ). An alternative mode of patterning is fixed-beam-
moving-stage where the beam remains stationary while the stage moves.

The Gemini column is equipped with a Schottky thermal field emitter. Electrons are ex-
tracted from the source by applying a high electric field allowing the electrons to overcome the
potential barrier of the metal and escape into the vacuum through a tunneling effect. In a ther-
mal field emitter this occurs at elevated temperatures, and by coating the metal, typically tung-
sten with zirconium dioxide, the potential barrier at the tungsten-tip surface is reduced. Such
a Schottky thermal field emitter has a lower brightness than the cold field emission source (2
× 108 A/cm2sr at 1800 K, 25 kV versus 5 × 108 A/cm2sr - 1 × 109 A/cm2sr at 25 kV [84]).
However, because the emission current from the cold field emitter varies rapidly with time and
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thermal field emitters produce a stable beam current, the latter is used in EBL tools. The beam
current is controlled by the acceleration voltage and by the apertures of which there are six
with diameters in the range 7.5 µm - 120 µm. There are two secondary electron detectors,
an InLens detector and an Everthart Thornley detector, installed. As mentioned in Chapter 1,
paper II is dedicated to the investigation of non-conductive materials in SEM. One important
difference between the two detectors, in addition to the various SE-signals they detect, is their
location in the chamber. The Everthart Thornley detector is located at an angle relative to the
column and hence due to shadowing topological information can be extracted.

The Elionix at MIT is a 125 kV dedicated EBL tool with a 20 bit pattern generator (and
hence have a higher pixel resolution than the Raith e_Line). It is also equipped with a Schottky
thermal field emitter and produces beam currents in the range 5 pA to 100 nA. A higher energy
electron beam penetrates deeper into the sample (i.e. resist and substrate), see Figure 2.2. At
higher energies forward scattering is reduced within the resist, and hence as is the undercut
profile. Generally, forward scattering can be reduced by using a thin resist. Backscattering of
electrons are generally more pronounced for heavy atoms (large Z), and their range increase
with increasing electron energy [77]. Secondary electrons generated by forward scattered
electrons or from plasmon decay, are still responsible for most of the exposure [79, 85].

200 nm

PMMA

Silicon

125 keV electrons 30 keV electrons

100 μm 100 μm

Figure 2.2: Electron trajectories into 200 nm PMMA on silicon calculated using 125 keV and
30 keV electrons. The calculations are done using the free software CASINO [20].
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2.1.2 Helium ion beam lithography

The helium ion beam microscope (Orion, Zeiss) was commercialized in 2007. An important
difference between an SEM (or an EBL instrument for that matter) and a helium ion beam
microscope is the source. The helium ion microscope employs a gas field ion source. The
source is placed in high vacuum under cryogenic temperatures (working temperature 60 - 90
K). The tungsten tip is positively biased relative to the extractor electrode. This sets up a large
electric field that is used to select the emission sites, the trimer, by field evaporating tip-atoms.
The trimer consists of three atoms and only one is selected for imaging (or lithography). Any
helium atom gas near the trimer is ionized due to the large electric field (minimum 4.4 V/Å).
The ion current appears to come from an atomic-sized volume and as such the brightness is
high, up to 5 × 109 A/cm2sr under optimized conditions. In the source chamber the base
pressure (that is, the pressure in the absence of helium gas) is < 4 × 10 −10 Torr. This is
crucial to preserve the trimer and its surroundings, because adsorption of adatoms can steal
current or cause the selected trimer-atom to be lost [86].

The properties of the gas field ion source, that is the high brightness, the low energy spread
(less than 1 eV), a de Broglie wavelength in the femtometer-range and the atomic-sized virtual
source size, influences the spot size. It should be mentioned that the small virtual source
size implies that a relatively large column magnification is needed, making the helium ion
beam microscope more sensitive to mechanical vibrations than an SEM [86]. That being said,
an 0.24 nm 25-75 % edge resolution in a secondary-electron image has been demonstrated
[87, 88]. Moreover, the helium ion beam microscope has an electron flood gun, enabling in
principle high-resolution imaging of non-conductive materials.

The helium ion beam microscope at the Massachusetts Institute of Technology was in this
work used for resist-based lithography. The microscope was equipped with a 16-bit pattern
generation (Elphy multibeam), but has no laser-interferometric stage and hence the maximum
area one can write is limited by the area written solely by beam deflection (write-field). Beam
currents of about 1 pA was used to expose HSQ, with doses in the range 50 - 100 µC/cm2. At
this dose density range, the generation of re-coil atoms is assumed to be negligible [89].

One key feature about helium ion beam lithography, or lithography with other light ions, is
the reduced proximity effect as the heavy ions backscatter less than electrons. As in EBL, the
secondary electrons are responsible for most of the exposure, and as the stopping power for
helium ions is greater than for electrons (see Figure 1.1), the number of secondary electrons
generated per unit length is larger, leading to higher resist-sensitivity [22]. The potential in
high-resolution lithography is motivated by the sub-1 nm spot size and the beam profile < 100
nm into the resist, however but as shown by Winston et al. [22] and by Scipioni et al. [23]
currently the resolution is comparable to that of an EBL tool.
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2.2 Pattern transfer

Planar nanofabrication typically consists of two steps; lithography and pattern transfer. Various
methods of pattern transfer exists such as electroplating, deposition of functional material
followed by lift-off, etching and implanting [84]. In this thesis work, pattern transfer was done
using reactive ion etching or metal deposition followed by a lift-off procedure, as illustrated in
Figure 2.3.

Exposure

Substrate

Positive resist

Resist after development

Pattern transfer
Deposition of functional material
followed by a lift-off procedureEtch

Figure 2.3: Illustration of (typical) fabrication procedures that were used in this thesis work.
The resist, in this case a positive tone, is exposed with charged particles and developed in a
developer solution. In the left panel the underlying substrate is etched. Etching may require an
etch mask in addition to the resist. In the right panel a functional material is deposited on top
of the resist. The resist and the surplus metal is removed in a sub-sequent lift-off procedure.

2.2.1 Electron beam evaporation and lift-off

Electron beam evaporation is a physical vapor deposition technique. The operation principle of
the technique is illustrated in Figure 2.4. In short, during a deposition process the source ma-
terial is locally heated to its boiling/sublimation point by the means of a high-energy electron
beam. A shutter covers the sample before the desired deposition rate is reached. An oscillating
quartz crystal monitors the rate of evaporation, which can be adjusted by changing the beam
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current. Deposition rates can range from Å/s to µm/s. The process occurs in high vacuum and
the vapor of the source material condenses onto the surface as a uniform film, as illustrated in
Figure 2.4.

The electron beam evaporation tool at the University of Bergen (Temescal FC-2000) can
be used to deposit metals and insulators. The latter is possible due to the electron beam sweep
controller. The electron beam sweep controller controls the movement of electron beam and
can be tuned to evenly heat the source material. For example, SiO2 has a low thermal con-
ductivity and evaporation using a stationary electron beam will relatively rapidly result in the
evaporation of the crucible material.

F
ilam

ent

Magnetic field

Electron beam
Shutter

Figure 2.4: Illustration of the basic principle of electron beam evaporation. The electron beam
is guided to the crucible containing the source material by a magnetic field and heats the source
material so that it evaporates onto the sample as a uniform film.

Electron beam evaporation at normal incidence is used when lift-off is required. Positive-
tone PMMA has an undercut profile due to electron scattering, as illustrated in Figure 2.5.
A good rule of thumb for successful lift-off is that the ratio of metal-thickness to PMMA-
thickness should be a minimum of 1:3. In a lift-off procedure, the sample is submerged in
N-Methyl-2-pyrrolidone (NMP) heated to about 80◦ Celsius, and the sacrificial PMMA peel
off along with the surplus metal.



28 Methods: Fabrication and Characterization

Glass

PMMA
Gold

Peel off

Figure 2.5: Illustration of the lift-off procedure. The sample is immersed in a heated NMP
solution and the sacrifical PMMA peel off along with the surplus metal.

2.2.2 Reactive ion etching

Whereas metal deposition and lift-off is an additive process, etching is a subtractive process.
Etching is divided into two categories: chemical wet-etching and dry etching. An isotropic
etch removes the material in all directions with the same rate [10]. This is typically the case
for chemical wet-etches, but there are exceptions e.g. potassium hydroxide (KOH) which is a
partial anisotropic etch. KOH attacks silicon preferentially in the <100> direction and is dis-
cussed in greater detail in Appendix B. In contrast, dry etches often offer a higher degree of
anisotropicity. That being said, dry-etching techniques typically have a lower selectivity to
the material being etched so the finite etch rate of the mask needs to be taken into considera-
tion. An important class of dry-etches is plasma-based etching. It can take various forms, but
common for all is that volatile species are generated [1].

In this thesis work, reactive ion etching (RIE) was used. RIE employs both physical (mo-
mentum transfer) and chemical processes to etch a material [10]. As illustrated in Figure 2.6,
the lower electrode is connected to a radio frequency (RF) power supply, while the upper elec-
trode is connected to ground. A relatively stable gas is introduced into the vacuum. The gas
is ionized and forms radicals and ionic species. Heavy ions cannot follow the RF oscillations,
unlike the electrons, and this generates a self-bias, Vdc.

The reactive species adsorb on the surface of the material being etch. A reaction takes place
and re-arrangement occurs to form a volatile product [90]. The process of re-arrangement is
not well understood and is likely facilitated by ion bombardment [84]. Silicon or silicon com-
pounds, such as SiO2 or Si3N4, are etch using flurocarbons e.g. CF4, CHF3 or SF6 and creates
the volatile product SiF4. The etch result is affected by RF power, the gas flow rate, the com-
position of the gases, the chamber pressure, substrate temperature, but also e.g. the presence of
contaminants in the chamber [91]. As an example, SEM images of the etch-profile in Si3N4 us-
ing CF4 as the etch gas is shown in Figure 2.7. The etch mask consists of antireflective coating
(ARC, Brewster Science, XHRIC-11), SiO2 and PMMA. The etch-parameters are discussed
in greater detail in Appendix C, but note the high degree of directionality.
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Figure 2.6: Illustration of the basic principle of RIE. A relatively stable gas is introduced
to the vacuum. The gas is ionized and forms reactive species that is adsorbed to surface of
the sample being etched. A reaction takes place, facilitated by ion bombardment, and re-
arrangement occurs to form a volatile product which is removed by the vacuum.

200 nm
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SiNx
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Figure 2.7: SEM images of the etch-profile in Si3N4 using CF4 as the etch gas. The etch mask
consists of antireflective coating (ARC, Brewster Science, XHRIC-11), SiO2 and PMMA.

2.3 Optical characterization

2.3.1 Integrating spheres

Integrating spheres spatially measure the radiant flux of light by the means of integration. The
inner surface of the sphere is covered with a highly reflective and diffuse material that scatters
light in all spatial directions with equal amount (and as a result the light within the sphere is
uniform). A description on how to find the absorption and scattering efficiencies based on the
raw integrating sphere measurements are presented in Paper III and is described by Holm [92].

The set-up used in this thesis work consists of two spheres, one transmission sphere (Ocean
Optics ISP-50-8-I) and one reflection sphere (Ocean Optics ISP-50-8-R-GT), as illustrated in
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Figure 2.8. Light by a tungsten halogen light source (Ocean Optics HL-2000 380 nm – 2000
nm) enters the reflection sphere and generates a spot size at the sample port of approximately 3
mm. The incident angle is 8 ◦ relative to the surface normal. The reflection sphere is equipped
with a gloss trap used to include or exclude specular reflection (specular reflection is included
in the measurements in paper III). The spectrometer (Ocean Optics USB400-VIS-NIR ES)
has a spectral resolution of ∼ 1.5 nm. One intrinsic source of error in integrating sphere
measurements are the ports. The ports (entrance, sample and detector) are not coated with the
diffusive material and information will be lost. As a rule of thumb, the total area of the port
should be less than 5 % of the internal area of the spheres to minimize such errors [93].

In paper III, the light reflected off the sample and the light transmitted through the sam-
ple is measured. The light extinct by the sample are measured using another set-up. The
spheres were calibrated based on reference spectra. The reference spectrum in the reflection
sphere is obtained using a diffuse reflection standard (WS-1 Reflectance Standard), while an
empty sphere (the light source) was used as reference spectrum for the transmission sphere.
The nanoparticles are resting on glass and to extract the optical properties of the nanoparticles
the contribution of the glass (measured in near proximity of the metal nanoparticles) was sub-
tracted. Once the light being extinct by the nanoparticles is known, the light absorbed by the
nanoparticles can be found via the principle of conservation of energy.

Figure 2.8: Illustration of the integrating sphere set-up. It consists of one reflection sphere and
one transmission sphere. The light enters the reflection sphere, interacts with the sample and
can be scattered multiple times of sphere walls. The figure is reproduced with the premission
from [53].
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2.4 The appendices

Suplimentary information and preliminary results are presented in the appendices. The appen-
dices encloses:

• Appendix A presents an alternative neon-ion beam milling procedure for making an
atom sieve. Preliminary results are included.

• Appendix B includes the experimental procedure for fabricating silicon nitride mem-
branes.

• Appendix C discusses RIE for making free-standing structures. Two different etch-
masks are examined (a) ARC, SiO2 and PMMA and (b) PMMA.
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Chapter 3

Conclusion and outlook

The work presented in this thesis is grounded in exploring charged particle lithography to de-
velop new optical elements. Five papers, where the thesis defender is the first author (shared
first-authorship in paper V), have been published in peer-reviewed journal. This chapter con-
cludes and proposes further work.

