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Populärvetenskaplig sammanfattning

Neutroner är, tillsammans med protoner, en del av atomkärnan. En neutron är
en neutral partikel som kan användas för att undersöka egenskaper hos olika
material. De interagerar med atomkärnan hos materialet och kan känna av oli-
ka typer av atomer, och även olika isotoper av samma grundämne. Neutroner
interagerar till exempel mycket mer med väteatomer, och dess isotoper, än vad
röntgenstrålning gör. Detta gör att neutroner är väldigt bra att använda för att
studera biologiska prover som innehåller mycket väte.

För att undersöka material skjuts en stråle av neutroner på ett prov. När neu-
tronerna träffar provet kommer neutronstrålen att spridas, och de spridda ne-
utronerna fångas upp av en detektor. På detektorn kan olika mönster bildas
beroende på strukturen och typen av material som finns i det undersökta pro-
vet. Det finns väldigt många olika neutronspridningstekniker, som används för
att undersöka olika typer av prover. Under det här arbetet har jag använt mig
av två olika tekniker, reflectometry och grazing incidence small angle neutron
scattering (GISANS). Dessa tekniker används för att studera ytor, och tunna
lager på ytor. Reflectometry kan ge information om lagers struktur vinkelrätt
mot ytan, till exempel tjocklek och vilken typ av material som finns i lagerna.
GISANS ger istället information om material och struktur över ytan. Detta gör
att de två teknikerna kan ge kompletterande information om prover.

I det här arbetet har jag använt reflectometry och GISANS för att undersöka
ett fosfolipidbilager på kiselnanotrådar. En fosfolipid är en typ av fettmolekyl
som bygger upp cellers membran. En cell har väldigt många olika membran som
delar upp cellen i olika delar, och dessa membran kan ha olika hög kurvatur,
ett mått på hur välvda membranen är. Hög kurvatur kan också uppkomma när
en cell delar på sig eller när den skapar olika typer av vesikler. Kurvaturen
hos ett cellmembran kan påverkas av vilka typer av fosfolipider som membranet
innehåller men även av olika typer av membranproteiner. För att undersöka hur
kurvatur påverkar cellmembran så har jag använt mig av ett modellcellmembran,
ett så kallet supported lipid bilayer. För att skapa kurvatur på modellmembranet
så har kiselnanotrådar använts. Nanotrådar har en diameter mellan 1 − 100
nanometer, vilket är ungefär 1000 gånger mindre än diametern på ett hårstrå,
och en längd upp till flera mikrometer. Nanotrådar används mer och mer inom
forskning på celler, och när celler odlas på nanotrådar kommer cellmembranet
vara den första kontaktpunkten mot nanotråden. Det är därför intressant att ta
reda på hur cellmembran påverkas av nanotrådar, vilket är varför nanotrådar
har används i det här arbetet.
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Med hjälp av reflectometry och GISANS har jag tagit reda på strukturen och
tjockleken av modellcellmembranet på nanotrådarna, men även på ytorna mel-
lan nanotrådarna. Jag har även utvecklat en ny metod för att kunna analysera
GISANSdata.
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Abstract

Curvature in lipid-based biomembranes provides compartmentalization in cells
and can act as regulator of biological activity in living systems. The study of
these biomembranes require novel model systems and new methods. In this
work I have used a supported phospholipid bilayer on a hexagonal array of sil-
icon nanowires. The nanowires impose curvature on the supported lipid bilayer
and the resulting structure has been investigated with a range of methods. Two
main techniques have been used grazing incidence small angle neutron scatter-
ing (GISANS) and reflectometry. GISANS revealed the structure and coverage
of the lipid bilayer on the nanowires, whereas reflectometry has been used to
investigate the lipid bilayer on the flat areas between the nanowires. This makes
the two techniques complementary, and the same bilayer has been studied on
two different surfaces. In addition, confocal microscopy on fluorescently labeled
lipids verified the formation of a lipid bilayer on the nanowire surface. Using
fluorescence recovery after photobleaching (FRAP), I was able to verify that the
formed lipid bilayer was continuous and mobile. To analyze the GISANS data a
new method has been developed, which is based on the ratios of integrated peak
intensities. These ratios were then compared with ratios of model-calculated
form factors. This approach simplifies the analysis of the data, and allows for
information on the lipid layer to be obtained directly.
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Introduction

My PhD work has mainly focused on using various neutron scattering techniques,
mostly surface related methods such as grazing incidence small angle neutron
scattering and reflectometry. I have been part of the SwedNess PhD research
school, which is a national research school for PhD students with an emphasis
on neutron scattering. Included in this school was courses on neutron scattering
and we got to spend a lot of time at different neutron facilities around Europe
and the world.

My PhD project involved revealing the structure of a nanowire supported lipid
bilayer. The nanowires were used in order to induce curvature on the lipid
bilayer. I investigated how the lipid bilayer was affected by the nanowires and
also how adsorption of different proteins is impacted by the curvature of the
bilayer. Exploring curved lipid bilayers is of interest since they are of importance
for the cell, e.g. for compartmentalization within the cell and during cellular
mitosis. Different lipids and membrane proteins have been shown to affect the
curvature of the bilayer.

Nanowires are becoming increasingly employed in life science, where they are
used as nanometer probes, cell guiding, measuring cellular forces, and to steer
cell proliferations. During the culturing of cells on nanowires the first point of
contact on the nanowires is the cell membrane. The interaction between the cell
membrane and the nanowires has yet to be fully understood. Using a supported
lipid bilayer makes it possible to mimic the cell membrane and the structure of
the lipid bilayer can thus be investigated.

The first part of my PhD work was spent developing and producing my nanowire
substrates. Since I have been using GISANS to investigate the nanowire suppor-
ted lipid bilayer I needed a large surface area with nanowires. I started working
with nanoimprint lithography (NIL), which is a technique that can be used to
produce patterns on large surface areas. The idea was to use NIL to produce
an etch mask and then employ reactive ion etching to fabricate the nanowires.
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Unfortunately, this proved to be too difficult and the nanowires thus had to be
produced elsewhere. I describe this further in chapter 2.

This thesis is written as a monograph and contains eight chapters. The first
chapter gives a background to the work and introduces the various concepts
used throughout the thesis. Chapters two through seven present the different
projects and work done during my PhD. The last chapter contains the conclusion
with an outlook.

Aims

The main scientific goals and the scientific work have been directed towards the
following major goals.

• Reveal the structure of a nanowire supported lipid bilayer using
GISANS
The nanowires were used to induce curvature on the lipid bilayer and
GISANS was employed to reveal the structure and coverage of the lipid
bilayer.

• Modeling and simulations to interpret GISANS data
In order to analyze and interpret the GISANS data a new method based
on form factor ratios was developed.

• Reveal how the adsorption of proteins to the nanowire supported
lipid bilayer is affected by the curvature
As a continuation of the first objective, the nanowire supported lipid bilayer
was used to study the effect on anchoring proteins.

• Complementary reflectometry studies on nanostructured surfaces
As a complement to the GISANS experiments, reflectometry was used to
reveal the structure of the lipid bilayer on the areas between the nanowires.
I also took part in the exploration of self-assembled block co-polymers used
in semiconductor processing.
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Chapter 1

Background

1.1 Neutron scattering

A neutron is a neutral subatomic particle that has a weak interaction with mat-
ter, and hence has a large penetration depth into materials. Using neutrons
for the investigation of different materials has many advantages over using x-
rays. Neutrons are much less destructive to materials than x-rays. The neutron
interacts with the nuclei of atoms in matter, which makes neutron techniques
sensitive to various elements and isotopes. Compared with x-rays, neutrons are
also scattered by light elements. X-ray scattering, where the x-rays interact with
the electrons in the sample, are less sensitive to light elements and are not sens-
itive to different isotopes of the same element. The sensitivity to light elements
and isotopes of the same element make neutron techniques very powerful, espe-
cially when investigating materials containing large amounts of hydrogen, such
as biological samples [1].

The scattering cross section, σ, is a measure of the amount that a certain element
or isotope of that element will scatter. The scattering cross section is measured
in barn, which is 10−28m2. The strength of the interaction between the neutrons
and the nucleus is referred to as the scattering length, b, of the sample, and is
on the order of 10−15m. It is related to the scattering cross section through the
following relationship,

σ = 4πb2. (1.1)
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Another important parameter in neutron experiments is the scattering length
density (SLD). SLD is a measure of scattering power of a particular component
in the sample, and is related to the density of the scattered material. The value
of SLD, denoted ρ, can be calculated from the scattering length, b, and the
molecular volume, VM of a particular component in the sample according to,

ρ =

∑N
i=1 bi
VM

. (1.2)

In turn, the molecular volume, VM , of a component in the sample can be calcu-
lated from the density of the material, ϱ, and the molecular mass, M ,

Vm =
M

ϱNA
, (1.3)

where NA is the Avogadro constant [1].