3.1 Conclusion and outlook

In paper I resist-based lithography with helium ions was used to (a) fabricate high-density
gratings over areas up to 100 µm × 100 µm and (b) pattern on a tilted surface to explore
the large depth of field. The high-density gratings were intended for the generation of Smith-
Purcell radiation spanning the visible to the UV regime, powered by a standard microscope
beam. It has, however, not been tested during the course of this thesis work. Nevertheless,
the idea was to deposit SiO2 on top of the HSQ grating and thus have a dielectric grating
and study how (or if) it interacts with the electron beam (for electron beam energies < 10
keV). Smith-Purcell is traditionally produced using conductive (or semi-conductive) gratings
and light in the UV-regime have been produced see e.g. [37]. That being said, as metals
typically have their plasma frequency in the EUV (around 10 eV) the screening charges in the
metal may not respond fast enough to generate Smith-Purcell radiation at these wavelength
and investigating other materials is thus important. In retrospect, the underlying substrate
in the produced gratings is silicon, and silicon has strong cathodoluminescence signal in the
visible (around 550 nm) [39], and hence is not ideal for Smith-Purcell generation. Thus, the
fabricated grating would only work as a first test and optimization of material should be done.
The second part of the paper I present the first experiment demonstrating resist-based helium
ion lithography (HIL) on a tilted surface. To perform the same experiment using an electron
beam would gain a direct comparison of the capabilities of HIL. This should also be done with
a neon ion beam. Finally, the large depth of field could be used to pattern on a functional
device e.g. an optical fiber or a lens. Spin-coating resists on curved surfaces is a challenge, but
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with methods such as evaporation coating [94] and dip-coating [95] it is by all means possible.
Paper II presents a systematic investigation of the charging effect in SEM. Gold nanostruc-

tures on glass substrates are found to appear smaller than their real dimensions due to negative
charging, comparable to a de-magnified image. During excessive imaging of the structure,
the gold degraded and this degradation should be investigated in greater detail. A theoreti-
cal model could gain more information of the phenomena. Furthermore, investigating other
non-conductive materials could be relevant. As a final note, doing the same experiment with a
helium ion beam would be interesting on a fundamental level.

Paper III deals with the absorption and scattering of light by gold nanoparticles. The
samples were fabricated using electron beam lithography followed by metal deposition and
lift-off, and their optical response was compared to that of Langhammer et al. [54] who per-
formed similar measurements on HCL fabricated samples. The EBL fabricated sample and
HCL fabricated samples show similar optical response. However, the EBL samples were pe-
riodic arrays and diffraction effects are discussed as a potential reason for the splitting of the
spectral position of the LSRP of the scattering and absorption efficiencies. Simulations were
done using the software Lumerical which provides finite-difference time-domain (FDTD) so-
lutions. Only single particles were simulated, but as diffraction was discussed, future work
should include simulations of multiple particles to study this effect theoretically.

In paper IV a high-transmission atom sieve for focusing neutral helium atoms was fabri-
cated by the means of EBL and reactive ion etching. The holes in the sieve were distributed
along the Fresnel zones and the smallest hole has a diameter of 38 ± 4 nm. Additionally,
smaller holes were made with a diameter down to 15 nm, showing that sub-10 nm focus-
ing should in principle be possible. An attractive alternative one-step fabrication procedure is
neon ion beam milling, which is described in Appendix A. Currently, making a full sieve us-
ing neon ion beam milling is challenging due to beam current fluctuations. Ultimately the goal
will be to integrate the atom sieve in a new neutral helium atom microscope instrument. This
development work is ongoing in the Nanophysics group.

Paper V demonstrates fast resolution change in NeMi by inserting collimating apertures
of various diameters in the microscope. It allows us to change the microscope resolution
without breaking the vacuum or changing the properties of the neutral helium beam (their
de Broglie wavelength). The collimating apertures are already installed in the current neutral
helium microscope at the University of Bergen. In the new design aiming for 10 nm resolution,
smaller apertures must be made, and paper IV has shown that it is possible to make such holes.
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Summary

Scanning electron microscopy is perhaps the most important
method for investigating and characterizing nanostructures.
A well-known challenge in scanning electron microscopy is
the investigation of insulating materials. As insulating mate-
rials do not provide a path to ground they accumulate charge,
evident as image drift and image distortions. In previouswork,
wehaveseen that samplecharging inarraysofmetalnanopar-
ticles on glass substrates leads to a shrinkage effect, resulting
in a measurement error in the nanoparticle dimension of up
to 15% at 10 kV and a probe current of 80 ± 10 pA. In order
to investigate this effect in detail, we have fabricated metal
nanostructures on insulating borosilicate glass using electron
beam lithography. Electron beam lithography allows us to tai-
lor the design of ourmetal nanostructures and the area cover-
age. The measurements are carried out using two commonly
available secondary electron detectors in scanning electron
microscopes, namely, an InLens- and an Everhart–Thornley
detector. We identify and discriminate several contributions
to the effect by varyingmicroscope settings, including the size
of the aperture, the beam current, the working distance and
the acceleration voltage. We image metal nanostructures of
various sizes and geometries, investigating the influence of
scan-direction of the electron beam and secondary electron
detector used for imaging. The relative measurement error,
which we measure as high as 20% for some settings, is found
to depend on the acceleration voltage and the type of sec-
ondary electron detector used for imaging. In particular, the
Everhart–Thornley detectors lower sensitivity to SE1 electrons
increase the magnitude of the shrinkage of up to 10% relative
to the InLens measurements. Finally, a method for estimating
charge balance in insulating samples is presented.

Correspondence to: MartinM. Greve, Allegaten 55, 5020 Bergen, Norway. Tel:+47

55 58 83 26; e-mail: martin.greve@uib.no

Introduction

Nanostructures of metallic, semiconducting and insulating
materials have attracted a great deal of attention due to their
novel physical and chemical properties (Rao & Cheetham,
2001). Thanks to progress in nanofabrication techniques
and methods for characterization and manipulation, nanos-
tructured devices hold great promise in, e.g. photonic-,
optoelectronic-, catalytic-, environmental-, biomedical- and
therapeutic applications (Daniel & Astruc, 2004; Baxter &
Aydil, 2005; Cho et al., 2008; Sanvicens &Marco, 2008; Sieb
et al., 2009; Talapin et al., 2009).
Nanostructures can routinely be fabricated using a wide

range of methods, including physical vapour deposition-
based techniques, chemical synthesizing and lithography
techniques (Hulteen&VanDuyne, 1995;Hyeon,2003;Rech-
berger et al., 2003; Sander & Tan, 2003; Langhammer et al.,
2007; Ferrando et al., 2008). The various methods have dif-
ferent benefits and drawbacks, e.g. the ability to control size,
the particle density (in solution or on substrates), the par-
ticle throughput and arrangement of particles (e.g. arrays)
(Stepanova & Dew, 2011).
Independent of the fabrication method, characterization of

nanostructures isofkey importanceas thephysicalandchemi-
calproperties stronglydependuponparticle size.Transmission
electron microscope (TEM), atomic force microscope (AFM)
and scanning electron microscope (SEM) can be used for this
purpose (Sun & Xia, 2002; Goldstein et al., 2003; Rechberger
et al., 2003; Langhammer et al., 2008;Greve et al., 2013). SEM
is, perhaps, themain characterizationmethod due to the reso-
lution, simplicity in operation, image quality and promptness
of the microscope (Goldstein et al., 2003).
Thecharacterizationof insulatingmaterials is awell-known

challenge inSEM(Cazaux,1999; Joy& Joy,1999;Thong et al.,
2001; Ose et al., 2002; Goldstein et al., 2003; Okai et al., 2011;
Okai&Sohda,2012). Insulating samples donot provide apath
to ground and therefore accumulate charge. As a result of the

C© 2016 The Authors
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accumulated charge, the path of the incident and emitted elec-
trons are deflected, evident as image distortions (Jbara et al.,
2004; Okai et al., 2011; Okai & Sohda, 2012).
In previous work, we fabricated large arrays of metal

nanoparticles on insulating glass substrates using electron
beam (EBL) lithography to study the optical properties of the
arrays (Greve et al., 2013). The size and shape of the metal
nanoparticles were characterized by the means of SEM and
AFM. During the SEM characterization, the measured dimen-
sions were found to be smaller than the designed structures
bothwith respect to particle size and interparticle spacing. The
shapes corresponded well to the designed structures. Com-
monly in EBL, the input pattern must be shaped-biased to
achieve the desired dimension of the structure, that is, the
shape of the design parameters must be optimized to correct
for, e.g. proximity effects (Misaka et al., 1990). However, after
sputter-coatingathin layer (approximately4nm)ofgoldpalla-
dium new SEMmeasurements were made. In this conductive
environment, SEM measurements of the metal nanoparticle
dimensions were found to correspond well with the designed
structures. Themetal nanoparticle diameter and the interpar-
ticle distance shrunk approximately 15% when investigated
directly on the insulating glass substrate, using an accelera-
tion voltage of 10 kV and a probe current of 80± 10 pA, with
respect to the conductive sample coated with gold palladium.
In this work, we study the measurement error in the SEM

formetal nanostructures of different shape and size on insulat-
ing glass substrates. The nanostructures are investigated un-
der various conditions by varying the beam current, aperture
size, acceleration voltage, working distance, scan-direction of
the electron beam, grid bias of the ET detector, as well as
the size and the geometry of the nanostructures. The mea-
surements are carried out using commonly available sec-
ondary electron (SE) detectors, namely, anEverhart–Thornley
(ET) and an InLens detector. Using two different detectors al-
lows us to identify several contributions to the measurement
error.

Charging effect

A SEM image is formed by raster-scanning a focused electron
beamacross a sample. The incident electrons interactwith the
sample and generate signals that can be detected (Goldstein
et al., 2003). Secondary electrons (SEs) are of main interest in
imaging. SEs are generated via inelastic interactions and have
energies below 50 eV (Goldstein et al., 2003). Interactions be-
tween an incident electron, a so-called primary electron, and
a sample electron generates SE1. SE2 is generated via inter-
actions between a backscattered electron (BSE) and a sample
electron (see Fig. 1 A). A BSE is a primary electron that has
undergone large angle scattering (scattering angle > 90◦) in
the sample. BSEs that escape into the vacuum can impinge
on the chamber walls or on the pole piece and generate SE3.
SE1 and SE2 are collected by the InLens detector. A positively

biased ET detector additionally detects SE3 (Everhart et al.,
1959).
Qualitatively, the charging effect in SEM is described as fol-

lows: as an insulator does not provide a path to ground, a frac-
tion of the primary electrons get trapped in the material. The
trapped electrons generate an electric surface potential. This
potential can change the energy and trajectory of the subse-
quent primary electrons in twoways. For a negative (positive)
potential, the primary beam is slowed down (accelerated) de-
creasing (increasing) the maximum penetration depth of the
beam. As a consequence, the SE yield is increased (decreased)
(see Fig. 1 B).
The primary electrons and emitted SEs are deflected causing

magnification variations, image drift and abnormal contrast
(Cazaux, 1999; Jbara et al., 2004; Fakhfakh et al., 2010; Okai
et al., 2011; Okai & Sohda, 2012). Trapped primary electrons
contribute to negative charging, whereas the emission of SEs
and BSEs give rise to positive charging of the sample (Cazaux,
1999). In principle, it is possible to establish a dynamic charge
balance, that is, a state where the sum of the incident and
emitted electron-yield equalsunity. This is illustrated inFigure
1(B). As can be seen, there are two crossover energies, E1 and
E2, were charge balance is obtained. Commonly, E1 is in the
range 50–200 eV which is too low for conventional SEM.
However, E2 is found between 500 eV and a few keV, suitable
for SEM applications (Joy & Joy, 1999; Rau et al., 2008).
The SE yield is defined as

δ = nSE

nB
, (1)

wherenSE is thenumberofSEsemitted fromasamplesubjected
to nB primary electrons. δ depends upon the sample material,
the topography of the sample and the incident beam-energy
(Seiler, 1983; Joy et al., 2004). In general, the SE-coefficient
decreaseswith increasing primary energy, as the escape depth
of SEs is shallowandhigher energy primary electrons undergo
less inelastic scattering (Seiler, 1983; Shih et al., 1997). How-
ever, in the case of charging the negative surface potential
increases the SE yield, as mentioned above and illustrated in
Figure 1(B).
The BSE yield is defined as

η = nBSE

nB
, (2)

where nBSE is the number of backscattered electrons. η in-
creases with increasing atomic number (Z), whereas the de-
pendency on acceleration voltage is minor in the range be-
tween 10 and 50 keV (less than 10%) (Reimer & Tollkamp,
1980; Lloyd, 1987; Goldstein et al., 2003).

Design and preparation of nanostructure arrays

Themetalnanostructureswere fabricatedonborosilicateglass
cover slips (Menzel Gläzer, Thermo Scientific, Braunschweig,
Germany). Bare cover slips were cleaned in two separate

C© 2016 The Authors
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Fig. 1. (A) Schematics of where secondary electrons and backscattered electrons can be formedwhen an electron beam strikes a sample. Panel (B) shows
the total emitted electron yield from an insulating material as a function of primary energy. At the crossover energies E1 and E2, charge balance is
obtained. Whereas E1 is too low for SEM applications (in the range 50–200 eV), E2 is found to be between 500 eV and few keV. The figure has been
adopted (to improve visibility) from Joy & Joy (1999). Note the log scale on the x-axis.

Fig. 2. Shows the general idea of the design used for fabricating the nanostructures. This design was repeated over a larger area. The metallized regions
(Au) are shown in yellow, whereas the underlying substrate (borosilicate glass) is white. The sides of the gold squares are 450 nm and the spacing
between each square is 150 nm in both directions. The inverse is true for the grid-lines. The structures were all measured at a magnification of 50 000
times, and themeasurement points are shownwith the red arrows. As can be seen, eachmeasurement point consists of two independent measurements.

ultrasonic baths consisting of 2-propanone (acetone) (Em-
parta ACS, Merck KGaA, Darmstadt, Germany) and 2-
propanol (isopropyl alcohol, IPA) (Emparta ACS, Merck
KGaA), respectively, anddriedusingpressurizedN2.Thecover
slips were spin coated with a 180 ± 2-nm thick layer of
poly(methyl methacrylate) (PMMA) (Ar-P672.08, Allresist
GmbH, Strausberg, Germany). A 4 ± 1-nm thick layer of
chrome was deposited on top using electron beam evapora-
tion (Temescal FC 2000, Temescal Inc., Livermore, CA, USA).
The chrome layer serves as a charge-dissipating layer elimi-

nating drift during the lithography process. The design of the
nanostructures patterned consisted of two inverse structures,
namely, grid-lines and squares (see Fig. 2), andwill be referred
to as such in the remainder of this paper.
After patterning, the chrome layer was removed in a wet

etch (Chromium Etchant 1020, Transene Company Inc.,
Danvers, MA, USA). Subsequently, the sample was soaked for
2 min in the developer; a 1:3 mixture of methyl-isobutyl-
ketone (AR 600-56, Allresist GmbH) and 2-propanol. To
stop the development process, the sample was rinsed with

C© 2016 The Authors
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Fig. 3. (A) Normalized dimensions of squares using an aperture size of 10µmand 7.5 kV acceleration voltage, resulting in identical charging conditions,
whereas the ET detector grid bias was gradually decreased from 300 to −200 V. (B) Probe current versus acceleration voltage for the 10-µm aperture.
The measurements are conducted using a Faraday cup.