Figure 1.1 shows the scattering triangle with the incoming and outgoing wave
vectors, ki and kf , respectively. The difference between the two wave vectors is
the scattering vector Q.

ki

kf
Q

2θ

Figure 1.1: A schematic illustration of the scattering triangle with the incoming,
ki, and outgoing, kf , wave vectors, and the resulting scattering vector Q. For elastic
scattering, the amplitude of the wave vectors are equal, kf = ki.

In elastic scattering the amplitudes of the wave vectors are equal, i.e. ki = kf ,
since there is no exchange of energy between the neutron and the sample, and
Q is expressed as,

Q = 2k sin θ. (1.4)
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Since k = 2π/λ, it is possible to write,

Q =
4π sin θ

λ
, (1.5)

where λ is the wavelength of the incoming neutron beam. The unit of Q is
reciprocal length, meaning that smaller structures and objects will scatter at
larger Q and larger objects at smaller Q.

1.1.1 Small angle neutron scattering

Small angle neutron scattering (SANS) is a technique for investigating large-scale
structures, with a length scale of about 1 to 100 nm. Such structures include
different kinds of surfactants, lipids and proteins, as well as assemblies thereof.
In SANS a collimated neutron beam is transmitted through a sample that can
either be an aqueous solution, a solid, a powder or a crystal. The neutron
beam is elastically scattered at a small angle, typically 0.1 to 10°, from its initial
trajectory, and the resulting scattering is detected on a 2D detector.

Figure 1.2 shows a schematic diagram of how a SANS experiment works. The
incoming neutron beam, ki, is transmitted through, and scattered off the sample.
The scattered beam, kf , then hits a 2D detector, at a certain distance from the
initial beam trajectory. The beam will scatter at different angles depending on
the shape, size and SLD of the sample which will give rise to a 2D scattering
pattern, as seen in the middle of fig. 1.2. The 2D scattering pattern can then
be azimuthally averaged if there is no preferential orientation, which will reduce
the data to a 1D plot with scattered intensity versus Q.

There are a number of model free approximations that can be used to quickly
gain information about the sample without extensive modeling. The gradient of
a linear fit at small Q when plotting ln(I) against Q2, a so-called Guiner plot,
will equal −R2

G/3, where RG is the radius of gyration of the particles in the
sample. This relationship is valid for RGQ < 1. The radius of gyration is the
root mean square of the distance from the center of mass to the different parts
of the particle, and can be seen as an average radius of the particle. In polymer
science the radius of gyration is used to describe the dimensions of the polymer
chain. Another model free approximation is the so called Porod plot, which is
a log-log plot of Q4I against Q. At large Q, in the so called Porod regime,
Q4I tends towards a limiting value. At that point Q ≈ 2π/D, where D is the
diameter of the particles in the system.

5



ki
Q

kf

Azimuthal
average

Sample

Figure 1.2: Schematic illustration of a SANS experiment. The scattered beam, kf ,
hits a 2D detector at a certain distance from the initial beam trajectory. The detected
scattering pattern is then averaged azimuthally to reduce the data to a 1D plot, with
the scattered intensity versus scattering vector Q. The 2D and 1D plots shown in the
image have been modeled with SASview [2], using the sphere function [3,4]. The data
was modeled for an Si sphere with a radius of 50Å surrounded with D2O.

A widely used modeling software for SANS data is called SASview [2]. In SASview
one can model and fit data with built-in functions to extract form, size and
organisation of the particles. In the software it is possible to fit data from
multiple contrasts simultaneously to gain more information about the system.

1.1.2 Reflectometry

Reflectometry is a technique for investigating interfaces and thin films on sur-
faces. In neutron reflectometry a highly collimated neutron beam is reflected
from a flat surface with a grazing incidence angle, θ, and the intensity of the
reflected beam at the same angle (specular reflection) is determined.

In reflectometry information about the thickness of thin films, as well as the
solvent content, composition, and any roughness between the layers, can be ob-
tained. Figure 1.3 shows modeled reflectivity data of lipid bilayers on a Si/SiO2

substrate in D2O. The data is modeled with the lipid DOPC, which is used later
in this thesis, and for one, two and three bilayers. For the Si/SiO2 substrate
there are no fringes, whereas with one bilayer, corresponding to the red line in
the figure, there are two fringes. When the number of bilayers increases, so does
the number of fringes. The thickness, d, of a film can be calculated according
to,

d =
2π

∆Q
, (1.6)

where ∆Q is the difference in Q between two adjacent fringes [1].
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Figure 1.3: Modeled data of DOPC lipid bilayers on a Si substrate surrounded
by D2O with an increasing number of bilayers. The data was modeled using refnx [5],
where one lipid bilayer was simulated as two individual lipid leaflets using the default
parameters for a DOPC lipid leaflet in refnx.

To analyze reflectivity data there exist various software packages that one can
use. For example, with the software refnx [5] (used in chapter 7) a model is
created based on what is known about the sample and the software then cal-
culates the reflectivity using the Abelès method. The calculated reflectivity is
subsequently compared and refined against the data. From the model fit, in-
formation about the thickness and SLD of the layers is obtained.

1.1.3 Grazing incidence small angle neutron scattering

Grazing incidence SANS is a surface technique, but instead of only considering
the reflected specular beam direction, the off specular reflection (or scattering)
is considered. In reflectometry, information is obtained about structures per-
pendicular to the surface of the sample, whereas in GISANS, information is
also obtained on the lateral structure over the sample. This means that surface
structures which would be impossible to see with reflectometry are revealed.
SANS is, instead, a bulk technique, so one can say that GISANS lies somewhere
in-between SANS and reflectometry.
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Figure 1.4: Schematic illustration of a GISANS experiment. The incident beam,
αi, hits the sample surface at a small angle, typically below 1°. The specular peak (S)
is where the angle of the exiting beam, αf , is the same as the angle of the incoming
beam. The Yoneda peak (Y) is where the exiting beam angle is the same as the critical
angle of the sample. Image from Müller-Buschbaum [6].

In GISANS, a collimated neutron beam is impinged on a sample surface at a very
small angle. The incident angle in GISANS is often below 1° and is on the order
of the critical angle of reflection from the sample. The neutron beam is then
scattered and the scattered neutrons are recorded with a 2D detector. Figure 1.4
shows a schematic diagram of a GISANS experiment, where the incident and exit
angles are αi and αf , respectively. On a GISANS scattering pattern one often
find a specular peak (denoted S in fig. 1.4), which is where the incident and exit
angles are the same. The other peak often seen is the Yoneda peak (denoted Y in
the figure), which is where the incident angle and the critical angle of the sample
are identical. Besides the specular and Yoneda peaks, there often also exist a
number of Bragg peaks corresponding to the repeat distance of the structures in
the sample [6].

In order to probe structures at different depths in the sample, one can change
the incoming beam angle. Figure 1.5 shows the change in penetration depth
at an Si and D2O interface at a wavelength of 5Å and varying incident angles.
The x-axis displays the ratio of the incident beam angle to the critical angle.
At the critical angle the penetration depth changes dramatically and the beam
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can probe deep into the sample. Tuning the incident beam angle will enable
the probing of different depths in the sample. Changing the wavelength of the
beam will alter the critical angle and it is therefore possible to investigate various
average depths with a change in wavelength.

Figure 1.5: Penetration depth of an Si and D2O interface at 5Å. The x-axis is the
incoming beam angle over the critical angle of the sample. When the incident angle is
equal to the critical angle there is a dramatic change in penetration depth.

GISANS experiments are often conducted on either SANS or reflectometry in-
struments. A SANS instrument is often preferable since it is possible to collimate
the beam in a point shape to obtain enough resolution in the qy, lateral, direc-
tion.

1.1.4 Time of flight scattering

Time of flight (ToF) refers to the time it takes a neutron to travel a specific
distance. ToF is often used at pulsed neutron sources, where all the neutrons
come to the instruments in discrete pulses. However, it is possible to use a
continuous source and a chopper to create the same effect as that of a pulsed
neutron source. If the exact times that the neutrons left the source and arrived
at the sample are known, then one can calculate the wavelengths of the neutrons
using the de Broglie equation,
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λ =
h

mv
, (1.7)

where h is the Planck constant, m is the mass, and v is the velocity of the
neutron, calculated from the travel time and distance from the source to the
sample.

Compared with a monochromatic instrument, a ToF instrument will allow mak-
ing use of a larger flux of neutrons and multiple wavelength at the same time. All
the wavelengths can then be used and the data reduced to a single Q-scale, or just
one wavelength can be chosen. The downside of choosing just one wavelength is
that the flux will decrease, however, there might be some features in the sample
that are only visible at certain wavelengths.

One way to probe different depths in GISANS, as mentioned previously, is to
change the wavelength of the incoming beam. Using ToF GISANS means that
several wavelengths will be accessed simultaneously and therefore multiple dif-
ferent depths will be probed with one measurement. Figure 1.6 shows twelve
2D ToF GISANS images, separated by different wavelengths, with wavelengths
ranging from 5Å to 14.8Å. The sample in the figure was polystyrene nano-dots.
The images clearly shows the development of different structures and peaks,
arising from the varying depths probed in the experiment [7].