2-propanol and dried using pressurized N2. A 25 ± 1-nm
gold layer was deposited onto the sample using electron
beam evaporation, followed by a lift-off procedure by sub-
merging the sample in n-methyl-2-pyrrolidone (BASF SE,
Ludwigshafen, Germany) heated to 80◦C. The lift-off peals of
the PMMAwith the surplus metal.
Finally, after measuring the dimensions of the nanostruc-

tures on the insulating substrate (see Section ‘Measurement
method’), the sample was coated with a 4 ± 1-nm thick layer
of chrome by the means of electron beam evaporation. The
real dimensions of the nanostructures were then verified in
a conductive environment. Due to the nature of the elec-
tron beamevaporationwith a long source-to-sample distance,
small source, and relatively high vacuum (≈ 1× 10−6 mbar)
metal is mainly deposited perpendicular to the sample plane
and hence minimizing any increase/decrease in lateral sam-
ple dimensions. In order to verify that this added material did
not influence the measurement, an atomic force microscope
scan was made of the samples with and without the chrome
layer. We could not measure any difference in lateral dimen-
sion before and after deposition, and this effect is therefore
neglected.

Measurement method

SEM images are obtained using a combined electron beam
lithography and SEM system (Raith eLINE, Raith GmbH,
Dortmund, Germany). The chamber pressure was approxi-
mately 8 × 10−7 mbar. Two different SE detectors, namely,
an InLens and a positively biased (300 V) ET detector
was used to perform the measurements. A positively biased
ET detector was chosen to attract SEs (Goldstein et al.,
2003).

For both detectors, measurements were conducted using a
working distance of 10.7 mm and 5.7 mm. The latter is the
minimum working distance for a flat sample in the system,
and because physical building up the sample could potentially
change the sample conductivity, theworkingdistancewasnot
decreased beyond this.
In Figure 3(A), the ET detector grid bias has been gradually

decreased from 300 V to −200 V. Beyond −50 eV, the ET
detector is essentially a BSE detector. The SE2 and the BSE
are generated by electrons emerging from exactly the same
sample volume when the ET detector is turned to ‘BSE-mode’.
This indicates that the build-up of electrical charge affects the
shrinkageof SE2 andBSE to the samedegree. Furthermore, the
electrical field induced in the sample does not cause additional
image distortions for the lower energy SE2.
As the SEM used in this work did not have a rotatable

stage, the electron beam scan-direction was rotated from
0◦ to 180◦ in steps of 45◦ (see Fig. 4) to simulate a moving
detector. Obviously, it is not the same as physically changing
the position of the detector. Nevertheless, it shows that the
sequence ofwhich the pixels are exposed does not significantly
affect the measured dimensions.
The acceleration voltage was systematically increased from

2.5 kV to 20 kV, in steps of 2.5 kV. Using the ET detector,
we also conducted low-voltage measurements ranging from
1 kV to 2.5 kV. The InLens data fluctuate significantly at low
voltages due to a shadowing effect in the SEM images. For
this reason, these low-voltage measurements are discussed
separately.
To investigate how the aperture size, and hence the probe

current, affects the measured dimensions one measurement
set using (2.5, 10, 20) kVwere performed for each of the aper-
tures (7.5, 10, 20, 30) µm. Increasing the size of the aperture
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Fig. 4. Normalized dimensions of squares for various scan rotations using the InLens (black) detector and the ET detector (red).

Fig. 5. Normalized dimensions of squares using (A) the InLens detector and (B) the ET detector for various aperture sizes (probe currents).

has aminor effect on the shrinkage effect (see Figs. 5 A and B).
Therefore, only measurements obtained using an aperture of
10 µm is presented in the remainder of this paper (see Section
‘Image optimization’ for further discussion). The associated
beam currents are given in Figure 3(B). The beam-probe size
was estimated to be 10±5nm for allmeasurements. It should
be noted that there might be a minor effect of increasing the
probe current, elucidating itself for the InLens detector at high
voltages (see20kVmeasurement points in Fig. 5B). This effect
has not been investigated further as it was only seen for the
most extreme voltage used in this study.
The nanostructures, i.e. grid-lines and squares, are

schematically depicted in Fig. 2 and SEM images are presented

in Fig. 6. All measurements are obtained using a beam dwell
time of 26.6µs/pixel and amagnification of 50000 times. The
area within the SEM image at this magnification defines one
field of view. For the grid-lines, the dimensionof the lines along
the x- and y-axis is measured three times per voltage step. In
principle, the two lines along the x-axis (i.e. parallel to the
scan-direction of the electron beam) and the two lines along
the y-axis (i.e. perpendicular to scan-direction of the electron
beam) have identical surroundings. Therefore, one measure-
ment point is the average of six individual measurements. In
the remainder of this paper, one measurement set defines six
individual measurements per voltage step. In a similar man-
ner, the measured length (x-axis) and width (y-axis) of the
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Fig. 6. (A, B) SEM images of grid-lines and squares under charging conditions. The images were taken at 15 kV and an aperture size of 10 µm using
the InLens detector. (C, D) SEM images of grid-lines and squares when coated with thin layer of chrome. Note the additional edge visible around the
structures, a reoccurring issue for samples exposed by the electron beam for longer periods of time (extensive imaging).

squares consist of six measurement points, again defining one
set, for each voltage step.

Image processing and data analysis

The normalized dimensions of the nanostructures, that is, the
ratio of the uncoated dimensions to the coated dimensions
are plotted in Figures 7–11 (all plots have the same x-
and y- range allowing a direct comparison). The data are
normalized to the coated dimensions measured in the SEM to
accommodate any size variations between different samples.
If not otherwise specified, the presented data are the average
of three measurement sets. Such averaging clearly smoothen
the data, and it should be noted that this can suppress crucial
information. Extensive measurements on a single field of
view were not possible due to loss in contrast, caused by the
energetic electron beam ‘contaminating’ the sample. The
effect can be seen in Fig. 6 where an additional edge manifest
itself around the structures. This sample contamination
evolves as a function of time, and has been taken into account
and eliminated as much as possible in all the presented data.
Similar sample contamination has been observed by others
(Kubby & Siegel, 1986), and introduces an additional level of

difficulty to these measurements. This effect underlines the
importance of presenting normalized data points.

Results and discussion

Image optimization

A SEM image with acceptable focus and minimal image
artefacts is highly dependent on precise alignment of the
microscope, and even more so when investigating insulating
materials. It was found that the direction of the image drift
coincides with the scan-direction of the electron beam. This is
in contrast to previous assumptions stating independence of
the two (Okai & Sohda, 2012). The image drift can in fact be
completely eliminated for any image/structure by carefully
aligning the objective aperture and the stigmation of the
beam, resulting in a still image similar to that of a conductive
sample. We speculate that the drift can be due to a slightly
misaligned and stigmatic beam. This will result in a larger
than expected spot size, which in turn introduces charge
to the neighbouring pixel which has not yet been exposed.
When the beam is moved from one pixel to the next it will be
slightly repelled by the already injected and trapped electrons,
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Fig. 7. Normalized dimensions of two different samples, named sample 1 and sample 2, measured under identical conditions by the means of the InLens
detector. The reproducibility of the measurements as well as the shrinkage attributed to the charging effect is found to coincide. Each line is based on the
average of three measurement sets, i.e. 18 measurements per voltage step obtained from three different field of views.
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Fig. 8. Normalized dimensions of grid-line and squaresmeasured using (A) the InLens detector and (B) the ET detector. No significant difference between
the two scan-directions were found. This suggests that the observed shrinkage and therefore the distortions induced by the charging are independent of
the scan-direction of the electron beam. The plots are based on the average of three measurement sets.

and hence the imagewill be pushed a tiny amount to the right
(given that the beam is scanning from left to right) causing the
drift. In the vertical direction, the time between the exposures
of neighbouring pixels is much longer. Hence, some of the
trapped charge has time to dissipate, weakening the effect
which in turn minimize the vertical drift. This is supported by
observations in the SEM; if a drifting image is recorded and the
scan-direction is rotated180◦, thedirectionof the imagedrift is
reversed.
Not surprisingly, a gradual loss in contrast emerges as

the acceleration voltage is raised, which is accompanied by

gradual increase of brightness. By manually increasing the
contrast while reducing the brightness this loss is reduced.
It should be noted that an acceptable contrast also depends
upon the size of the aperture, as the area of the aperture
is proportional to the beam current. An aperture size of 10
µm was found to give the best trade-off, providing the best
contrast as well as an adequate signal-to-noise level. The use
of a larger aperture greatly enhances the charging effects as
the beam current is raised, whereas use of smaller apertures
is challenging at lower voltages due to the decreasing
signal-to-noise ratio.
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Fig. 9. Normalized dimensions of grid-lines (A) and sqaures (B) using the InLens and the ET detector. The discrepancy between the InLens and the ET
detector is attributed to the low sensitivity of the ET detector to SE1 electrons.

Fig. 10. (A) Intensity profile of two squares measured using the InLens- (black line) and the ET (red line) detector, an acceleration voltage of 12.5 kV
and a working distance of 10.7 mm. Note that the large difference in the measured sizes is due to the high acceleration voltage. (B) Pitch and feature
dimension of grid-lines measured using the InLens (black line) and the ET (red line) detector.

Analysing the SEM images

To test the reproducibility of the measurements, two inde-
pendent samples were fabricated (following the design in
Fig. 2) and investigated independently under identical con-
ditions. The result is plotted in Fig. 7 and shows good
agreement.
The dimension of the grid-lines and squares weremeasured

along the x- and y-axis (see Fig. 2), and no significant dif-
ference between the two scan-directions were found, as can
be seen in Fig. 8(A) and (B). This suggests that the observed
shrinkageandtherefore thedistortion inducedby thecharging
is independent of the scan-direction of the electron beam. Due

to this independence of scan-direction, for simplicity, only
measurements conducted along the x-axis will be presented
hereinafter.
In Fig. 9, measurements of grid-lines and squares obtained

using the InLens and the ET detector are compared. The ET
line falls below the InLens line at all voltages beyond 2.5 kV
independent of the coverage in the field of view.Asmentioned,
the InLens detector only collects SE1 and SE2, whereas the ET
detector additionally detects SE3 (see Fig. 1). SE2 and SE3 are
generated by BSE and therefore follow the characteristics of
the BSE yield. Above 10 keV for a given element, the BSE yield
is almost independent of energy(Reimer & Tollkamp, 1980).
Due to this independency, the ET data in Figures 8, 9 and 11

C© 2016 The Authors
Journal of Microscopy C© 2016 Royal Microscopical Society, 265, 287–297



INVESTIGATION OF THE CHARGING EFFECT IN SEM 295

Fig. 11. Normalized dimensions of one measurement set obtained using different working distances for (A) the InLens detector and (B) the ET detector.
The plots overlap, thus reducing the working distance does not affect the measurement error.

approximates a horizontal line above 10 kV. The dominating
signal in the InLensdetector is likelySE1 (Griffin,2011),which
is a “true” SE-signal, and thus the data do not exhibit the same
trend.As such, the discrepancybetween the InLens and the ET
detector is attributed to the low sensitivity of the ET detector
to SE1 electrons. Moreover, the detector quantum efficiencies
for the InLens- and ET detector is ∼0.6 and ∼0.1 to 0.05,
respectively, providing a better Signal-to-noise-ratio (SNR) for
the former (Joy & Joy, 1996; Griffin, 2011).
Intensity profiles assessed from SEM images of squares ob-

tained at a voltage of 12.5 kV are shown in Figure 10(A). The
InLens- and ET-profiles are aligned so that the centres of the
squares coincide. The InLens profile features an intensity in-
crease, seen as a tip, at the border of the structure attributed
to the collection of SE1 (Joy, 1991; Griffin, 2011). This tip is
not present in the ET profile. This can be explained by the
ET detectors significantly lower sensitivity towards SE1 and its
ability to detect SE3 (Goldstein et al., 2003;Griffin, 2011). Bear
in mind that this extreme size discrepancy seen in Figure 10
is due to the relatively high acceleration voltage used, deliber-
ately chosen to clearly visualize and underline the effect. Also
note that at thebrightness andcontrast settings are at their ex-
tremes, challenging the borderline between a real and a fictive
signal (i.e. noise). In Figure 10(B), the pitch and the feature
dimensions at 7.5 kV is presented. As can be seen, the pitch
is the same, only the width of the grid-line profiles is different.
The characteristic peaks of the SE1 signal (seen for the InLens)
is still absent for the ET.
The influence of the working distance on the measured di-

mensions is presented in Figure 11. Measurements were car-
ried out using the InLens detector (A) and the ET detector (B),
and a working distance of 10.7 mm (black line) and repeated
for a working distance of 5.7 mm (red line). Both plots are
the average of six individual measurements per voltage step,

i.e. one measurement set within one field of view. The plots
overlap to a degree indicating that a reduction in working dis-
tance does not affect the magnitude of the shrinkage effect for
working distances of relevance in this work.
The build-up of negative charge in the sample is seen as a

systematic shrinkage effect, manifesting itself as a demagni-
fied image (Okai et al., 2011). Positive sample charging would
result in an overmagnified image, evident as an ‘expansion ef-
fect’. At the second-cross over for charge balance, the normal-
ized dimensions should equal 1. In the case of polycrystalline-
SiO2 and soda-lime glass, Rau et al. estimates it to be in the
range of 1.5–2.7 keV depending on themodel used for the cal-
culations (Rau et al., 2008). Here, charge balance is obtained
at ∼2.5 kV independent of the detector used to conduct the
measurements.
Additional measurements were conducted for the ET detec-

tor in the voltage ranges 1.0 kV – 2.5 kV to investigate the
region of positive charging. Figure 12 presents the normal-
ized dimensions of grid-lines and squares. The sample charges
positively throughout this voltage range, evident as an over-
magnified image. Note that the x-axis is plotted as log-scale.
The total electron emission yield (see Fig. 1 B) is expo-

nentially dependent on the acceleration voltage (Joy & Joy,
1999). It should therefore, in principle, be possible to fit
three (or more) data points to an exponential function of
the form y = A exp(−x

t ) + y where A, t and y are constants,
to estimate the second crossover. Determining this second
crossover using the normalized dimensions of the nanos-
tructures (uncoated/coated) is important as it reveals the
substrate-dependent charge balance. Knowledge about the
crossover allows arbitrary structure dimensions to be ex-
tracted under any charging condition by a three-point mea-
surement and fitting of an exponential function in a similar
manner as described above.
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Fig. 12. Normalized dimensions of grid-lines (A) and squares (B) obtained using the ET detector. The normalized dimension reach 1 at approximately
2.5 kV indicating that charge balance is obtained and soundmeasurements can bemade. Themeasurements are the average of three measurement sets.
The x-axis is plotted on a log-scale.

Conclusion

Wehave investigatedsamplecharging forgoldnanostructures
on glass substrates. The nanostructures have been imaged us-
ingcommonlyavailableSEdetectors inanSEM.The shapeand
appearance of the nanostructures corresponds well to the de-
signed structures. The measured dimension of the structures
appears smaller than identical measurements in a conductive
environment.This is causedby thebuild-upofnegative charge
in the sample and is comparable to a demagnified image. The
magnitude of this shrinkage effect is found to be dependent
on the type of SE detector, and the acceleration voltage. It is
found to be independent of the working distance, probe cur-
rent and scan-direction of the electron beam.A discrepancy in
the dimensions measured by the two detectors has also been
shown, where the InLens detectors ability to detect SE1 leads
to a smaller measurement error. A method for estimating the
second crossover for charge balance in insulating materials,
therebyallowingameasurement estimationof the real dimen-
sions has been suggested. If imaging at charge balance is not
possible, we recommend observation of charging samples in
the SEM to be done at low voltage (<5 kV), using a 10-µm
aperture in order to minimize the measurement error and to
achieve the optimal contrast. To obtain an imageof acceptable
sharpness,weadvise to reduce thebrightnesswhile increasing
thecontrast settings in themicroscope.Finally, an imagewith-
out drift is attainable by a precise alignment of the objective
aperture and by eliminating stigmation.
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The localized surface plasmon resonance (LSPR) effect in metal nanoparticles is important for

many applications ranging from detectors and sensors to photovoltaic devices. The LSPR

wavelength is sensitive to the shape, size, surface condition, and surrounding environment.

Therefore, it is important to compare the optical properties of metal nanoparticles of nominally

similar dimensions and external conditions, but fabricated with different techniques. Here, a

systematic study of the optical properties of large, periodic arrays (3� 3mm) of cylindrical, gold

nanoparticles with diameters ranging from 396 4 nm to 1676 5 nm and a height of 256 1 nm is

presented. The large arrays allow us to investigate the optical properties using an integrating sphere

setup collecting the light scattered and absorbed by the nanoparticles. To the best of our

knowledge, such a setup has not been used previously for electron beam lithography (EBL)

fabricated samples mainly due the large sample area required. The authors compare our results

with relevant literature and find a good agreement, which confirms the expected reproducibility of

EBL. Further, the authors compare our absorption and scattering measurements with previous

absorption and scattering measurements on large arrays of gold nanoparticles prepared on glass

using hole-mask colloidal lithography. Finally, a comparison with simulations using a finite differ-

ence time domain software package (Lumerical, Inc.) is presented. The simulation results matches

well with experimental results and are also supporting and detailing our comparison with published

literature. The authors find a good agreement between the two fabrication methods. The small devi-

ations found can be contributed to differences in the particle size and density distributions.

Published by the AVS. https://doi.org/10.1116/1.4994113

I. INTRODUCTION

Over the last years, several studies have been carried out

investigating the optical properties of metal nanoparticles.1–3

The localized surface plasmon resonance (LSPR) effect can

potentially be used in several applications ranging from

detectors, sensors, and drugs to photovoltaic devices.4–6

Several studies have revealed how minute differences in

shape, surface condition, and surrounding environment can

have a significant effect on the LSPR wavelength.7,8 In this

paper, we focus on gold nanoparticles prepared directly on

glass substrates using lithography techniques.9–11 The advan-

tage of lithography is that the size of the nanoparticles, as

well as the spacing between them on the substrate can be

well controlled. The disadvantage, particularly for electron

beam lithography (EBL), is that it takes a long time to pre-

pare large samples.12 For this reason, earlier studies of EBL

fabricated metal nanoparticles have mostly been carried out

on small ensembles, and the optical properties have mainly

been investigated using optical microscopes in combination

with a spectrophotometer, allowing the nanoparticle light

extinction to be investigated. Such an investigation of gold

nanoparticles can be found in Refs. 9–11 and 13–18.

Furthermore, light scattered by metal nanoparticles can be

studied using dark field spectroscopy, which in addition can

allow changes in the polarization of light to be studied.2,19–21

Extinction is a measure for the light absorbed and scat-

tered by the nanoparticles. For small particle sizes, absorp-

tion is dominant and the extinction spectrum thus gives a

direct measure of the LSPR wavelength. However, for nano-

particle sizes above approximately 50 nm, light scattering

becomes increasingly important. Hence, for nanoparticles

larger than 50 nm, all the scattered light needs to be collected

in order to obtain a proper absorption spectrum, that is, the

LSPR wavelength. This has been done for gold nanoparticle

arrays prepared on glass using hole-mask colloidal lithogra-

phy (HCL),11 but to our knowledge, up till now, not for EBL

prepared arrays.

II. EXPERIMENT

A. Sample preparation

Large area arrays (3 � 3mm) of gold nanoparticles were

fabricated on glass using EBL (Raith e_Line). Gold is known

to adhere quite badly on glass (dielectric materials).

However, the use of an intermediate adhesive layer, such as

commonly used thin film of titanium,22 was not desirable as

this affects the optical properties. We found that the nano-

particles stuck reasonably well to borosilicate glass micro-

scope coverslips (Thermo Scientific). In order to realize the

range of different nanoparticle sizes, a bilayer resist scheme

was used. The bilayer scheme used in this work is carried

out by first spin coating approximately 70 nm film of a high

sensitivity PMMA resist [PMMA 495K (Microchem 495K

PMMA)]. This was then baked at 175 �C for 5min, followeda)Electronic mail: martin.greve@uib.no
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by another spin coating of a lower sensitivity PMMA resist

[PMMA 950K (Allresist AR-P 672.02)], and the sample was

again baked at 175 �C for another 5min. The higher sensitiv-

ity resist ensures a good undercut for the subsequent lift off,

and the lower sensitivity a good EBL resolution. A charge

dissipating 36 1 nm film of chrome was deposited on top of

the resist using electron beam evaporation (Temescal FC-

2000). The resists were exposed using a 20 kV acceleration

voltage, 20 lm aperture, a working distance of 10.5mm, and

an area dose of 120 lC/cm2. For nanoparticle diameters of

72 nm and below, a dot exposure was used instead of area

elements, using a dot dose of 0.0045 pC. The chrome layer

was removed in a chrome wet etch, and the PMMA was

developed by submerging the sample in a standard resist

developer (Allresist AR 600-56) for 2min. A 256 1 nm gold

film was deposited by means of electron beam evaporation

(measured using an ellipsometer (Filmetrics F10-RT).

Finally, the PMMA and the excess gold film was removed in

a lift of step, by submerging the samples in N-methyl-2-pyr-

rolidone heated to 80 �C for about 30min. The arrays were

carefully rinsed using 2-propanol, and subsequently dried

with compressed nitrogen gas. Nanoparticle arrays with

diameters between 396 4 and 1676 5 nm and a height of

256 1 nm were fabricated. The arrays were arranged in a

simple cubic pattern with lattice parameters greater than

three times the nanoparticle diameter. A total of six arrays

were prepared. Note that the SEM images were obtained

without coating the samples with a conductive layer.

Imaging of metal structures on insulating substrates can lead

to distortion of the measured dimensions through substrate

charging; however, by using specific settings in the SEM,

true dimensions can be measured and relatively good still

images acquired. This is discussed extensively in Ref. 23.

The reason for not to coat the samples for SEM imaging is

that the additional coating clearly would affect the optical

properties, and it is desirable to keep the samples for future

reference. To ensure reliable measurements, the SEM image

settings used were a 2.5 kV beam with 10 lm aperture and a

working distance of 10mm.23 Table I shows the sample

overview presenting the actual versus targeted diameters,

based on image analysis of on average 20 nanoparticles from

each array. Note that the shape of the 167 nm nanoparticle

(sample I) is found to be slightly elliptical, which causes the

error bars to become relatively large.

B. Optical measurement setup

The large nanoparticle arrays fabricated in this work

enabled us to investigate the optical properties using an inte-

grating sphere setup (Ocean Optics ISP-50-8) and an extinc-

tion measurement setup (see Fig. 1). In the integrating sphere

setup, the reflected and forward scattered light can be mea-

sured simultaneously over large solid angles. It consists of two

spheres, with the sample sandwiched in between the spheres.

The sphere walls are coated with a material yielding a

Lambertian surface, having a reflectivity of greater than 98%

for all wavelengths of interest. Light is incident upon the sam-

ple at 8�, and the uniform illumination (radiant flux) of the

integrating spheres is measured using an optical fiber attached

to the measurement port, yielding the spatial light– sample

interaction. It should be noted that phase and polarization

information is lost. To separately measure the sample extinc-

tion, a different setup using optical fibers for illuminating and

collecting the signal is used [see Fig. 1(b)]. Since the incident

angle of the light in the integrating spheres is not perpendicular

to the sample surface, the sample is tilted 8� in the extinction

setup so that the different measurements can be compared.

The extinction coefficient (E) can be written as

E ¼ Sþ A; (1)

where S is the scattering coefficient and A the absorption

coefficient. The light reflected by the nanoparticles is

detected in the reflection sphere, and we refer to this as SR.

In the transmission sphere, both the forward scattered light

TABLE I. Sample overview.

Sample

Nanoparticle

size (nm)

Interparticle

distance (nm)

Nanoparticle

height (nm)

Surface

coverage

A 396 4 1456 2 256 1 0.0568

C 726 4 2906 2 256 1 0.0559

E 806 10 4006 2 256 1 0.0314

G 1256 2 4506 2 256 1 0.0606

I 1676 15 6006 2 256 1 0.0608

FIG. 1. (Color online) (a) Schematic illustration of the integrating sphere

setup. The sample is sandwiched between the two spheres, and light is

guided to, and collected from, the spheres using optical fibers. The accep-

tance angle of the measurement fiber is so low that there is no direct line of

sight between the incident light and any first order reflections from the

sphere walls. (b) Schematic illustration of the extinction measurement setup,

used only for measuring the extinction separately. Note that the sample is

tilted 8� relative to the incident beam, so that the different measurements

can be compared.
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and the directly transmitted (or extinct) light is detected. The

forward scattered light by the nanoparticles, which we abbre-

viate ST, can be calculated via the relation

ST ¼ E� T; (2)

where T is the total amount of light detected in the transmis-

sion sphere. The light scattered by the sample in all spatial

directions is then

S ¼ SR þ ST : (3)

Combining this with Eq. (1) the light absorbed by the sam-

ple can be found. In order to extract the optical properties of

the nanoparticles, the substrate (glass) was measured in the

same manner, and its contribution subtracted. It should be noted

that we discovered a notably variation in the optical properties

between the individual substrates used for the nanoparticles

arrays. Therefore, we found that it was crucial to measure the

optical properties of the substrate close to the nanoparticle array

on the same sample to achieve reliable results.

With the known nanoparticle absorption (ANP) and (SNP)

constituting the overall nanoparticle scattering, the measure-

ments are normalized to the real nanoparticle cross section,

known as the scattering (Qsca) and absorption efficiency

(Qabs),
24

Qsca ¼ SNP=ðNpðd=2Þ2Þ; (4)

Qabs ¼ ANP=ðNpðd=2Þ2Þ; (5)

where N is the normalized unit cell coverage, and p(d/2)2 is
the cross-sectional area of a cylindrical shaped nanoparticle,

where d is the nanoparticle diameter.

The center wavelength of the extinction peak is also impor-

tant for comparison with the published literature (see Fig. 3).

C. Modeling

We used the FINITE DIFFERENCE TIME DOMAIN (FDTD) soft-

ware package (Lumerical, Inc.) to model the absorption and

scattering spectra. A 1200� 1200� 1200 nm3
FDTD simula-

tion space with perfectly matched layer (PML) boundaries is

used as the simulation space. A 20, 25, or 50 nm high gold

disk is placed on a SiO2 glass substrate in the center of the

space. The diameter of the disk is varied between 20 and

200 nm. A light source injects a plane wave from 25 nm

above the disk and subtracted 25 nm after it has passed the

disk, leaving only scattered light past these points. A scatter-

ing monitor is placed at 30 nm above and below the nanopar-

ticle to study the near-field of the particle. The monitor is

270 nm wide to completely surround the nanoparticle.

Similarly, an absorption monitor is placed between the light

source and the nanoparticle, detecting incident light on one

side and transmitted and scattered light on the other, giving

FIG. 3. (Color online) LSPR extinction peak resonance wavelength plotted

against the gold nanoparticle diameter, for this experimental and theoretical

work and several other sources in the literature (Refs. 11 and 13–18).

FIG. 2. (Color online) Measured extinction (red, solid line), absorption

(green, asterisk marker) and scattering (blue, ring marker) efficiency of our

fabricated arrays. For (a) and (e), measured values of gold nanoparticle

arrays presented by Langhammer et al. (Ref. 11) is included for arrays of 38

and 76 nm (dashed black and gray lines). Those results are of relevance as

the method of fabrication (HCL) is different, but the samples are also inves-

tigated using integrating spheres, measuring the scattering and absorption

efficiency. In the right column, SEM images of a few of the nanoparticles

from each sample are shown. Note that the images are captured under charg-

ing conditions, as we deliberately did not coat the samples.
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the net difference, i.e., the absorption. Reflection and trans-

mission of the bare substrate is assumed to be negligible.

The mesh size is set to be 3 nm for diameters 200–160 nm,

2 nm for the 150–90 nm diameter, 1.5 nm for 80 nm–60 nm,

and 1 nm for 50–20 nm. The different mesh sizes are selected

for efficient simulation time with sufficient accuracy. A field

time monitor is included to record the time evolution of the

electromagnetic fields, to ensure that the fields have enough

time to decay before the maximum simulation time is

reached. The light source covers wavelengths from 400– to

1050 nm. As no information about polarization can be

extracted from the integrating sphere setup, the polarization

is not considered in the simulation.