Figure 1.6: Twelve 2D ToF-GISANS images of polystyrene nano-dots on a solid
support measured simultaneously, separated by different wavelengths a) 5Å, b) 5.5Å,
c) 6.1Å, d) 6.8Å, e) 7.5Å, f) 8.2Å, g) 9.1Å, h) 10Å, i) 11Å, j) 12.2Å, k) 13.5Å, and
l) 14.8Å. Data and image from Müller-Buschbaum et al. [7].

10



1.2 Nanowires

Nanowires are large aspect ratio structures with a diameter in the nm-range and
a length of one or several µm. Due to their large aspect ratio, nanowires are
often called 1D materials [8]. Nanowires can be made of several different materi-
als, however, here the focus will be on semiconductor nanowires. Nanowires can
be made from either one single material, so called homostructures, or from two
or more different materials, so called heterostructures. The latter can be either
radial, where additional material is added to an already existing nanowire, or
axial, where the material changes along its length. The materials used for het-
erostructures do not have to be lattice matched, where the two materials have
similar lattice constants, since the small diameter of the nanowire reduces the
strain effect [9,10].

In semiconductor processing, like in the fabrications of nanowires, there are
two main ways of producing structures, bottom-up and top-down. Generally,
in a bottom-up process material is added and in a top-down process material
is removed. Bottom-up nanowire fabrication uses epitaxial growth through a
process called vapor-liquid-solid growth. The technique employs a metal seed
particle which is brought into contact with precursor gases. The gases interact
with the deposited metal nanoparticle thereby giving rise to axial growth [11]. The
top-down method utilizes etching to produce the nanowires. Here a predefined
etch mask ensures the size and placement of the nanowires. Etching is often
employed to produce silicon nanowires, through a technique called the black
silicon method [12,13]. More on these methods is given in Chapter 2.

Nanowires have many potential applications, for instance in electronic devices [14],
lasers [15], and solar cells [16,17]. The use of nanowires in life sciences [18] are of par-
ticular interest for this thesis. Nanowires have been utilized for cell guiding [19–21],
measuring signals from cells [22–24] and cell forces [25,26]. When growing, or cul-
turing cells, on nanowires various cell types react differently to the presence of
the nanowires. Fibroblasts, which is the most common cell type in connective
tissue, cultured on nanowires exhibit a decrease in motility, cell division, as well
as DNA damage [27]. In a mixed cell culture of neurons and glial cells, which are
helper cells for neurons within the central nervous system, the glial cells often
take over. However, when the same cells are cultured on nanowires, the growth
on the glial cells is inhibited, while the neuron growth remains unaffected [28].

A cell cultured on nanowires will first come into contact with the nanowire
through the cell membrane, however it is not fully understood how the cell
membrane interacts with the high-aspect ratio nanowires. Thanks to techniques
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such as scanning electron microscopy (SEM), transmission electron microscopy
(TEM), or focused ion beam milling combined with SEM (FIB-SEM) it is pos-
sible to image the cell-nanowire interaction, but common for all these methods
is that the cells first need to be fixed, stained and dehydrated, and sometimes
also covered with metals and resins [27,29,30]. Such treatment can alter the shape
of the cell and membrane making it difficult to determine the actual shape of the
living cell. Thus, in order to study the membrane of living cells, other techniques
are required.

1.3 Phospholipids

Phospholipids are the main building block of biological membranes and consist
of a hydrophobic tail region with two acyl chains and a hydrophilic head group,
see fig. 1.7. The tail consists of two fatty acids connected to a glycerol molecule,
and the head is made up of a phosphate group. Figure 1.7 shows a simplified
schematic diagram of a phospholipid bilayer constituting the matrix of a simple
cell membrane. Here two monolayers of lipids with the hydrophobic tails pointing
towards each other. The structure of the phospholipid membrane creates a water
impermeable barrier around cells and organelles [31].

Hydrophilic
head

Hydrophobic
tail

Figure 1.7: Simplified schematic diagram of a phospholipid membrane, consisting
of two rows of phospholipids with the hydrophobic tail groups pointing towards each
other. The blue and red lipids in this bilayer are DOPC and DOPE phospholipids,
respectively (more on these in chapter 3). The insert is a 3D model of a DOPC lipid,
showing the hydrophilic head and hydrophobic tail. The 3D image is from Avanti Polar
Lipids [32].
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(a)

(b)

Figure 1.8: (a) Areas of locally high curvature, shown in red, of the membranes with
in a cell. ER stands for the endoplasmic reticulum which is the site of the ribosomes
which are responsible for protein synthesis in the cell. MVB stands for multivesicular
bodies and are a so-called late endosome. Endosomes are part of the sorting and cleaning
system of the cell. Endosomes are connected with Golgi body which packs proteins
into vesicles before the proteins are transported to their final location. Diagram from
McMahon and Gallop [33]. (b) A schematic view of a synapse showing the synaptic
vesicles containing neurotransmitters. Diagram from Splettstoesser [34].

1.3.1 Curved lipid bilayers

Cell membranes function as a divider of the cell from its surrounding and of
the organelles from the cytosol. The membrane is an important part of the cell
and organelles, and many processes take place on and around it. The mem-
brane that surrounds the cell and organelles have varying degrees of curvature,
and fig. 1.8a displays a schematic view of a cell, accentuating areas of high
curvature. The figure highlights the intricate form of the Golgi apparatus and
vesicles budding from the cell membrane. Vesicles are often used for commu-
nication in and between cells, for example the transport of neurotransmitters in
synaptic vesicles, as displayed in fig. 1.8b [33].

There are several ways a membrane can curve. Changing the lipid composition
in a bilayer can cause the membrane to change curvature depending on the shape
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of the lipid molecules. The cytoskeleton within the cell and microtubule motors
outside of the cell can cause the membrane to deform. Different types of protein
scaffolding and insertion of amphipathic helices can also give rise to curvature
of the cell membrane. The shape of the membrane proteins can influence where
on the membrane they are located. The focus in this section is on the role of
different lipids have on the curvature of the membrane. If a membrane protein
has a more conical shape it will concentrate to areas that match the shape of
the protein [35,36].

Lipids can self-assemble into many different structures, the shapes of which can
be explained by the lipid molecular packing parameter [37]. This packing para-
meter is defined as P = V/(a l), where V is the molecular volume, a is the
cross-sectional area of the head group and l is the length of the molecule. Fig-
ure 1.9 shows the effect of the packing parameter on the lipid structures. For
P = 1 the lipids form a lamellar bilayer, whereas for P < 1 the lipids cre-
ate hexagonal structures and micelles. On the other hand, reverse curvature is
favored for P > 1 where the lipids create cubic phases, inverted hexagons and
inverted micelles. In this case inverted means that the lipid aqueous interface is
curved towards the solvent [38]. Another way to express the packing parameter is
with the lipid intrinsic radius of curvature, R0, which is defined as the curvature
that minimizes the elastic free energy of a lipid monolayer. The intrinsic radius
of curvature is a property innate to lipids and decreases for lipids with a larger
spread between the tails, e.g. unsaturated lipids. In contrast, it increases for
lipids with a larger headgroup area [39]. The intrinsic radius of curvature can be
simplified into the intrinsic curvature of the lipid, C0 = 1/R0, to avoid the sin-
gularity for lamellar phases, where R0 = ∞. Lipids that form a lamellar bilayer
would have an intrinsic curvature close to 0.

1.3.2 Supported lipid bilayers

Cell membranes are a complex mixture of lipids and proteins. Phospholipid
bilayers have the fluidity and barrier function of a cell membrane and are a good
environment for membrane proteins, making them a decent model for real cell
membranes. Supporting the bilayer on top of a solid support creates a stable
and robust bilayer. There are three common types of supported lipid bilayers
(SLB), bilayers with the inner monolayer fixed to the supported substrate, freely
supported bilayers, and bilayers supported by a soft hydrated polymer film [40].
The first and latter of the three are commonly used to study transmembrane
proteins [41]. To obtain a good quality freely supported lipid bilayer the support
needs to be hydrophilic, smooth and clean. Materials such as silica, glass or
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Figure 1.9: Schematic illustration showing the effect of the packing parameter, P .
Lipids that have a packing parameter close to 1 have an intrinsic curvature close to
0 and form a lamellar bilayer. Lipids with a packing parameter larger than 1 have a
negative intrinsic curvature. Drawing from Mouritsen [38].

silicon oxide are good candidates for supports [42]. Supported lipid bilayers enable
the use of surface techniques, such as ellipsometry, Fourier transform infrared
spectroscopy, and neutron and x-ray reflectometry, and they can for instance be
used as model cells to study the interactions between ligands and receptors [40].

There are three main ways to creating supported lipid bilayers. The first em-
ploys the Langmuir-Blodgett technique to create a monolayer, after which a
second monolayer is pushed down on the first monolayer using the Langmuir-
Schaefer procedure [43,44]. The second technique involves attachment, ruptured
vesicles, followed by spreading to form a lipid bilayer (more on that technique
in chapter 3) [45]. The last method can be seen as a combination of the first two,
where the first monolayer is formed with the Langmuir-Blodgett technique and
the second one is created via vesicle fusion [44].

To study the effect of curvature on a lipid bilayer, a curved supported lipid
bilayer can be used. A common method for creating a curved SLB is to coat
silica nanoparticles with a lipid bilayer. Lipid coated nanoparticles have been
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used to study the packing of lipids as a function of the curvature of the lipid
layer [46,47]. Curved structures in an SLB can be induced by the asymmetric ionic
strength of the surrounding solvent [48]. Another way to introduce curvature to a
supported lipid bilayer is by means of nanowires. Dabkowska et al. [49] described
the formation of a lipid bilayer on an array of GaP nanowires and a similar
nanowire supported lipid bilayer was used in this thesis, but with nanowires
made of Si.
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Chapter 2

Nanowire substrate

Nanowires are finding increasing usage in life science for both sensing and promo-
tion of cell growth. In this study, nanowires were employed to impose curvature
on a lipid bilayer, which is an important feature for both types of applica-
tions. The main method for studying the lipid bilayer on the nanowires was
with GISANS (see chapters 4 and 5). In a GISANS experiment a neutron beam
hits a surface at a very shallow angle. This means that the neutron beam will
cover a large surface area, meaning that a large and homogeneous sample is
needed.

The nanowires used in this work were produced through etching with an etch
mask that was obtained either by nanoimprint lithography (NIL), at the Lund
NanoLab, or by electron beam lithography (EBL), at the Danchip Nanolab. I
carried out the initial processing of the substrate at the Lund Nanolab. Un-
fortunately, the processing proved to be too challenging and time-consuming to
produce sufficiently large substrates with the available equipment, so it was de-
cided to have the substrate processed at the Danchip Nanolab at the Danish
Technical University in Copenhagen.

2.1 Method

2.1.1 Nanoimprint lithography

Nanoimprint lithography uses a stamp to transfer a pattern on to a polymer
resist. The pattern in the polymer resist can then be used to transfer a metal
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pattern onto the substrate. There are a few different versions of NIL, thermal
press, room temperature, and UV nanoimprint. They all share the basic prin-
ciple, i.e. a stamp is pressed into a polymer for pattern transfer, but they differ
with regard to the temperature and pressure used and whether or not UV-light
is required [50,51]. The remainder of this section focuses on UV nanoimprint since
that was the method used for this project.

The stamp in the NIL processes can be manufactured from several different
materials. In UV-NIL the stamp needs to be made from a UV transparent
material in order to let the UV light through the stamp. Stamps can be made
from quartz or polydimethylsiloxane (PDMS). A method to increase the lifetime
of the stamp is to transfer a master stamp to a polymer material, a so-called
intermediate polymer stamp (IPS) [52,53], and then use the polymer stamp for
the imprint.

1. Spin coat 
resist on Si 
wafer

2. Imprint 
with stamp

3. Descum and 
development to 
create under-
cut

4. Evaporate 
metal on-top 
of the resist

5. Lift-off, 
removing left-
over resist

6. Pattern 
transferred to 
surface

Figure 2.1: A schematic diagram of the NIL process. First, two resists are spin-
coated to the wafer, the resist closest to the surface acts as a lift off-resist and creates
the under-cut shown in step 3. The second step is the imprint, followed by the descum
and development stage to create the under-cut which helps with the lift-off in step 5.
The fourth step is thermal evaporation of the metal, in this case 30 nm of Cr. Lastly,
the left-over resist is lifted-off and the pattern is transferred to the surface.

Figure 2.1 shows a simplified view of the NIL process. The first step consists of
spin-coating two resists. The first, LOR0.7A (red in the figure), was spin-coated
at 6000 rpm for 63 s, after which the spin-coated wafer was baked on a hotplate at

18



200 °C for 10min. The second resist, TU7-90 (blue in the figure), was spin-coated
at 2000 rpm for 63 s and then baked on a hotplate at 95 °C with vacuum contact
for 1min. The two resists were utilized to ensure an under-cut in the walls
of the resist. Such an under-cut is necessary for the lift-off process, described
below. Before the imprint, the master nickel stamp was copied to an IPS. The
spin-coated Si wafer was placed in the NIL machine (Obducat, Lund, Sweden)
and heated. The IPS was then positioned on top of the Si wafer and pressed
onto it. When the stamp was pressed into the resist, the UV light was turned
on to harden the resist. This was followed by what is called the descum process,
which involves etching with O2 plasma. This step is needed to remove the excess
resist at the bottom of the imprinted holes. The sample was etched using Sirius
T2 plus (Trion Technology, Tempe, AZ, USA), O2 flow set at 40 sccm (standard
cubic centimeter per minute) with a pressure of 150mTorr and at 50W power
for approximately 30 s. After the descum process, the sample was developed
using 3 : 1 MF319 for 60 s followed by DI water for 3min and nitrogen drying.
The development produced an under-cut in the resist layer closest to the silicon
wafer. A 30 nm thick layer of chromium was subsequently thermally evaporated
onto the wafer and this Cr only came into contact with the Si wafer where the
NIL process left holes in the resist. The removal of the resist, which is a process
called lift-off, was carried out by placing the sample in Remover 1165 for 5min
at 90 °C, followed by 5min in an ultrasonic bath and lastly heating for 5min at
90 °C. The process was repeated until the excess Cr covering the resist had been
visually lifted-off.

2.1.2 Electron beam lithography

Electron beam lithography (EBL) works in a very similar way to a scanning
electron microscope (SEM). To create a pattern, a substrate is covered with an
electron beam sensitive resist and a focused electron beam scans over the surface
according to a predefined pattern [51]. The resolution of patterns using EBL have
steadily improved since the first experiments in the 1960s and patterns down to
5 nm can now be realized [54].

Figure 2.2 gives an overview of the EBL process. The first step, similar to the
NIL technique, was to spin-coat a layer of resist on the Si substrate. In the case
with EBL only one resist was used. A pattern was then written in the resist,
the resist was developed and a 13 nm thick layer of Cr was evaporated onto the
surface. The leftover resist and Cr on-top of the resist were removed through
lift-off, using the Remover 1165, leaving Cr dots on the surface as an etch mask.
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Figure 2.2: A schematic diagram of the EBL process. The first step involves to
spin-coating the resist on the Si surface. The second step is to write the pattern in the
resist by means of the electron beam. Subsequently, the pattern is developed to create
the under-cut, and metal is evaporated on-top of the resist. Finally, the left-over resist
is lifted-off and the pattern has now been transferred to the surface.

2.1.3 Reactive ion etching

Reactive ion etching (RIE) is a very common technique used in nano-fabrication.
RIE is a type of dry etching and all the etching takes place in plasma. The plasma
is generated by an RF field between a cathode and an anode. The sample is
placed on the cathode and the negative ions in the plasma are accelerated towards
the sample. The method uses both physical and chemical processes, where the
former involves ionization of reactive gas molecules and physical sputtering of
the substrate. However, the most dominant process in RIE is the chemical one.
RIE processes often make use of halogen-containing gases, such as fluorine, or
chlorine, since they are the most reactive and erosive. Both are employed for
etching Si, with the difference between them being the way they etch Si. Fluorine
has a faster etch rate, however, it etches more isotropically, whereas chlorine, on
the other hand, etches slower but more anisotropically [51].

The etch rate in an RIE process is directly dependent on the plasma density in
the chamber, and the plasma density increases with an increase in RF power.
However, with an increase in RF power, there is also a rise in ion bombardment
energy, which leads to reduced etch selectivity. To get around this problem, it
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is possible to use inductively coupled plasma (ICP) RIE, in which the plasma
is produced independently of the RF power at the sample. This gives a much
higher plasma density, but at the ion bombardment energy of a normal RIE
process. ICP-RIE processes hence give higher etch rates while maintaining the
high selectivity of a standard RIE technique [13,51,55]. To produce the Si nanowires
used in this thesis an ICP-RIE process has been used. This approach used a mix
of different fluorocarbon gases in a procedure commonly called the black silicon
method, and can produce very anisotropic, straight walled, Si structures [12,56,57].

2.2 Results

2.2.1 Nanoimprint test

Figure 2.3: An example of a sample after NIL and thermal evaporation of Cr. The
large piece in the top right corner is leftover Cr. Scale bar is 5 µm.

NIL is a fast processing technique to produce a pattern over a large area. How-
ever, there are several different parameters that need to be optimized in order
to get an even and reproducible result. Here, NIL was performed on a 2 inch Si
wafer and was imaged by SEM after each process step. The purpose of NIL was
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Figure 2.4: A magnified version of the image in fig. 2.3. Here, the Cr dots in the
hexagonal pattern are clearly visible. Scale bar is 5 µm.

to produce a hexagonal pattern of dots which would be used as an etch mask for
nanowire fabrication.