III. RESULTS AND DISCUSSION

A. Optical properties

In Figs. 2(a), 2(c), 2(e), 2(g), and 2(l), the measured

extinction, scattering, and absorption of the nanoparticle

arrays are presented. The contribution from the glass sub-

strate has been removed by subtracting the corresponding

spectrum measured on the same glass substrate, close to the

nanoparticles (see Sec. II B). The nanoparticle extinction,

scattering, and absorption efficiency spectra (Qext, Qsca, and

Qabs) are plotted. For each fabricated array, a high magnifi-

cation SEM image is included. All SEM images are acquired

using the same magnification so that the area coverage and

nanoparticle spacing can be easily evaluated. Note that the

somewhat poor SEM image quality is due to the insulating

nature of the substrate resulting in charging effects seen as

brightness/contrast variation across the sample. In addition,

data from the HCL gold nanoparticle samples presented by

Langhammer et al.,11 also studied using an integrating

sphere, are included for comparison where a sufficient over-

lap in nanoparticle sizes are found. We will refer to this

paper simply as Langhammer for the rest of this paper. The

two samples of Langhammer having a diameter of 38 and

76 nm were sufficiently close to our 39 and 80 nm nanoparti-

cle diameters. These four samples are presented together in

Figs. 2(a) and 2(e). Comparing the results, it is seen that for

the 38 nm nanoparticles, Langhammer measures an absorp-

tion efficiency which has a broader and slightly red-shifted

center wavelength. Langhammer states that the standard

deviation of the size distribution for the 38 nm nanoparticles

is 20%, much larger than in our experiment, and hence the

broader peak. The slight redshift can be explained as a cou-

pling between some of the particles, which will give a shift

toward higher wavelengths: To confirm this, we performed

an image analysis of the SEM image provided by

Langhammer (using the software ImageJ). We found an

average particle diameter of 39 nm, a minimum size of

19 nm, and a maximum size of 54 nm. This is in good agree-

ment with what Langhammer states. Based on the area cov-

erage, the average distance between nanoparticles is 115 nm.

This is about three times the particle diameter, sufficient to

avoid near-field (interparticle) coupling. However, it should

be noted that our image analysis revealed that some particles

are only 80 nm apart, and for such closely spaced particles,

interparticle coupling is expected.10 The scattering efficiency

of Langhammer similarly shows a redshift and is found to

have a lower amplitude, as expected for coupled particles.28

For our 80 nm nanoparticles, we find that the peak is

slightly narrower and shifted toward longer wavelengths

compared to the 76 nm sample of Langhammer. This is con-

sidered a good agreement considering our slightly larger par-

ticle sizes, and that Langhammer uses a particle height of

20 nm compared to our height of 25 nm. The standard devia-

tion of the size distribution for the 76 nm sample is stated to

be less than 5%, which is slightly smaller than ours.

Langhammer does not provide any SEM images of the larger

gold nanoparticle samples, so we cannot check for any near-

field coupling effects. However, the experiments do not indi-

cate any. The scattering efficiency shows similar trends, but

for our array, the scattering amplitude is higher. Also, we

see slightly more scattering at shorter wavelengths.

Focusing on our samples 39, 72, and 80 nm [see Figs. 2(a),

2(c), 2(e)], it is found that the light absorption dominates over

scattering. This is expected for particles smaller than

100 nm.24 The minor rise in absorption efficiency at shorter

wavelengths is attributed to interband transitions. Also, it can

be seen that the scattering efficiency has some contribution at

shorter wavelengths. This is somewhat unexpected as inter-

band transition should only lead to absorption of light. Similar

effects can be seen for Langhammer. It is however less pro-

nounced which could be due to a lower signal. We speculate

that the particles exhibit an increase scattering efficiency at

shorter wavelengths, causing this effect. For the 125 and

167 nm nanoparticle samples [Figs. 2(g) and 2(i)], it is worth

noting that the extinction efficiency is seen to broaden for the

increasing particle size. The extinction peak wavelength is

seen to red shift with increasing particle size as expected for a

single particle.17,25 The scattering efficiency can be seen to

increase and finally becomes dominating. In an array of nano-

particles, near-field and far-field coupling must also be consid-

ered to contribute to the optical properties. The interparticle

distance is equal to or greater than three times the particle

diameter in all of the fabricated samples, which is sufficient to

avoid near-field coupling.10 However, as the particle diameter

increases, so does the interparticle distances. For the increas-

ing interparticle distances, far-field coupling will become

increasingly evident. For such arrays, the scattered light of the

nanoparticles will give rise to additional diffraction

effects.26,27 This far-field coupling has been shown to alter the

measured extinction spectra by shifting the center peak posi-

tion and its amplitude as a function of the nanoparticle period-

icity.27 For the 125 nm nanoparticle array, this is first of all

seen as a broadening of the extinction efficiency. Measuring

the nanoparticle absorption and scattering efficiency, this

reveals, somewhat surprisingly, that the center wavelengths of

the two does not coincide. We try to explain this as follows:

first, we consider the absorption spectrum to mainly be a mea-

sure of the particle properties and near-field effects, whereas

the scattering spectrum is affected by the far-field. The absorp-

tion spectrum will therefore exhibit single-particle-like optical

properties, for these noninteracting nanoparticle arrays. The

scattering spectrum on the other hand will contain the single
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particle properties, strongly influenced by any far-field effects.

This is evident as a blue shifted and broadened scattering

spectrum, with respect to the absorption spectrum. Studying

the extinction spectrum compares well with the findings of

Lamprecht et al.27 for a interparticle spacing of 450 nm.

Bearing the 125 nm sample in mind, one would expect a

similar result for the 167 nm nanoparticle array, which turns

out not to be the case. The center wavelength of the scatter-

ing and absorption spectra does not coincide. The scattering

exhibits the expected broad shape, but the absorption is

found to be much broader than expected from the above

argument. This can likely be explained by the elliptical

shape of the 167 nm nanoparticles which will give rise to the

much broader absorption peak. Considering the extinction

spectra, we can again see that an interparticle distance of

about 600 nm should lead to a significant broadening of the

LSPR due to far-field interaction.

Overall, the highest scattering and absorption efficiency

is found for the 80 nm sample. For the largest diameters [125

and 167 nm, see Figs. 2(g) and 2(i)], both the scattering and

absorption efficiency are seen to increasingly broaden. This

is caused by the accumulative effect of (1) increasing parti-

cle diameter and size distribution and (2) far-field coupling,

as discussed earlier.

B. Extinction peaks

As mentioned earlier, most investigations on lithography

fabricated metal nanoparticles have been focused on measur-

ing the extinction spectra to determine the center position of

the extinction peak (the maximum position of the spectrum).

In Fig. 3, we show the extinction peaks obtained in this work

together with results previously published in the litera-

ture.11,13–18 In addition, we have included new simulation

results. The simulated peak position for gold nanoparticles

ranging in diameters from 20 to 200 nm is presented for three

nanoparticle heights, 20, 25, and 50 nm. Good agreement

can be seen for all experimental data included in this work

and our simulated results. We find a near linear relationship

between the nanoparticle diameter and the LSPR wavelength

for the fixed nanoparticle height, where the slope is depend-

ing on the nanoparticle height.

IV. SUMMARYAND CONCLUSION

In summary, we have fabricated large arrays of gold

nanoparticles by means of EBL with diameters in the range

396 4 to 1676 15 nm and interparticle distances equal to or

greater than three times the particle diameter. The optical

properties of the arrays were investigated using an integrat-

ing sphere setup, which allows us to measure the light

absorption and scattering. We compare a set of samples with

hole mask colloidal lithography fabricated nanoparticle sam-

ples where the optical properties were also studied using

integrating spheres. We find a good agreement.

For the larger nanoparticle diameters (125 and 167 nm),

the scattered light gives rise to additional diffraction effects

due to the increased interparticle distances (grating period).

These effects alter the measured optical properties signifi-

cantly. However, measuring the absorption and scattering

allow us to navigate these unexpected results. We can distin-

guish far-field effect from the absorption, which shows the

expected optical properties of a noninteracting single nano-

particle. Using ordered arrays will give rise to such effects in

the far-field, which can be avoided by using nonordered

arrays achieved by, e.g., HCL.

Finally, we present extinction measurements as a function

of the nanoparticle diameter, which we compare to results on

EBL and HCL fabricated nanoparticle arrays already pub-

lished in the literature. These plots are supported by simula-

tions, which agree well with the experimental results.
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Neutral helium microscopy is a new tool for imaging fragile and/or insulating structures as well as

structures with large aspect ratios. In one configuration of the microscope, neutral helium atoms are

focused as de Broglie matter waves using a Fresnel zone plate. The ultimate resolution is

determined by the width of the outermost zone. Due to the low-energy beam (typically less than

0.1 eV), the neutral helium atoms do not penetrate solid materials and the Fresnel zone plate there-

fore has to be a free-standing structure. This creates particular fabrication challenges. The so-called

Fresnel photon sieve structure is especially attractive in this context, as it consists merely of holes.

Holes are easier to fabricate than the free-standing rings required in a standard Fresnel zone plate

for helium microscopy, and the diameter of the outermost holes can be larger than the width of the

zone that they cover. Recently, a photon sieve structure was used for the first time, as an atom

sieve, to focus a beam of helium atoms down to a few micrometers. The holes were randomly dis-

tributed along the Fresnel zones to suppress higher order foci and side lobes. Here, the authors pre-

sent a new atom sieve design with holes distributed along the Fresnel zones with a fixed gap. This

design gives higher transmission and higher intensity in the first order focus. The authors present

an alternative electron beam lithography fabrication procedure that can be used for making high

transmission atom sieves with a very high resolution, potentially smaller than 10 nm. The atom

sieves were patterned on a 35 nm or a 50 nm thick silicon nitride membrane. The smallest hole is

35 nm, and the largest hole is 376 nm. In a separate experiment, patterning micrometer-scale areas

with hole sizes down to 15 nm is demonstrated. The smallest gap between neighboring holes in the

atom sieves is 40 nm. They have 47011 holes each and are 23.58 lm in diameter. The opening ratio

is 22.60%, and the Fresnel zone coverage of the innermost zones is as high as 0.68. This high-

density pattern comes with certain fabrication challenges, which the authors discuss. VC 2017
American Vacuum Society. [http://dx.doi.org/10.1116/1.4994330]

I. INTRODUCTION

The first neutral helium microscopy images were pub-

lished in 2008.1 Several groups have worked on the tech-

nique.2–6 In a neutral helium microscope, a beam of neutral

helium atoms with narrow velocity (wavelength) distribution

is used to image a sample. An image is obtained by measur-

ing either the reflected or transmitted signal as the beam is

scanned across the sample. The energy of the beam is less

than 0.1 eV for a wavelength of 0.1 nm, which means that

the atoms probe the outermost electron density distribution

of the sample without penetrating into the solid material.7

These properties make neutral helium microscopy particu-

larly suitable for the investigation of fragile and/or insulating

surfaces as well as high aspect ratio structures. Recently, it

was shown that helium microscopy can distinguish between

different metal films on an insulating substrate.5 However,

the big challenge is to create a high-resolution microscope,

partly because the focusing element must be of the binary

type with either completely transparent or completely opa-

que areas.

Helium-atom focusing with a binary Fresnel zone plate

was first carried out by Carnal et al. using a beam of metasta-

ble helium atoms.8 The first focusing of a neutral, ground

state helium beam with a zone plate was carried out by

a)Electronic mail: ranveig.flatabo@uib.no
b)Electronic mail: bodil.holst@uib.no
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Doak et al.9,11 Currently, the best zone plates made for helium

microscopy have a nominal outermost zone width of 50 nm.10

The Beynon–Gabor zone plate, which is also binary, has

been suggested as an alternative candidate for focusing helium

atoms.12 The main advantage of the Beynon–Gabor zone plate

is that it has no higher-order foci. Unfortunately, it is very

challenging to fabricate. In 2015, a new optical diffraction ele-

ment, the atom sieve, was introduced and used to focus

helium atoms down to 3.6lm.13 The atom sieve is a direct

analog to the photon sieve, which was invented in 2001 for

applications with soft x-rays.14 It consists of holes of varying

diameters, arranged across the Fresnel zones in such a manner

that it is possible to focus to a spot with a diameter smaller

than the smallest hole. In addition, higher-order diffraction

and secondary maxima can be suppressed. There are several

advantages of the atom sieve. First, it is easier to fabricate

free-standing holes than free-standing ring segments as no

support structure is needed. Moreover, the design can be tuned

so that the diameter of the outermost hole is larger than the

width of the outermost zone that it covers. In contrast, the

minimum structure size of a first order Fresnel zone plate is

limited by the width of the outermost zone.27 A higher resolu-

tion can be obtained by using higher order foci, but this comes

with a significant reduction in intensity. For a standard

Fresnel zone plate, 10.1% of the incident beam goes into the

first order focus and only 1.1% into the third order.17 For an

atom Fresnel zone plate, these numbers are further reduced

due to the support rods needed to keep the zone plate ring

structure together. Intensity is a big issue in helium micros-

copy,15,16 and so this is a major limitation.

Here, we present a new high-transmission atom sieve

design. This paper begins with an experimental section,

where we first present the design requirements followed by

the fabrication procedure. Then, the results and discussion

section showing SEM images of the fabricated atom sieves

and the first atom sieve transmission tests demonstrating that

the structure is transparent to atoms is given. This paper fin-

ishes with the summary and conclusion.

II. EXPERIMENT

A. Atom sieve design considerations

In the original photon sieve work, suppression of higher

order foci and side lobes was particularly important, and a

Weber transmission window was used, giving holes ran-

domly distributed along the zones.14 This limits the number

of holes and hence the open area ratio (total transmissivity).

The first atom sieve used the original photon sieve design

and had an opening ratio (total transmissivity) of 9.22%

only, giving a transmissivity of 1.86% of the incident beam

into the first order focus.13 For the neutral helium micro-

scope, it is crucial to ensure maximum intensity in the first

order focus, as discussed in the introduction. For this reason,

we changed the design of the atom sieve and used a trans-

mission window similar to a rectangular shaped window, but

with increasing transmission toward the center, to fit as

many holes as possible in each zone based on a predefined

minimum gap. The minimum gap is discussed below. By

doing so, the opening ratio of the sieve (total transmissivity)

increases to 22.60% and the intensity in the first order focus

is 4.57%.

Another important decision was to determine the hole size

that could realistically be patterned. This is important not only

for the resolution but also for the transmissivity, as it deter-

mines how large a zone plate can be made for a given focal

length. The focal length was chosen so that it corresponds to a

microscope that can be constructed and further that the veloc-

ity spread of the beam does not cause chromatic aberrations

(see Ref. 15). The hole size varies from 376 to 35 nm. The

smallest holes that have ever been made using direct-write

lithography are around 1 nm in size. They were made using

helium ion beam lithography.18 Direct-write ion lithography is

in principle an attractive technique for atom sieve patterns, as

one can pattern directly on the membrane, i.e., no resist is

needed. This enables a one-step fabrication process where the

result can be examined in situ. Moreover, the backscattering

contribution to the lithographic point spread function of light

ions, such as helium and neon, is shown to be minimal, and

hence, dose modifications might not be needed.19,20 However,

these are relatively new techniques with low throughput, lim-

ited stability, and in the case of helium ions, low sputtering

yields.21 Electron beam lithography, followed by reactive ion

etching, was chosen as the method of fabrication, and an atom

sieve pattern with a minimum hole size of 35 nm was realized.