Figure 2.3 shows an example of how the wafer looked after metal evaporation
and lift-off, and fig. 2.4 displays a magnified image of the same area. As can be
seen in the images there were small dots in a hexagonal pattern, however, there
were also large areas without dots and a large piece of Cr still left on the surface.

The missing pattern and the large piece of Cr left on the surface, shown in
figs. 2.3 and 2.4, were most likely due to the same issue, an incomplete pattern
transfer from the stamp to the resist. Where the dots are missing, the stamp
most likely did not penetrate through the resist layer and did not leave holes all
the way down to the Si wafer. Holes through the resist layer are needed so that
the Cr evaporated on top of the resist can come into contact with the wafer. If
there is not contact between Cr and Si, then all the Cr will be removed along
with the resist in the lift-off process, leaving a surface without dots.

On the area with the large piece of Cr it was likely the there was too little
undercut in the resist layers around the holes. The undercut in the resist layer

22



is needed so that the lift-off chemicals can come into contact with the resist and
hence remove the resist and the Cr on top of it.

The incomplete pattern transfer of the stamp to the resist layer could be due
to small particles on the surface or the way the stamp was removed from the
resist. Small particles on the surface can result in an uneven contact between
the stamp and the resist layer, causing the pattern to be imprinted unevenly. If
the stamp is not removed very carefully then some of the resist will follow the
stamp and not stay on the surface.

2.2.2 Etch test

To produce the nanowires, reactive ion etching was performed. With RIE there
are several different parameters that need to be optimized, and due to time
constraints I could unfortunately only carry out two tests. Figure 2.5 shows the
obtained results. There was quite a clear difference between the two samples.
Their processing involved the same gases, O2, CHF3, and SF6, with the only
difference being that fig. 2.5a used 4 sccm1 CHF3 and fig. 2.5b used 8 sccm1

CHF3. Many more tests would have been needed in order to fine tune the recipe
to make perfectly straight nanowires.

(a) (b)

Figure 2.5: Test to produce Si nanowires with reactive ion etching. The wafer is
imaged by breaking the wafer in half and then imaging the broken edge. Both etch
tests used the same recipe, the only difference being that (a) has 4 sccm of CHF3 and
(b) has 8 sccm CHF3. Scale bars are 1µm.

1The unit sccm stands for standard cubic centimeters per minute. and is used to measure
flow rate during etching
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2.2.3 Final sample used in this thesis

The samples that have been used throughout this thesis were produced at the
Danchip Nanolab in Copenhagen. They were made with etching and the etch
mask was produced with EBL. Two differently sized samples were produced, one
0.6mm thick, 2 inch (50.8mm) in diameter wafer and one Si block with dimen-
sions 65mm× 65mm× 6.25mm. Initially, it was unclear if it would be possible
to create a sample larger than a 2 inch wafer, hence the two sample sizes. Both
samples were covered with nanowires, which were around 85 nm in diameter, ap-
proximately 750 nm in length and spaced 500 nm apart in a hexagonal pattern.

Figure 2.6: An overview of the etched nanowires. Scale bar is 5 µm.

Figure 2.6 shows an overview of the resulting nanowire sample. The image
displays the top of the nanowires and reveals that the nanowires were uniformly
positioned over a large area. Figure 2.7 shows the nanowires imaged with a 30°
stage tilt. Tilting the SEM stage 30° allows for easy length measurements of the
nanowires, i.e. by taking the length in the image and multiplying by 2.
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(a) (b)

Figure 2.7: The nanowires imaged at a 30° tilt of the SEM stage. The scale bar in
(a) is 2 µm and in (b) it is 200 nm.

2.3 Summary

There are many different methods to produce nanowire arrays. Here, the top-
down approach using etching was used. In order to etch nanowires at prede-
termined positions an etch mask first needs to be defined, which in this case
was done with NIL or with EBL. Both techniques have their advantages and
disadvantages. EBL is very flexible and can write almost any type of pattern,
but it takes a long time, and the larger the patterned area, the longer the writ-
ing time will be. With NIL, the whole pattern can be defined simultaneously,
however, different defects can easily appear. In this case, the development of
an even pattern over a large surface and perfectly straight nanowires proved to
be difficult and time consuming, and the decision was made to outsource the
sample processing.
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Chapter 3

Formation of the supported lipid
bilayer

Nanowires are finding increased use in life science. Different types of cells have
been cultured on nanowires to control cell proliferation [28], to measure signals
from cells [22], and to measure cell forces [26], among other things. When cells
are cultured on nanowires the first point of contact is the lipid bilayer which
can form a locally, highly curved membrane around the nanowires. This highly
curved membrane has been studied with scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and focused ion beam milling (FIB) –
SEM, however, these techniques require the cells to be fixed and dehydrated,
which can lead to deformation of the cell membrane. By using a supported
lipid bilayer on nanowires as a model for the highly curved cell membrane, it
is possible to explore the curvature effects introduced by the nanowires. More
information on supported lipid bilayers is given in the background chapter.

The present chapter is focused on the formation of the supported lipid bilayer,
which was done by means of vesicle fusion. To be able to follow the formation
of the lipid bilayer on a planar surface, QCM-D was used. The formed bilayer
on nanowires was imaged using confocal microscopy.
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3.1 Method

3.1.1 Supported lipid bilayer

Throughout this thesis work I used a model biomembrane, consisting of two
phospholipids, DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, fig. 3.1b)
and DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, fig. 3.1a), in a supported
lipid bilayer. Both lipids were purchased from Avanti Polar Lipids (Alabaster,
AL, USA), with a purity of over 99%. These two lipids are found in biological
membranes, where about 9% and 45% of the phospholipids in the human brain
consists of DOPE and DOPC, respectively [58]. The intrinsic curvature of DOPC
and DOPE is −0.11 nm−1 and −0.48 nm−1, respectively [59]. A negative intrinsic
curvature means that the volume of the tail group is slightly larger than the area
of the head group times the length of the tails. The shape of DOPC is cylindrical
whereas the shape of DOPE is that of an inverted cone, where DOPE on its own
forms a non-lamellar reverse hexagonal phase [60].
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Figure 3.1: Chemical structure of the phospholipids (a) DOPC and (b) DOPE.

The supported lipid bilayer was formed via vesicle fusion of small unilamellar
vesicles, about 100 nm in diameter. To form the vesicles the lipids were first
individually dissolved in chloroform and then mixed in a glass vial to obtain
a lipid solution where 20wt% of the lipids consisted of DOPE and 80wt% of
DOPC. This composition was used since it has been shown to create lipid bilayers
with high coverage on the nanowires [49]. The chloroform was slowly evaporated
under nitrogen flow and the resulting lipid film was subsequently dried in vacuum
over night, after which it was hydrated in phosphate buffered saline (PBS). The
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vial was vortexed to form a lipid dispersion and left at 25 °C for about 1 h. The
PBS was purchased in tablet form from Sigma-Aldrich (Darmstadt, Germany)
and when mixed with MilliQ water a 137mM NaCl, 2.7mM KCl, and 10mM
phosphate buffer solution was obtained. The lipid dispersion was then sonicated
using a tip sonicator to form the small unilamellar vesicles. The vesicle dispersion
was put in contact with the substrate with nanowires, either in the GISANS
measurement cell (described in chapter 4), in a flow cell for fluorescent imaging
(described in section 3.1.3), or a flat SiO2 substrate in a QCM-D cell.

3.1.2 Protein interactions

The effect of curvature of the lipid aqueous interface on the protein interaction
with the membranes was investigated using two proteins, namely streptavidin
and α-synuclein. Streptavidin is a specific binding protein while α-synuclein
binding is non-specific. Streptavidin is a tetrameric 58.2 kDa protein which binds
specifically to biotin with high affinity. One streptavidin molecule can bind up
to four biotin molecules [61]. A lipid with a biotinylated head group, biotinyl
cap PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl)), was
added to the lipid mixture, described in section 3.1.1. The formed lipid bilayer
was exposed to the streptavidin solution and the protein was allowed to attach
to the biotinylated bilayer. The biotinyl cap PE lipid with purity of over 99%
was purchased from Avanti Polar Lipids (Alabaster, AL, USA).

α-synuclein is one of three synuclein proteins that are abundant in the brain. It
is concentrated in the nerve endings and is responsible for the release of neur-
otransmitters. α-synuclein has been found to be present in Lewy bodies and
has been associated with Parkinson’s disease [62,63]. It has also been shown that
α-synuclein molecules have a higher binding affinity to curved bilayers compared
with flat ones [64]. The protein was added to the sample cell after forming and
characterizing the bilayer, as described in section 3.1.1.

3.1.3 Fluorescent imaging

The supported lipid bilayer was imaged using confocal microscopy [65,66]. This
technique focuses on a particular focal plane while excluding the signal arising
from other focal planes, thus allowing for sharper images and 3D reconstructions.
The fluorescent used with confocal imaging also makes it possible to measure
fluorescence recovery after photobleaching (FRAP) [67–69].
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Fluorescence recovery after photobleaching

In FRAP, a small spot, about 3 µm, on the bilayer is bleached by means of a
focused laser beam. The bleached spot is allowed to recover and the recovery
time, τD, is used to calculate the diffusivity of fluorescent labeled lipids in the
bilayer according to,

D =
w2

4τD
, (3.1)

where w is the radius of the bleached spot. The above expression for the diffusion
coefficient is that of a flat bilayer. A bilayer on a substrate with nanowires will
have a larger surface area than on a flat substrate. This is due to the bilayer
covering the full length of the nanowire. Since the diffusion time is dependent on
the distance traveled by the lipids, the increased surface area of the nanowires
needs to be taken into account to obtain the diffusivity on the nanowires [49,70],

DNW = D(1 + π d l ρNW ) (3.2)

where d and l are the diameter and length of the nanowires respectively, and
ρNW is the density of nanowires on the surface, i.e. the number of nanowires per
unit area.

The intensity in the bleached spot, Ib, was divided by the intensity in a region
in the same field of view but far from the bleached spot, Iref , to account for loss
in fluorescence in the whole field of view.

If =
Ib
Iref

(3.3)

The intensity, If , was then normalized to the intensity before bleaching. The
normalized fluorescent intensity was plotted against time and fitted using the
least-squares method, with SciPy optimize.curve.fit [71] in Python, to the
function [49,72],

f(t) = (1− γ)

(
I0
2τD
t

+ I1
2τD
t

)
exp

(
−2τD

t

)
(3.4)

to determine τD and γ, which is the immobile fraction in the bilayer. In the
function, I0 and I1 are modified Bessel functions.
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Fluorescent imaging set-up

(a) (b)

Figure 3.2: Flow cell used for confocal microscopy measurements. a) shows the
flow cell from the top with the nanowire sample in the middle, b) shows the flow cell
from the bottom. The shiny blue color comes from the interference pattern from the
nanowires.

The confocal imaging was performed on a small piece of the nanowire substrate
with the nanowires facing down in the flow channel, see fig. 3.2. Prior to placing
the nanowire substrate in the flow channel, it was carefully rinsed with 99.5%
ethanol and dried with N2. The flow channel was then sealed with a glass
cover slide. A fluorescent dye was added to the lipid mixture before sonication
as described in section 3.1.1, and the lipid vesicle dispersion was then passed
through the flow channel. For static images 0.1wt% Atto fluorescence dye (Atto-
tec GmbH, Siegen, Germany) was used and for FRAP 0.1wt% Cy5 fluorescence
dye (ThermoFisher Scientific, Waltham, MA, USA) was used.

3.1.4 Quartz crystal microbalance with dissipation

Quartz crystal microbalance with dissipation (QCM-D) is a very sensitive tech-
nique for measuring adsorbed material on a quartz crystal. The measurement
is carried out by monitoring the change in resonance frequency of the quartz
crystal when material is added to the surface. The resonance frequency of the
crystal decreases with the adsorption of material on the surface. Monitoring the
dissipation gives a measurement of the viscoelastic properties of the adsorption
film, where the dissipation increases with softer films [73]. To calculate the mass
adsorbed to the surface of the crystal, ∆m, the Sauerbrey equation [74] was used,

∆m =
C

n
∆F (3.5)
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where ∆F is the change in frequency, n is the overtone and

C = − tqρq
f0

(3.6)

where tq, ρq, and f0 are the thickness, density and resonance frequency of the
quartz, respectively. C is often called the crystal constant and has a value of
−17.7 ng s cm−2 for a 5MHz crystal [75].

With QCM-D it is possible to monitor the kinetics during the formation of a
supported lipid bilayer. It also allows the monitoring of interactions of proteins
and other biomolecules with the supported lipid bilayer [76]. QCM-D was used to
monitor the formation of the lipid bilayer on a flat silica surface, as described in
section 3.1.1, and to monitor the long-term stability of the formed lipid bilayer.

QCM-D measurement set-up

The quartz crystals were first rinsed with MilliQ water, dried with nitrogen and
washed with 99.5% ethanol and again dried with nitrogen. The washed quartz
crystals were then further cleaned in an air plasma for 5min at 0.02mbar using
a plasma cleaner (Harrick Scientific Corp, model PDC-3XG, New York, USA).
The cleaned crystals were placed in the Q Sense E4 QCM-D (Biolin Scientific,
Gothenburg, Sweden), and MilliQ water was pumped through the cell at a rate of
about 0.5mlmin−1 until a stable base line was found. Subsequently, phosphate
buffered saline (PBS) was pumped through the cell at the same rate, again
until a base line was found. When the base line was deemed stable, the change
in frequency and dissipation was zeroed and the lipid vesicle dispersion, at a
concentration of 0.1mgml−1, was pumped through the cell. A few ml of the
vesicle dispersion was pumped through and was then left to incubate for 30min
to form a supported lipid bilayer. After the incubation the cell was rinsed with
PBS and data was collected for a period of 8 h.

3.2 Results

3.2.1 Formation of the lipid bilayer

By using QCM-D it is possible to follow the formation of the lipid bilayer on
the quartz crystal. Figure 3.3 presents QCM-D data, with both the change in
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Figure 3.3: QCM-D measurement showing both the change in frequency (top) and
in dissipation (bottom) during the formation of the lipid bilayer. The lipid vesicle
dispersion was added to the QCM-D cell at 1. The initial decrease in frequency, at
2, and the increase in dissipation was an indication that vesicles have been bound to
the surface. When the vesicles rupture, water was released and a bilayer was formed
leading to an increase in the frequency, at 3, to a final value of around −25Hz, and the
decrease in dissipation to just above 0.

frequency (top) and change in dissipation (bottom) of the crystal, where the
different lines are the overtones. The plateau represents the base line measured
in PBS and is set to zero. The change in frequency and dissipation upon vesicle
addition is measured relative to this baseline. When the lipids were added,
at 1 in the figure, the frequency decreased and the dissipation increased. The
initial change in frequency and dissipation is due to vesicles attaching to the
surface, indicated with 2. The subsequent increase in frequency and decrease in
dissipation were due to the rupture of the vesicles and release of water. The lipid
bilayer was then spread on the surface and the change in frequency stabilized
at around −27Hz, seen at 3. This behaviour corresponds well with fig. 2b. in
Keller and Kasemo [77], which shows the formation of a similar lipid bilayer on a
quartz crystal.

The adsorbed mass, ∆m = 509 ± 11 ng cm−2, on the crystal was calculated
using eq. (3.5) and the frequency change after the bilayer formation. Using the
adsorbed mass and the known molecular weight of the lipid, MW = 778 gmol−1,
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it was possible to make a first rough estimate of the area per molecule. For this
bilayer and lipid composition, the area per molecule then becomes 50Å2. In a
review Nagle and Tristram-Nagle [78] reported on several different methods for
measuring the area per molecule for a lipid bilayer consisting of only DOPC.
The area per molecule was found to be between 60 and 80Å2, compared with
the 50Å2 determined by QCM-D. It is however worth noting, that the adsorbed
mass in QCM-D is obtained for all the material adsorbed to the surface, which
includes water bound to the lipids.

(a) (b)

Figure 3.4: Confocal microscopy images showing the lipid bilayer on the nanowires.
Scale bars are 500 nm.

Confocal microscopy was used to image the formed lipid bilayer on the nanowires.
Figure 3.4 shows static confocal images of the lipid bilayer on the nanowires.
Both images clearly show the hexagonal pattern of the nanowires. The size of the
bright spots do not reflect the actual size of the nanowires, since the fluorescent
signal is spread out. The confocal images were taken in several different planes
along the length of the nanowire. Since a fluorescent signal was measured from
the full length of the nanowires it was possible to conclude that the lipid bilayer
was formed along the whole length. In fig. 3.4a, some brighter spots are apparent,
which were most likely due to vesicles trapped on the nanowire.

Figure 3.5 presents three images from the FRAP measurement. The first image,
fig. 3.5a, was taken right after the bleaching of the bilayer. The bleached spot is
visible in the top right-hand corner of the image. The second and third images,
figs. 3.5b and 3.5c, were captured 10 s and 30 s after the bleaching, respectively.

34



In the image captured 10 s after the bleaching it is still possible to see a small
bleached spot, which had completely disappeared after 30 s.

(a) (b) (c)

Figure 3.5: FRAP series. (a) time zero, the bleached spot is seen in the top right
corner. (b) The same spot after 10 s and (c) after 30 s.

Figure 3.6: FRAP recovery curve, where the blue dots are the normalized fluorescent
signal in the bleached spot. The red line is a fit to the function in eq. (3.4).

Figure 3.6 shows the fluorescence recovery plot from the same FRAP measure-
ment as in fig. 3.5. The presented data were first divided by the intensity in a
reference area of the same size not affected by the bleaching to account for the
loss of fluorescence in the whole image. The red line was a fit to the data using
the function in eq. (3.4). The recovery time, τD, and the immobile fraction, γ,
were calculated from the fit. For this data the recovery time was τD = 4.6 s and
the immobile fraction was γ = 0.2. The diffusion coefficient, D, was calculated
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using eq. (3.1) and the recovery time. However, since the diffusion took place on
the nanowires, the diffusion coefficient was normalized to the surface area using
eq. (3.2). The normalized diffusion coefficient was DNW = 0.500±0.003 µm2 s−1,
which corresponds well with previous studies [49].