To ensure maximum transmissivity, the diameter of the holes

was chosen to be the same as the zone widths. As discussed in

the Introduction, it is possible to design a transmission function

enabling the hole diameter to be larger than its zone, but this

comes at the cost of intensity.

The aim is eventually to install the atom sieve in a new

helium microscope, currently being designed. This deter-

mined a focal length of approximately 10mm for a helium

atom with a de Broglie wavelength of approximately 0.1 nm

for the sieve. With a minimum hole size and focal length

given, the sieve diameter could be calculated (the sieve

diameter is 23.58lm).

Finally, the gap between adjacent holes was selected.

This is essential for the transmission of the device since large

values reduce the number of holes. The gap between neigh-

boring holes varies from 53 to 40 nm, depending on how

many holes one can fit into one zone. Hence, the zones in the

atom sieve have a very high zone coverage (i.e., exposed

area in one Fresnel zone divided by the total area of the cor-

responding zone). The zone coverage of the innermost zone

is 0.68 (corresponding to a hole diameter of 376 nm and a

gap of 53 nm), and it slowly decreases to 0.39 for the outer-

most zone (for a 35 nm Fresnel zone overlaid with holes of

35 nm and a gap of 40 nm). The minimum gap of 40 nm was

chosen as a safe value, making sure that it was possible to

pattern separate holes using electron beam lithography and

transfer the pattern into the membrane.

The atom sieve design is shown in Fig. 1. Note that it is

not rotationally symmetrical. The stripe in the horizontal

direction exists as the positioning of the holes starts at the

same angle on each zone. Each zone is filled with as many

holes as possible (with the given minimum hole distance).
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B. Fabrication procedure

The fabrication process is illustrated in Fig. 2. It shares

some steps with the fabrication procedure used in Ref. 22,

but with some modifications. In this work, we use 35 or

50 nm thick SiNx membranes with low stress (a low stress

membrane was chosen to prevent the membrane from crack-

ing). The membrane thicknesses were chosen to keep the

aspect ratio of the etched holes adequate. However, it comes

with the obvious trade-off of being more fragile than thicker

membranes, which we discuss in Sec. III.

First, photolithography was used to pattern membrane

windows on the backside of the SiNx/Si/SiNx wafer. To

open the membrane windows, a dry etch step was performed

using 15 SCCM (gas flow rate: standard cubic centimeters

per minute) CF4, 150W, and 10 mTorr for 2min. Then, the

underlying silicon was etched using KOH (30% KOH in

deionized water) at 80 �C, creating SiNx membranes.

As the resist, poly(methyl methacrylate) (PMMA) alone

cannot withstand the reactive ion etching that creates free-

standing holes, and the membrane was coated with an etch

mask consisting of 110 nm antireflective coating (ARC),

10 nm SiOx, and 60 nm PMMA (2% in anisole, 950K). First,

ARC was spin-coated onto the chip at 3000 rpm for 1min

and baked at 180 �C for 3min. SiOx of 10 nm was then

deposited by means of electron beam evaporation. Finally,

PMMA was spin-coated onto the sample at 3000 rpm for

1min and baked at 180 �C for 3min.

PMMA was exposed using 125 keV electrons (ELS-F125

Elionix), a current of 1 nA, and a step size of 2.5 nm. As the

beam enters the resist, the electrons interact with the resist and

the substrate and causes energy to be delivered to points differ-

ent from the point of incidence, commonly known as proxim-

ity effects. Due to the high zone coverage of the atom sieve

design (0.68–0.39), it is extremely sensitive to such unintended

exposure, especially as the final structure needs to be free-

standing. To find the correct dose (i.e., areal dose density),

multiple atom sieves were patterned with a single exposure

dose, analogous to the standard dose matrices. The innermost

zones receive the largest dose per zone and get the largest

amount of unintended exposure. This causes over-exposure.

Therefore, the dose was linearly increased from 2.8 to 3.8 mC/

cm2 going from the innermost zone to the outermost zone

(again using an electron beam of 125 keV, a current of 1 nA,

and a step size of 2.5 nm). It should be noted that there are

accurate and rigorous ways to calculate the correct dose

needed in a pattern of high surface coverage.23,28,29 However,

a crucial part in this work is to transfer the pattern into the

membrane, which also causes a minor hole broadening (dis-

cussed below), the correct doses were found by iteration.

FIG. 1. Atom sieve design maximized for total transmissivity. The pattern is

not symmetrical, which is discussed in the text. The central opaque area cor-

responds to the first zone, which is kept closed for stability reasons.

FIG. 2. (Color online) Step-by-step fabrication procedure for creating the free-standing membrane structure.
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The sample was developed in 1:3 methyl isobutyl

ketone:2-propanol at 0 �C for 30 s and dried using pressur-

ized nitrogen. Cold development was chosen, as it has been

found to improve feature quality and resolution.24,25

The pattern was transferred to the SiOx-layer using 15

SCCM of CF4 at 150W and 10 mTorr. Pattern transfer into the

ARC was done using 20 SCCM He and 10 SCCM of O2 at 10

mTorr and 200W. Finally, pattern transfer into the SiNx was

done using 15 SCCM of CF4 at 150W and 10 mTorr. Reactive

ion etching produces anisotropic etch profiles. Nevertheless, a

broadening of about 5 nm in the diameter is found when com-

paring circles in an atom sieve that was not etched (i.e., atom

sieve in PMMA) with holes in atom sieves. All SEM images

are taken with an acceleration voltage of 3 kV, 3.9mm working

distance and 30lm aperture, except for Fig. 7 where 10kV,

10mm working distance and an aperture of 30lm was used.

III. RESULTS AND DISCUSSION

A. Atom sieve

Figure 3 shows an overview image of an atom sieve. The

diameter of the sieve is 23.586 0.01lm, and it contains 47011

holes. Close-up SEM images are shown in Fig. 4. The holes of

the innermost zone have a diameter of 3786 4nm and the

holes of the outermost zone 386 4nm. Both slightly too large

and slightly too small holes will lead to a reduction in transmis-

sivity into the first order focus because a too large hole will

open up into the neighboring zone and give destructive interfer-

ence. The overall deviation, taken for all holes, is so small that

the reduction is likely to be negligible.30 It is very important for

the function of the atom sieve that the size of the holes and their

position are correct to within a fraction of the Fresnel zone they

cover since otherwise a hole will contribute with destructive

interference.30 In other words, the positioning of the small holes

needs to be more accurate than the positioning of the big holes.

In Fig. 5(a), the SEM image of the fabricated atom sieve (black

holes) is superimposed with the design pattern (white “holes”).

As can be seen, the positioning of even the smallest holes is

accurate to within a fraction of the hole diameter.

The membrane thickness of 35 nm was chosen to keep the

aspect ratio of the etched holes adequate. However, this

comes with a trade-off of being more fragile than a thicker

membrane. The 35-nm thick membranes easily broke due to

handling or transport. An improvement in stability was seen

when using a membrane thickness of 50 nm.

In a separate experiment, it was desirable to investigate

the smallest diameter hole-sizes. A lower hole density and a

random hole distribution were selected for these test experi-

ments, as illustrated in Fig. 6. The diameter of the holes in

the SEM image ranges from 25 to 15 nm.

B. Atom transmission tests

Ultimately, the atom sieve will be integrated in a new

neutral helium atom microscope instrument. However, prior

FIG. 3. Overview SEM image of the fabricated free-standing atom sieve.

FIG. 4. Close-up SEM images of a free-standing atom sieve. The holes of the

innermost zone have a diameter of 3786 4 nm, and the holes of the outer-

most zone have a diameter of 386 4 nm.
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to that, we wanted to check if it is transmissive to atoms.

This is crucial because in order to be a functional atom sieve,

the holes must be free standing. It can be difficult to evaluate

just by optical inspection or inspection in a SEM if all mate-

rial has been removed. This is illustrated in Fig. 7, where a

20 lm circle on a SiNx membrane appears to be fully etched

but in fact is not. For this reason, we installed the atom sieve

as a sample in our existing helium microscope26 and mea-

sured the overall transmissivity by sending a 20 lm helium

beam onto the sample. At present, the minimum resolution

in our helium microscope is only around 5 lm, and so, it was

not possible to perform a detailed mapping. Figure 8 presents

a line scan of the sieve. The transmissivity is normalized to

the intensity measured when no sample is present (i.e., 100%

signal), and the background has been subtracted. The trans-

missivity of the sieve is found to be 23.8%6 3%, in good

agreement with the nominal transmissivity of 22.6%.

IV. SUMMARYAND CONCLUSION

We have fabricated atom sieves, with a smallest hole diam-

eter of 35 nm. The atom sieves were designed for maximum

transmission so that the diameter of the smallest hole corre-

sponds to the width of the outermost zone. This means that we

have fabricated a zone plate which can be used to perform neu-

tral helium microscopy with the resolution in the range of

35 nm. In addition, we have demonstrated writing of

micrometer-scale areas with holes down to 15 nm in diameter.

By using a transmission window where the hole areas are

reduced in the outer parts, e.g., a Weber window, it is possible

to design an atom sieve with a resolution larger than the hole

diameter. In a recent paper, Palau et al.16 showed that with the

velocity spread and intensity of present day beam sources and

present day detector technology, the limiting factor for a realis-

tic helium microscope design is the resolution of the optical

element, determined by the width of the outermost zone. Thus,

FIG. 5. Overview SEM image of the free-standing atom sieve where the

design pattern is superimposed onto the image. The design-holes are white,

while the underlying SEM image consists of black holes.

FIG. 6. Free-standing holes with a diameter ranging from 25 to 15 nm.

FIG. 7. (Color online) (a) Transmission optical microscopy image and (b)

SEM image of a 20lm circle in a 200 nm thick SiNx membrane that appears

to be free-standing. However, transmission helium atom microscopy meas-

urements revealed that the structure was not etched through.

FIG. 8. Overall transmissivity of the atom sieve measured in the neutral

helium microscope. The transmissivity of the sieve is found to be

23.8%6 3%, in good agreement with the nominal transmissivity of 22.6%.
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our work shows that helium microscopy with a resolution bet-

ter than 15 nm should be possible.
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In neutral helium atom microscopy, a beam of atoms is scanned across a surface. Though still in
its infancy, neutral helium microscopy has seen a rapid development over the last few years. The
inertness and low energy of the helium atoms (less than 0.1 eV) combined with a very large depth
of field and the fact that the helium atoms do not penetrate any solid material at low energies open
the possibility for a non-destructive instrument that can measure topology on the nanoscale even on
fragile and insulating surfaces. The resolution is determined by the beam spot size on the sample.
Fast resolution change is an attractive property of a microscope because it allows different aspects of
a sample to be investigated and makes it easier to identify specific features. However up till now it
has not been possible to change the resolution of a helium microscope without breaking the vacuum
and changing parts of the atom source. Here we present a modified source design, which allows fast,
step wise resolution change. The basic design idea is to insert a moveable holder with a series of
collimating apertures in front of the source, thus changing the effective source size of the beam and
thereby the spot size on the surface and thus the microscope resolution. We demonstrate a design with
3 resolution steps. The number of resolution steps can easily be extended. Published by AIP Publishing.
https://doi.org/10.1063/1.5029385

I. INTRODUCTION

Thermal de Broglie matter wave beams created by super-
sonic expansions (free-jet expansions) have been used as a tool
for surface science for several decades. Particularly helium
has been used extensively in studies of surface diffraction and
dynamics.1–5 Due to helium’s excellent properties, inertness
and low energy (typically less than 0.1 eV) research has been
ongoing in developing a new microscope using neutral helium
atoms for imaging.6–16 Currently the helium microscope exists
in two configurations: In the pinhole microscope, the beam is
collimated using a small pinhole and is scanned across the sur-
face.10 A theoretical treatment can be found in Ref. 17. In the
second configuration, a zone plate is used to focus a helium
beam. A theoretical treatment can be found in Ref. 18. The
experiments presented here were all carried out using a zone
plate helium microscope (Fig. 1).

For both helium microscope configurations, it has up till
now not been possible to change the resolution without break-
ing the vacuum to exchange the collimating aperture (in the
case of the pinhole microscope) or the skimmer (in the case of
the zone plate microscope, see Fig. 1).

For the zone plate microscope, it is in principle possible
to change the beam size on the sample by heating or cooling
the beam. This changes the wavelength of the beam and hence
the focal length of the zone plate.19,20 Keeping the sample
plane position fixed, this would result in a defocus and hence

a)R. Flatabø and S. D. Eder contributed equally to this work.
b)Author to whom correspondence should be addressed: sabrina.eder@uib.no
c)Present address: Karlsruhe Institute of Technology (KIT), Institute of

Nanotechnology, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-
Leopoldshafen, Germany.

a larger spot size on the sample. The temperature of the source
used in the experiments presented here can be changed from
110 K to 320 K,21 corresponding to a wavelength change of
around 0.4 Å and thereby a change in focal length of around
70 mm. However, by changing the wavelength, we also
change the properties of the beam interacting with the sur-
face and thereby potentially the imaging contrast. Furthermore
it will typically take a minimum of several minutes to stabi-
lize the beam at a new temperature. Therefore this is not a
recommendable method.