3.2.2 Longevity of the bilayer on the nanowires

Chapters 4, 5 and 7 present how the lipid bilayer described herein was measured
by means of GISANS and reflectometry. During those measurements the lipid
bilayer was deposited on the surface and then left on the nanowires for up to
several days. In order to verify the long-term stability of the bilayer an 8 h long,
QCM-D measurement was performed.

Figure 3.7: QCM-D curve of the full duration of the 8 h measurement. The small
red line, in the bottom left corner, indicates where the formation of the bilayer took
place which is seen in fig. 3.3.

Figure 3.7 shows the continuation of the measurement presented in fig. 3.3, which
only covered the initial formation of the bilayer, represented by a small red line
in the figure. The lipids were added at 1, and left to incubate until 2, when the
remaining vesicles were rinsed from the cell with PBS. Before starting the rinse
a slight decrease in frequency change could be observed, indicating that more
material, vesicles, were attaching to the surface. After the rinse, all the vesicles
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in the solution and those that had attached were rinsed off, leaving a bilayer on
the surface. The PBS was left pumping at a slow rate, and after the 3 h mark
the pump was stopped and the bilayer was left in the QCM-D cell immersed in
PBS. As no change in the frequency for the full measurement was observed for
at least 8 h it was concluded that the bilayer very likely remained intact on the
surface for a long time.

3.3 Summary

This chapter describes how a lipid bilayer from a mixture of 80% DOPC and
20% DOPE can be formed on a flat surface, as observed with QCM-D, and on
the nanowire surface, as observed with confocal microscopy. The bilayer was
shown to be fluid and continuous over the full length of the nanowire. It has also
been shown to be stable over at least a 8 h. The lipid bilayer formed with the
vesicle fusion method, was investigated using GISANS and reflectometry, and
the results are presented in the upcoming chapters.
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Chapter 4

Grazing incidence small angle
neutron scattering on nanowire
arrays

The supported lipid bilayer discussed in the previous chapter was studied with
grazing incidence small angle neutron scattering (GISANS). In a GISANS exper-
iment a highly collimated neutron beam impinges on an interface at a shallow
angle and is then scattered off the surface. Using GISANS, information is ob-
tained on lateral structures at the interface. The supported lipid bilayer was also
studied with confocal microscopy, as described in the previous chapter. However,
the coverage and thickness of the bilayer could not be revealed with fluorescent
imaging, and GISANS was therefore used to determine the structure and cov-
erage of the lipid bilayer. This chapter is focused on the set-up of the different
instruments, with discussions of both time of flight and monochromatic instru-
ments. The collimation of the incident beam and illumination of the sample
are described, as well as geometry, orientation and alignment of the sample at
the different instruments. Furthermore, the overall patterns seen in the scatter-
ing are compared. The next chapter will describe a new method for analysing
GISANS data.
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4.1 Method

4.1.1 Grazing incidence small angle neutron scattering

In a grazing incidence small angle neutron scattering (GISANS) experiment a
collimated neutron beam impinges on a surface with a very small angle, usually
less than 1°, close to the critical angle of total reflection. The neutrons are then
scattered at the interface and recorded by a 2D detector [6,79,80]. Figure 4.1 shows
a schematic image of the geometry of the GISANS experiment at the VSANS
instrument. The incoming neutron beam (red) comes in through the side of the
silicon crystal and scatters at the interface between the Si crystal and D2O. The
orange line in the image shows the specular peak, which is where the angle of
the incoming beam and the scattered beam are identical. The green lines in the
image points to peaks, giving information about the structure of the sample.

The scattering pattern seen in fig. 4.1 can be described as a product of the
structure, S, and form factor, F . The differential scattering cross-section is
approximated by,

dΣ

dΩ
= S(Q) · F 2(Q) + background (4.1)

The structure factor describes how the different constituents in the sample are
organized in relation to one another, in this case the nanowire array. The form
factor describes the size and shape of the constituents of the samples, here the
individual nanowires.

4.1.2 Experimental set-up

GISANS experiments were performed on three different beam lines, with KWS-
1 [81] at MLZ (Garching, Germany), with VSANS [82] at NIST (Gaithersburg,
USA) and with SANS2D [83] at ISIS (Didcot, UK). Two different nanowire samples
were used, a 600 µm thick, 2 inch, 50.8mm in diameter Si wafer and a large
square Si crystal, both described in chapter 2. The Si wafer was used at the
KWS-1 beam line and was placed in a custom built aluminum sample holder,
seen in fig. 4.2a. The sample was positioned with the back of the wafer facing
down, see figs. 4.2b and 4.2c. In fig. 4.2c, the red line shows the direction of the
neutron beam and indicates how the beam hits the back of the Si wafer.
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Figure 4.1: Schematic overview of a GISANS geometry, specifically for the VSANS
instrument. The black line shows the center which is parallel to the surface of the Si
crystal, with the incoming beam, red with arrows, at a small angle to the center line.
The orange line with dots marks the specular, or reflected, peak, where the incoming
angle and exit angle are the same. The green lines point to two peaks. The insert shows
the Si crystal with the nanowires which are perpendicular to the surface of the crystal.
For all detector plots shown in this chapter, the nanowires will be oriented parallel to
the x-axis, as illustrated in the insert.

The large square substrate described in chapter 2 was used at VSANS and
SANS2D. The sample was placed in a similar but slightly larger sample holder as
that described by Rennie et al. [84] and seen in fig. 4.3. With this sample holder
and the larger thickness of the substrate, i.e. 6.25mm, it is possible for the neut-
ron beam to enter through the side of the Si crystal, approximately where the
red laser dot can be seen in fig. 4.3. When the neutron beam comes in through
the back of the Si wafer, part of the beam will be reflected and scattered at that
interface. The incident beam angle would also need to be lower than the critical
angle for the air-Si interface, in order to have significant intensity at the next
interface, i.e. the D2O-Si interface. With the beam coming in through the side
of the crystal, the second scattering interface will be avoided and the incident
beam angle can be closer to the critical angle of the D2O-Si interface.
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(a) (b)

(c)

Figure 4.2: Sample and sample holder used at KWS-1. (a) Shows the sample holder
and the back of the Si wafer. (b) The sample at the KWS-1 beam line. (c) The neutron
beam comes to the interface from the back of the Si wafer, shown with red arrows. Seen
behind the sample in (b) and (c) is the neutron beam guide window.

Prior to the sample being placed in either the small round holder or the large
square holder, it was cleaned by immersing the sample in 1% solution of Neut-
racon (Decon Laboratories Ltd. Hove, East Sussex, UK) for about 20min. The
sample was then carefully rinsed with MilliQ water, submerged in MilliQ and
then rinsed once more. The last steps involved rinsing the sample with 99.5%
ethanol and then carefully drying it with nitrogen. SEM imaging revealed that
the lipids were successfully cleaned from the surface, and that the nanowires
were undamaged by the cleaning procedure.

The supported lipid bilayer was prepared using vesicle fusion as described in
chapter 3. The prepared vesicle dispersion was pumped into the cell using a
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Figure 4.3: Sample holder for the larger Si crystal, here seen at the SANS2D
instrument. The neutron beam enters from the side of the Si crystal, approximately at
the red laser dot.

syringe pump at a speed of 0.5mlmin−1. The bare nanowires and the supported
lipid bilayer on the nanowires were measured in D2O, and in water matched to
Si (cmSi), which corresponds to a mix of 62% D2O and 38% H2O.

KWS-1

Figure 4.4 shows a schematic diagram of the KWS-1 instrument. The first part
of the instrument, indicated by 1, is the neutron beam guide which transports
neutrons from the source to the velocity selector, placed at 2. The velocity
selector creates a monochromatic neutron beam, and can select wavelengths
between 4.5 and 12Å, as well as 20Å, with a resolution of ∆λ/λ = 10%. After
the velocity selector comes the collimation line, at 3, consisting of a number
of moveable, 1m long neutron guides, which are used to change the source to
sample distance. The sample position is at 4, followed by the 20m long evacuated
detector tube. The detector is placed at 5 and can be moved between a distance
of 1.5 and 20m from the sample position. The detector is a position sensitive
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2D scintillator detector, with a spatial resolution of 5.3×5.3mm2. The available
Q-range at KWS-1 is 0.0007 to 0.5Å−1 depending on the chosen wavelength and
the position of the detector [81].

Figure 4.4: Schematic diagram of the KWS-1 beam line. The instrument starts
with (1) a neutron beam guide, and (2) the velocity selector. After the velocity selector
is (3) the collimation line, followed by (4) the sample position, and lastly (5) the 2D
detector. Schematic diagram from Feoktystov et al. [81].