II. THE DESIGN FOR FAST RESOLUTION CHANGE

In order to redesign our helium microscope for fast res-
olution change, we made an addition to the molecular beam
source design described in detail in Ref. 21. The helium beam
is created in a supersonic expansion from a reservoir through a
nozzle into a vacuum. The central part of the beam is selected
by a skimmer. For the experiments presented here, a reservoir
pressure of po = 61 bars was used with a 5± 1 µm diameter noz-
zle and a 120 µm diameter skimmer, placed at 11.5 ± 0.5 mm
from the nozzle. The beam was kept at a temperature of 310 K
for all experiments. The beam is focused by a zone plate
192 µm in diameter with a 20 µm diameter central stop.22

The zone plate is combined with an order-sorting aperture
(20 µm diameter) as described in Ref. 23. The modified
source design can be seen in Figs. 2 and 3. Instead of using
a microskimmer which was used in previous focusing exper-
iments,23 a standard skimmer of 120 µm diameter (BEAM
DYNAMICS, INC.) is used. This ensures that we get the beam
flow expected from theoretical predictions for large skimmers,
which is important as it was recently reported that the flow
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FIG. 1. Experimental setup: Following the free-jet beam expansion through
a 5 µm diameter nozzle, the central part of the beam is selected by a
120 µm diameter skimmer. A movable collimating aperture holder located
closely behind the skimmer collimates the beam further. With the in situ option
of variable collimating aperture diameters (10 µm, 20 µm, and 50 µm), the
effective source size of the beam can be adjusted without breaking the vacuum.
The collimated beam is focused onto the sample by the zone plate (Fresnel
type). An order-sorting aperture ensures that the zero-order part (and most of
the higher orders) of the focused beam is filtered out. The focal spot size is
determined by scanning a 10 µm slit aperture along the focal plane.

through microskimmers is reduced.24 The source has been
modified as follows: In front of the skimmer, two piezo electri-
cal tables (Attocube, ANPx101/NUM/UHV) are placed on top
of each other to provide x and y movements. On the top table,
a 8 × 14 mm home made chip (see Fig. 2) with 3 collimating
apertures in the sizes of 50.6 µm, 20.3 µm, and 10.2 µm is
mounted. The apertures are placed as close to the skimmer as
possible to maximize the flow without getting any reduction
in intensity due to backscattering (distance from collimating
aperture to skimmer opening is 28 ± 1 mm); see Figs. 2
and 3. Note how the mount for the collimating apertures is
raised from the piezotable on a light construction (made of
aluminium 6082-T6). This ensures a minimum heat transfer
from the piezo tables which have an elevated temperature dur-
ing operation (increased by the vacuum conditions) as well
as a free expansion of the beam after it has passed through
the collimating apertures. Figure 3 shows how the piezo tables
are mounted in the chamber. The collimated beam is focused

by the zone plate (see Fig. 1) onto the sample plane. For the
experiments presented here, the beam was characterized by
scanning a 10 ± 1 µm wide slit across the focused beam in
0.3 µm steps. The distance from the collimating aperture to
the zone plate is 0.885 m [length (g)–(c) in Fig. 1] and the
distance between the zone plate and the scanning plane is
b = 0.207 m, giving a demagnification factor of M = 0.235
(see Fig. 1). The signal through the slit is measured using a so-
called Pitot detector. In this type of accumulation detector, the
pressure increase in a small volume is recorded with a sensitive
cold cathode pressure measurement gauge (IKR-060 Pfeiffer).
When the He-beam flow through a 1 mm diameter aperture
into the detector accumulation volume is equal to the effusive
flow back out of the accumulation volume, through the same
entrance aperture, an equilibrium pressure can be measured.
This equilibrium pressure can be directly related to the beam
intensity.21,23 The collimating apertures used here are between
ca. 50 and 10 µm in diameter. These sizes were chosen to
ensure that there is always enough signal in the Pitot detector to
characterize the beam. With a more sensitive detector, smaller
apertures can be used to obtain higher resolutions. We recently
demonstrated that circular apertures down to 15 nm diame-
ter can be made using electron beam lithography.16 Apertures
down to 1 nm have been made using helium ion lithogra-
phy.25 For the resolution limitation of helium microscopy see
Refs. 17 and 18.

The apertures (holes) were fabricated on 200 nm thick sil-
icon nitride membranes using electron beam lithography and
reactive ion etching. The fabrication procedure is described
in detail in Ref. 26. It is worth mentioning that the process
was optimized slightly to ensure that the holes were etched
through the SiNx completely, using 15 SCCM CF4 for 21 min
at 10 mTorr and 100 W for the final etch step. The mea-
sured dimensions [scanning electron microscope (SEM)] were
50.6 µm, 20.3 µm, and 10.2 µm.

III. RESULTS

Figure 4 shows measurements of the focused beam for the
3 different collimating apertures. Note that the experimental

FIG. 2. CAD illustrations of the source
setup with the variable collimating aper-
ture element. (a) Overview showing
the nozzle, skimmer, and collimating
aperture arrangement. (b) Close up
view illustrating the collimating aper-
ture alignment: The two piezo tables
placed on top of each other allow for x/y
positioning of the collimating aperture
chip. (c) 3D illustration of the collimat-
ing aperture chip. The chip has 9 differ-
ent SiNx membrane windows, each of
them holding a different diameter col-
limating aperture. For this experiment,
just three collimating apertures were
used. (d) SEM images of the collimating
apertures.
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FIG. 3. CAD illustration of the collimating aperture mount. (a) Overview.
(b) Close up view. The collimating aperture chip is mounted in a raised posi-
tion. (c) 3D illustration of the collimating aperture chip arrangement showing
the piezotable mount which holds the two piezo tables for x/y alignment of
the collimating apertures as well as the mounting of the collimating aperture
chip. (d) Explosion sketch of the collimating aperture chip arrangement.

data were recorded by scanning a 10 ± 1 µm slit aperture over
the focus spot in the focal plane, and hence the measurements
are a convolution of the real focus spot size with the 10 µm
slit. To determine the measured focus spot diameters, an error
function fit was performed.12 The focus spot diameters are
dc10 = 2.3 ± 0.5 µm, dc20 = 4.7 ± 0.5 µm and dc50 = 10.2
± 0.5 µm. These values correspond to the expected focal spot
diameters, given the demagnification factor of the instrument
M = 0.235, and present a successful resolution change by a fac-
tor 4.4. There is a slight deviation for the 50 µm aperture where,
according to the demagnification factor, one would expect

FIG. 4. Experimental scan results presenting line scans of a 10 µm slit aper-
ture over the varying focal spot diameters from different collimating aperture
sizes. Note: the focal spot diameter is convoluted with the 10 µm slit due to
the measurement procedure. Error function fits to determine the real focus
diameters from the measurements are presented as dashed lines. The focal
spot diameters are dc10 = 2.3 ± 0.5 µm, dc20 = 4.7 ± 0.5 µm, and dc50 = 10.2
± 0.5 µm in excellent agreement with a demagnification factor of 0.235.

11.7 µm. This is due to the fact that the supersonic expan-
sion gives an intensity distribution that does not illuminate the
50 µm aperture uniformly. The intensity profiles in supersonic
expansions have been investigated in a range of measurements;
see for example, Refs. 27 and 28. Note that all measured curves
have been background corrected. A final point to note is that
the intensity in the focus from the 20 µm collimating aperture
is exactly 4 times as high as for the focus from the 10 µm colli-
mating aperture. This was measured in a separate experiment
where the total transmitted focus intensity was recorded with-
out a slit aperture. This indicates that for the beam parameters
used here there is no beam attenuation due to backscattering
from the collimator plate.

IV. SUMMARY AND CONCLUSION

In this paper we present a modified design of a super-
sonic helium source, which can be used in helium microscopes
to provide fast, stepwise resolution change in analogy to the
turret used for optical microscopy. We demonstrate three res-
olution steps with a factor 4.4 resolution change and with
focused spot sizes ranging from 10.2 down to 2.3 µm. The
design can easily be extended to include more resolution steps
and yield smaller foci. In principle, foci (resolutions) down
to the nanometer range are possible. In practice, the possible
focus sizes will depend on factors such as the beam intensity,
chromatic aberration, and detector efficiency.
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J. Kotakoski, and A. Gölzhäuser, Appl. Phys. Lett. 108, 163103 (2016).

26J. O. Grepstad, M. M. Greve, T. Reisinger, and B. Holst, J. Vac. Sci. Technol.,
B 31, 06F402 (2013).

27S. D. Eder, G. Bracco, T. Kaltenbacher, and B. Holst, J. Phys. Chem. A 118,
4 (2014).

28T. Reisinger, G. Bracco, S. Rehbein, G. Schmahl, W. E. Ernst, and B. Holst,
J. Phys. Chem. A 111, 12620 (2007).



70



Part III

Appendices





Appendix A

Neon-ion-beam-milling for the fabrication of
atom sieves

The atom sieves presented in paper IV were fabricated by the means of EBL and reactive
ion etching. This is a process with multiple steps; coating the membrane with the etch mask
and resist, patterning, development and reactive ion etching. Each step is correlated and the
process requires careful optimization. In this appendix an alternative fabrication procedure
using neon ion beam milling is described. Two different atom sieve designs were tested. The
work was done at Carl Zeiss Microscopy, Peadbody, MA in collaboration with Lewis Stern,
David Ferranti and Fouzia Khanom.

A.1 Why neon ions?

Direct-write lithography or milling is an attractive fabrication method for making free-standing
structures. It is a one-step process and the result can be examined in-situ. The first idea was to
mill the atom sieve in silicon nitride using helium ions. It was an optimistic idea, the sputtering
yield of silicon nitride was found to be 0.07 atoms/ions in a TRIM calculation based on 34 keV
helium ions (105 nm thick silicon nitride) [96], and the atom sieve design presented in Paper
IV consists of 47011 holes with diameters ranging from 376 nm to 35 nm.

One alternative would be to mill the atom sieve using gallium ions. A. Nadzeyka et al. [97]
used a gallium ion beam to mill a zone plate with a diameter of 100 µm and an outermost zone
width of 100 nm. This was done in a 500 nm thick gold layer on a silicon nitride membrane
(so this was not a free-standing structure). They developed a 15 h process to fabricate the
zone plate which included automated drift correction on a mark outside the exposure area. An
important difference between helium ion- and gallium ion milling is that helium ions impose
less damage in and around the material being milled, which is crucial for milling high-density
structures like the atom sieves. Moreover, gallium has a larger interaction volume close to the
sample surface and is fundamentally not that well-suited for milling structures of high-density.



74 Neon-ion-beam-milling for the fabrication of atom sieves

That being said, the liquid metal ion source can produce beam currents in the 100 nA range,
and can hence provide the throughput needed for milling large areas. The second option is
to use neon ions. Neon ions has been shown to exhibit similar resolution as helium ions for
resist-based lithography [19], and have a higher sputtering yield than helium ions due to their
larger mass and hence larger energy loss per unit path length [98]. As such, neon ion beam
milling has a great potential in making functional free-standing structures of high density in
thin membranes.

A.2 Atom sieve design 1

Atom sieve design 1 is shown in Figure A.1 ((ps_n84_Max_d10)). It consists of 61388 holes
and has a radius of 11.755 µm. The largest hole-diameter is 275 nm with a gap of 50 nm.
The smallest hole is 35 nm, with a gap of 20 nm. The characteristics of the neon ion beam
is similar to that of the helium ion beam, so the challenge should not be to mill the smallest
hole but to successfully mill the densest zones. Two pores (i.e. not free-standing holes) of
increasing density were used to test how high-density features could be milled. Figure A.2
shows two pores in gold with a size of approximately 300 nm and a measured gap of 47 nm,
roughly representing the densest zone of the sieve.

Figure A.1: Design used for milling with neon ions. The largest hole diameter is 275 nm with
a gap of 50 nm, while smallest hole is 35 nm, with a gap of 20 nm.

Neon ion beam milling is still somewhat in its infancy. Neon has a lower ionization po-
tential than helium and the beam current varies quite rapidly with time. As such, only about a
quarter of the atom sieve was milled, a process that took about 30 minutes. It should be noted
that compared to fabricating an atom sieve using electron beam lithography and reactive ion
etching, this is a significant improvement. A quarter of the atom sieve can in principle still be
used as an off-axis focusing element in the helium atom microsocpe. Figure A.3 shows a he-
lium ion beam image of a quarter of this sieve, written with 30 keV neon ions in a 20 nm thick
silicon nitride membrane. The write-field was 25 µm × 25 µm. The patterning parameters
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100 nm

Figure A.2: Example of a dose matrix used to optimize the milling parameters for the atom
sieve. Note that, this is two pores in gold not silicon nitride. The size of the pores is approxi-
mately 300 nm and the measured gap 47 nm. The images are taken using 30 keV helium ions
and the conventional sample stage.

were as follows: a beam current of 4.193 pA, 1 nm stepsize, 0.06 ms dwell time and a dose
of 1.6e17 ions/cm2. The images are taken using a transmission stage where the beam trans-
mitted through the membrane holes hits a polished metal surface before reaching the detector,
and hence show opposite contrast to the conventional "reflection" image [99].

The membrane collapsed in the zones of highest density. The ion beam charges the mem-
brane and this induces stress that has been shown to cause the membrane to break sporadically.
Peltonen et al. [100] designed a metallic grid near the milling area to neutralize the charges.
This could have been done as an attempt to reduce the stress induced in the membrane, and
possibly prevent pattern collapse. Moreover, the atom sieve was milled by dwelling only once
at each pixel. The stability of the membrane could depend on how the sieve is written, such
that dwelling multiple times at each pixel would prevent the membrane from collapsing. Fi-
nally, the beam current was increased by decreasing the spot control number. This increases
the spot size, and naturally decreases the resolution, which could cause a substantial overlap
of neighboring point spread functions and hence the pattern collapse. To roughly test this,
SRIM was used to estimate the beam profile. Figure A.4 shows the depth and lateral view of
1570 Ne+ ions with a landing energy of 30 keV incident on 50 nm Si3N4 (density 3.2 g/cm2).
As indicated in Figure A.4(b) the full-width-at-half-maximum (FWHM) of the Gaussian beam
profile was estimated to be 10 nm. This single Gaussian was used as the point spread function,
and can at best only be considered as a rough estimate. The Gaussian was convolved with the
pattern function, which is approximated as a step-function. The convolution of a 70 nm step
and the point spread function is shown in Fig. A.5. The gap between the step function are 20
nm. The overlap is minor, even for a high density structure like this, indicating that this should
not be the reason for membrane collapse. However, due to the inaccuracy of the estimation,
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2 μm 1 μm

500 nm100  nm

Figure A.3: Transmission helium ion beam images of the atom sieve milled in 20 nm thick
Si3N4-membrane. The pattern collapse rapidly evolved, the lower images are the same atom
sieve taken minutes apart. The squares indicate the regions where the higher magnification
images are taken.

this should be studied in greater detail.

FWHM ~ 10 nm

(a) (b)

Figure A.4: SRIM calculation used for a rough estimation of the full-width-at-half-maximum
(FWHM) of the point spread function of the neon ion beam, (a) Shows the trajectories of
30 keV neon ions into Si3N4. 1570 ions are simulated. (b) Shows the lateral view of the
interaction volume which was used as an estimation of the FWHM of the point spread function.



A.3 Atom sieve design 2 77

-50 0 50 100 150

[nm]

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Pattern
Gauss (PSF)
Convolution

Figure A.5: Pattern file (red), estimated point-spread function (PSF, blue) and convolution of
the two (green). The convolution is not significantly overlapping indicating that this is not the
reason for pattern collapse.

A.3 Atom sieve design 2

As the first atom sieve design collapsed, another atom sieve design (ps_n84_Max_d20) was
tested. This design is slightly less dense and is presented in paper IV. As mentioned, it consists
of 47011 holes with diameter ranging from 376 nm to 35 nm (sieve diameter: 23.582 µm), see
Figure 1.12. The gap between two neighboring holes in one zone ranges from 53 nm to 40 nm
depending on how many holes it is possible to fit into one zone.

The sieve was milled in a 30 nm thick silicon nitride membrane using 30 keV neon ions,
using the same dose as for atom sieve design 1. Again, the beam dwelled one time at each pixel,
known as single pass, and the write-time was estimated to be 28 minutes. Four atom sieves
were milled and in between each try a new trimer was built. Preliminary results are shown
in Figure A.6. In the first three attempts, the beam current was lost, caused by adsorption of
adatoms near the trimer atom, evident as a loss of contrast in the images. In theory it was
stated that this should not reflect the stability of the source, so it is not fully understood why it
happened. That being said, neon has a lower ionization potential than helium, and is therefore
more sensitive to adatoms that "steal" the current. In the final run, the membrane collapsed
around the densest part of the design. This could be caused by beam current fluctuations.



78 Neon-ion-beam-milling for the fabrication of atom sieves
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100nm
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Figure A.6: Transmission neon ion beam images of the atom sieve design presented in Paper
IV. In the first three attempts the beam current was lost, while in the final run the membrane
collapsed.



Appendix B

Silicon nitride membrane fabrication procedure

This appendix describes the procedure for fabricating silicon nitride membranes at the Nanos-
tructure Laboratory at University of Bergen. The procedure is described by Greve [53], but as
some modifications to the procedure were made during this thesis work it is included here.

B.1 Step 1: Photolithography and pattern transfer

Low-stress silicon nitride (Si3N4) is deposited on silicon wafers by low pressure chemical
vapor deposition. Deposition and polishing is done on both sides of the wafer. Note that the
low-stress in the Si3N4 is found to significantly prevent the final membranes from breaking
during reactive ion etching. For the work done at the Nanostructure Laboratory at UoB the
thickness of the Si3N4 was 200 nm and the underlying 4-inch silicon wafer is 525 ± 25 µm
thick. The wafers were ordered from MicroChemicals 1or Si-Mat Silicon Materias 2.

The 4-inch wafer was spin-coated with photoresist on both sides. The front side, see Figure
B.1, was coated to protect the surface. The resist (AR- P 3540 Allresist) was spun at 600 RPM
for 18 seconds (pre-sin) and at 4000 RPM for 1 minute. Note that to ensure uniform coating the
wafer must be centered properly on the spin-coater wafer-holder and the entire wafer should
be covered with photoresist. The resist was then baked at 1 minute at 100◦ Celsius. According
to the resist manufacturer, this should yield a thickness of about 1.4 µm.

The UV-lithography instrument at the Nanostructure Laboratory is homemade and consists
of a light source and a simple vacuum arrangement to keep photomask film in place. Good
vacuum is crucial to ensure good pattern transfer. The resist was exposed for one minute.
The developer (AR 300-35 Allresist) was diluted in deionized water at a ratio 1:2 (developer :
deionized water) and the solution was mixed by the means of magnetic stirring. To dissolve the
exposed area, the wafer was left in the solution for about 45 seconds (it is clear by the naked
eye when the development is completed). Then, the wafer was rinsed in de-ionized water and
dried using pressurized nitrogen.

1www.microchemicals.com
2 www.si-mat.com
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The mask pattern was transferred to the underlying silicon by reactive ion etching. To fully
open the silicon nitride two etch-steps is needed: (1) 15 SCCM flow of CF4 at 10 mTorr, 100
W for 10 minutes and (2) to 45 SCCM of CF4 and 5 SCCM of O2, 350 W for 3 minutes. These
parameters were established at the Nanostructure laboratory by Greve [53]. Finally, the front
side of the wafer was exposed to UV-light and developed to remove any remaining photoresist.

B.2 Step 2: KOH-etch

KOH (potassium hydroxide) is a wet-etch that etches silicon preferentially in the <100> direc-
tion. This produces a partially anisotropic etch profile, see Figure B.1.The size of the window
w on the front side of the membrane will thus be smaller than the size of the mask m

m = w+
2t

tanθ
(B.1)

where t is the thickness of the wafer (525 µm in this case) and θ= 54.7◦.

54.7°

Silicon

Si3N4

Back side

Front side

<111>

<100>

<110>

Figure B.1: Illustration of basic principle of a KOH etch. KOH favors the <100> direction,
resulting in a partially anisotropic etch profile. The angle between the back side and <111>
oritented sidewalls is 54.7◦.

KOH does not etch Si3N4, but it does etch SiO2 and hence quartz glassware needs to be
used for this procedure. KOH was dissolved in de-ionized water. The etch rate of silicon
depends on the concentration of KOH and the temperature3. Weight percent is defined as the
weight of the solute (KOH) to the weight of the solution (KOH and water) and typically 30
% wt. was used in this thesis work. The KOH was heated to 80◦ Celsius and the sample was
immersed into the solution. The concentration needs to be stable throughout the etch, and

3This website contains the etch rate along <100> and <110> for various concentrations and temperature:
https://cleanroom.byu.edu/KOH.
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therefore a glass condenser was used. Finally, the etched membranes were RCA cleaned, see
[53]. A photograph of the front side of a nine-window membrane along with an SEM image
of the backside of one window is shown in Figure B.2.

200 μm

Figure B.2: Photograph of the front side of a nine-window membrane along with an SEM
image of the backside of one window showing the KOH-etch profile. The hole in the lower
right corner of the window is not a defect, but a patterned hole.

Additional notes to the procedure

• The adhesion between the photoresist and the silicon nitride can be improved by using
an adhesion promoter, HDMS. The wafer is not ashed or cleaned prior to applying the
adhesion promoter. HDMS is spun onto the wafer at a spin speed > 2000 RPM for
1 minute. The HDMS is not baked. Prior to spin-coating the photoresist, the HDMS
should settle for a couple of minutes.

• During UV-exposure the resist outgasses (and hence loosens the vacuum). If the pattern
transfer is poor, the exposure could be divided into sequences.

• To clean the back side of the wafer after pattern transfer by reactive ion etching, a final
etch step in oxygen can be done.
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Appendix C

Reactive ion etching for free-standing structures

An important part of this thesis work has been to fabricate atom optical elements. As men-
tioned in Chapter 1, the neutral helium atoms do not penetrate any solid material and hence
the atom optical elements must be free-standing. It can be challenging to evaluate optically or
by SEM imaging if all material has been removed by an etch procedure. An example is given
in Figure C.1. The "hole" seems to be free-standing as no signals appears to be originating
from the patterned area. However, the hole was not transmissive to helium atoms and hence
all material was not removed in the final etch procedure [101]. This appendix describes the
etch-parameters used based on (a) an etch-mask of ARC, SiO2 and PMMA and (b) PMMA for
making freestanding silicon nitride structures.

20 μm (a) 5 μm (b)

Figure C.1: (a) Optical microsocpy image and (b) SEM image of a 20 µm "hole". The hole
appears to be free-standing, but it is not, because it was not transmissive to helium atoms [101].
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C.1 Etch-mask 1: ARC, SiO2, PMMA

The etch parameters (RF power, gas, gas flow rate, pressure) are based on the work of Greve
[53]. The silicon nitride has a thickness of 200 nm, and the etch mask consist of antireflective
coating (ARC, Brewster Science, XHRIC-11), SiO2 and PMMA. Firstly, the ARC was spin-
coated onto the membrane at 4000 RPM for 1 minute followed by a 2 minute bake at 150◦

Celsius, and the thickness was measured using a reflectrometer (although on a pure silicon
wafer) to be 151 nm. This procedure was repeated, but the bake time was increased to 5
minute to ensure that the ARC cross-link. The final thickness of ARC was about 300 nm.
The thickness of the ARC was chosen to be greater than the thickness of the Si3N4 due to
poor selectivity of the reactive ion etching procedure i.e. the ability to remove only Si3N4.
That being said successful etching using 150 nm ARC has been done at the Nanostructure
laboratory [53]. Then, 20 nm SiO2 was deposited by the means of electron beam evaporation.
PMMA (950 K, diluted in anisole at a ratio PMMA:anisole, 2:3) was spin-coated at 4000
RPM and baked at 175 ◦ Celsius for 5 minutes. Finally, a 4 nm chrome layer was deposited
using electron beam evaporation. The chrome served as a charge dissipating layer during the
electron beam lithography procedure, see Figure C.2

Silicon

Si3N4 (200 nm)

ARC (300 nm)

SiO2 (20 nm)
PMMA (180 nm)

Chrome (4 nm)

Si3N4 window

Figure C.2: Etch mask 1 used to fabricate free-standing structures. The etch mask consists
of ARC, SiO2 and PMMA. The chrome-film is removed prior to the reactive ion etching, and
acts as a charge dissipating layer during the electron beam exposure.

A grating was exposed in PMMA using EBL. After exposure, the chrome was removed in
a chemical etch (Transene company inc). The sample was immersed into the chrome etch for
25 seconds, based on the etch-rate found using a microscope slide (that turns transparent when
the chrome is removed). The chrome etch is found not to interact or remove the PMMA, and
hence over-etching should not be a problem. Then, PMMA was developed in a 1:3 MIBK:IPA
(methyl 2-methylpropyl ketone:2-propanol) at room temperature for 1.5 minutes, rinsed with
IPA and dried using pressurized nitrogen. The etch parameters are given in Table C.1. The
pattern transfer into the SiO2 was done using the parameters by Greve, and Grepstad et al.
[53, 102]. Pattern transfer into the ARC layer was done using helium and oxygen. Figure C.3
shows a cross-section of the grating after etching the ARC for 7 minutes. There was about
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35 nm of ARC left, which served as an estimation of the etch-rate (∼ 37 nm/min). Pattern
transfer into the Si3N4 was done using CF4. After 9 minutes about 110 - 120 nm of Si3N4 was
left, corresponding to an etch-rate of 8 - 10 mn/min. After another 15 minutes of etching, the
pattern was transferred into the silicon substrate. The etch rate of ARC in CF4 was estimated
to 8 - 9 nm/min. As will be discussed in Section C.2, cyclic RIE processes where the cylces are
separated by a N2 flushing step has been shown to improve selectivity, change the etch-rates
and the etch-directionality [103]. As such, breaking the vacuum could influence the etch-
result. Moreover, etching membrane windows, as shown in Figure C.2, could also influence
the etch-result, as there is no underlying silicon support and the window could in principle be
etched from both sides. That being said, as a sanity check these parameters was used to etch
a donut pattern in a silicon nitride window, and the resulting free-standing hole is shown in
Figure C.4.

Table C.1: Etch-parameters used for etching SiO2, ARC and Si3N4.

Material SiO2 ARC Si3N4
Pressure [mTorr] 10 7 10
RF power [W] 100 100 100
Gas 1 CHF3 He CF4
Flow [sccm] 15 10 15
Gas 2 - O2 -
Flow [sccm] - 5 -
Estimated eth-rate [nm/min] - 37 8 - 10
Duration [min] 3.5 8 9 + 15
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200 nm

35 nm

ARC

ARC etch (after 7 min)

260 nm~  

200 nm

ARC  170 nmSi3N4 120 nm

Si3N4  etch  (after 9 min)

200 nm

ARC    40 nm~  
Si3N4  etch  (after 9 + 15 min)

Figure C.3: Cross-section SEM images of the optimization process of using ARC, SiO2 and
PMMA as etch mask to fabricate free-standing structures.

Non-exposed
region

10 μm

Figure C.4: SEM image of a donut pattern (left) etched using the parameters presented in
Table C.1

C.2 Etch-mask 2 : PMMA

As briefly discussed above, cyclic RIE processes has been shown to improve selectivity,
change the etch-rate and alter the anisotropicity [103]. Wüest et al [103] found that the cy-
cling etching of SiNx in CHF3 and O2 increased the etch rate of SiNx with 15 %. PMMA was
used as the etch mask. The increase in etch-rate of the SiNx was attributed to the desorption of
the CFx layer during the N2 flushing. To ensure low etch-rate of PMMA, temperature control
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is important as PMMA melts at 160◦ Celsius and the increase in temperature is dominated by
heat radiation (and not thermal conductance). Moreover, compared to an identical RIE without
cycling, they found that the cyclic process improved the etch anisotropicity. Cyclic RIE was
first tested by Selfors at the Nanostructure laboratory [104] inspired by the results of Wüest et
al. [103].

PMMA was spin-coated onto the Si3N4. The thickness was measured using a reflectrom-
eter and was found to be 171 nm. A grating was exposed using EBL. PMMA was developed
in MIBK:IPA (1:3) for 1.5 minutes, then rinsed in IPA and dried using pressurized nitrogen.
The RIE parameters are shown in Table C.2. Each cycle consisted of 1 minute etching fol-
lowed by 1 minute flushing. An SEM image of the grating after 5 RIE cycles (i.e. 5 minutes of
etching) is shown in Figure C.5(a). The contrast is rather poor, and imaging PMMA is equiv-
alent to exposing PMMA. It was not possible to get a reliable number of the thickness of the
remaining PMMA. The etch-rate of Si3N4 was estimated to be 18 nm/min, which is a signif-
icant improvement from 8 – 10 nm/min (see Table C.1). However, as the etch-parameters of
the two procedures are different no direct comparison can be made. Also note that the etch
directionality is reduced (Figure C.5(a) relative to Figure C.3).

Table C.2: Etch-parameters used for etching Si3N4 with PMMA as etch-mask.

Material Si3N4
Pressure [mTorr] 10
RF power [W] 200
Gas 1 CF4
Flow [sccm] 10
Estimated eth-rate [nm/min] 18
Total no of cycles 12
Duration [min] 12

To test the etch procedure, the parameters presented in Table C.2 were used to etch a
rectangle (a slit) on a silicon nitride window. The size of the rectangle was large (300 µm ×
100 µm) to ensure that optical imaging could be done in between the cycles (6 cycles, 4 cycles,
2 cycles = 12 cycles). After 12 cycles the inner region fell out, and a free-standing slit was
produced, see Figure C.5(b). It looked as if the membrane was thinned during the procedure
(by the naked eye). As a summary, the procedure described in Section C.1 is recommended for
etching complex structures (e.g. an atom sieve). That being said, large structures such as the
collimating apertures presented in Paper V, should easily be realized with a PMMA etch-mask.
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100 μm

Non-exposed region

200 nm

Si3N4 etch (after 5 cycles, 5 min)

118 nm

(a) (b)

Figure C.5: (a) Cross-section SEM image of the optimization process on etching Si3N4 using
PMMA as etch mask. (b) SEM image of a rectangle (left) etched using the parameters pre-
sented in Table C.2 after the inner region fell out. Note that the signal coming from the etched
region is the underlying SEM sample holder.
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