At KWS-1 the 2 inch wafer substrate (600µm thick, one side unpolished) was
used and placed with the back of the wafer facing down, as can be seen in fig. 4.2.
The neutron beam came in from the back of the Si wafer and was scattered at
the interface between the Si and the water. Three sample to detector distances
were used, 1.5m, 8m and 20m. For these detector settings, a wavelength of
5Å was used with incident beam angles of 0.5°, 0.65° and 0.8°. For the 20m
detector distance an additional wavelength of 12Å was also used with incident
beam angles of 0.65°, 0.8° and 1.1°. The sample was measured in D2O for 2 h
at the 20m detector distance, and for 1 h for the 8 and 1.5m detector distances.
Slightly longer measurements times were used for the cmSi measurements.

VSANS

VSANS stands for very small angle neutron scattering and is the name of a
beam line located at the Center for Neutron Scattering at NIST in the USA.
Figure 4.5a shows a schematic diagram of the VSANS beam line. The beam line
has a velocity selector (1) that creates a monochromatic beam with wavelengths
between 4.5 and 12Å with ∆λ/λ = 12%. The beam line is 45m long and has
three moveable detector arrays in an evacuated detector tube. The front and
middle detectors are 3He tube detectors with a resolution of 8mm, and the rear
detector is a scintillator detector with a 0.2mm resolution. The front and middle
carriages have four detector panels each, and the rear carriage has one detector
panel. The three detector carriages can be placed at varying distances from the
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sample in order to measure different Q ranges with appropriate resolution with
the various detectors, and a single wavelength and collimation set-up [82].

(a) (b)

Figure 4.5: (a) Schematic diagram of the VSANS beam line, provided by NCNR [82].
The instrument has a (1) velocity selector for wavelengths between 4.5 to 12Å, (2)
moveable neutron guide with (3) multiple converging apertures and slits. In the detector
tube, there are (4) three moveable detector carriages. (b) Schematic illustration of the
detector set-up used at the VSANS instrument. The orange panels are the four front
detectors, overlapping slightly, placed at 8m from the sample, and with an opening in
the middle. The blue panels are the middle detectors, placed at 20m from the sample,
with the left and right panels touching, and with the top and bottom panels behind.

During the experiment the front and middle detector carriages were used and
placed at 8m and 20m, respectively. Figure 4.5b shows the positioning of the
detector panels of the front and middle carriages. The front detectors (orange
in the image) were positioned to create an opening in the center to let neutrons
through to hit the middle detectors (blue in the image). The middle detectors
were placed with two of them touching, with the other two behind, the dashed
lines in fig. 4.5b. A wavelength of 6Å was used, with an incident beam angle of
0.55°. The nanowire sample, without and with a lipid layer, was measured in D2O
and in cmSi. The lipid layer contained biotinylated lipids, and measurements
with the streptavidin protein, described in section 3.1.2, were also performed.
Each measurement was 2 h long.
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SANS2D

SANS2D is situated at the second target station at ISIS Neutron and Muon
source in the UK. The ISIS source is a pulsed spallation source and SANS2D
works as a time of flight (ToF) instrument. In contrast to KWS-1 and VSANS,
it is with a ToF instrument possible to carry out measurements with mul-
tiple wavelengths at the same time. The wavelength band that can be used
at SANS2D is from 1.75 to 14Å. Figure 4.6 shows a schematic diagram of
the SANS2D instrument, which has five removable, 2m long, neutron guides
providing incident collimation from 2 to 12m. The detectors are positioned in
a vacuum tank and consist of two 0.96m2 3He multiwire proportional counters.
They can be placed at distances between 2 and 12m from the sample position.
Depending on the collimation and detector set-up a Q-range of 0.002 to 3Å−1

can be obtained [83].

Figure 4.6: A schematic diagram of the SANS2D instrument. The instrument
employs the ToF capabilities of ISIS and can use wavelength from 1.75 to 14Å. The
two detectors are positioned in a vacuum tank and can be placed at a distance between
2 and 12m from the sample. Schematic diagram from Heenan et al. [83]

The large square sample was used and placed horizontally with the nanowires
facing down, see fig. 4.3. A wavelength range of 1.75− 12.5Å was used, with an
incident beam angle of 0.28°. To increase the flux, a short collimation length was
used. The collimation was set to be 6m and the distance to the detector was set
at 12m. The sample was measured for about 8 h1 for each sample configuration.

1At ISIS measurements are not usually defined simply in time but as accumulated proton
current on the target, measured in µAh. The samples were measured for a total of 320 µAh,
which, if the beam stays on, corresponds to about 8 h.
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4.1.3 Scattering length density

The scattering length densities (SLD), ρ, of the different compounds are shown
in table 4.1. The SLD of a compound is calculated from the values of scattering
lengths, bi, tabulated by Sears [85], of the different atoms in the material, and
the known molecular volume, VM , or compound density, ϱM , according to,

ρ =

∑N
i=1 bi
VM

(4.2)

where VM can be calculated through,

VM =
M

ϱMNa
(4.3)

where M is the molecular weight and Na is the Avogadro constant.

Table 4.1: SLD for the different materials used throughout this work.
*representing two acyl chains, †20wt% DOPE and 80wt% DOPC

Material SLD [10−6Å−2] ϱM [g cm−3]

H2O −0.56 0.997 [86]

D2O 6.35 1.10 [86]

Silicon 2.07 2.33 [86]

Amorphous silica 3.48 2.20 [86]

Material SLD [10−6Å−2] VM [Å3]

DOPC [87–89] 0.30 1294

-head 1.88 319

-tail* −0.214 975

DOPE [78] 0.34 1227

-head 2.48 252

-tail* −0.21 975

Lipid mixture† 0.315 1280

-head 2.006 305

-tail* −0.214 975
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4.2 Results

4.2.1 Monochromatic measurement

Figure 4.7 shows 2D plots of the scattering from bare nanowires (left) and lipid
covered nanowires (right) measured with the VSANS instrument in D2O. What
can be seen in the image are a number of peaks concentrated along vertical and
horizontal lines. Given the distance between the nanowires the peaks are all
expected to be of high order. The orientation of the sample, shown in fig. 4.1,
puts the long axis of the nanowires parallel to the x-axis of the detector. This
means that the variation of intensity in the peaks seen on the horizontal line of
the detector is mainly due to the length of the nanowires. The intensity in the
peaks along the vertical lines, perpendicular to the long axis of the nanowires,
is mainly due to the radius of the nanowires. The addition of the lipid to the
nanowires makes it possible to see a clear difference between the two scattering
patterns in fig. 4.7. The peaks in the horizontal direction become more intense
and the peaks in the vertical direction lose some of their intensity. Also noticeable
in fig. 4.7 is that the peaks in the vertical direction have a slight tilt. This tilt
away from the xy axes is due to a minor misalignment of the nanowire array
with respect to the detector.

Figure 4.7: The scattering from nanowires without (left) and with (right) a lipid
layer measured in D2O at the VSANS instrument.
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Figure 4.8: Scattering from nanowires measured in cmSi at the VSANS instrument.
The figure on the left is for the bare nanowires and the figure on the right is for the
nanowires covered with a lipid layer.

Figure 4.8 shows 2D plots of scattering from bare nanowires (left) and lipid
covered nanowires (right) measured in water contrast matched to Si (cmSi) at the
VSANS instrument. When comparing the bare nanowires measured in cmSi with
the bare nanowires measured in D2O the large difference in scattering pattern is
obvious. Since the nanowires are made of Si they are almost completely masked
when measured in cmSi, and the only visible peaks are the direct beam and
the reflected beam. In the right figure, some peaks, due to the lipid bilayer,
are visible. These are very weak compared with those measured in D2O. This
is, in part, because the lipid layer is quite thin, but also because the contrast
between the lipid and the surrounding solvent is smaller in cmSi than in D2O.
The difference in SLD between the lipid and D2O is about three times larger
than the difference in SLD between the lipid and cmSi.

Figure 4.9 shows data from the KWS-1 instrument. The scattering patterns are
for the nanowires in D2O, with the bare sample to the left and with lipid to
the right, using the 2 inch wafer. The measurements were performed with a
wavelength of 5Å and the detector at 8m. Comparing the two images there is a
very clear difference after the addition of the lipid with many more peaks visible
in the right figure. During this experiment the sample was placed horizontally
with the beam coming in through the back of the Si wafer. The placement of
the sample can be seen in fig. 4.2, where the red line depicts the beam direction.
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Figure 4.9: Scattering data from the KWS-1 instrument measured in D2O. The
image to the left corresponds to bare nanowires and the image to the right to nanowires
with lipid. The square in the middle of both images is the beam stop.

A very noticeable feature seen in both images in fig. 4.9 is the high intensity
around the square beam stop at Qx = Qy = 0. This intensity is due to small
angle scattering from over-illumination of the sample. The incident angle in this
measurement was 0.5° and the slit at the sample was 50mm× 4mm. This gave
rise to a beam footprint of 500mm along the beam direction, which meant that
the sample was over-illuminated by a factor of 10, given that the diameter of the
sample, or length of the sample in the beam, was 51mm. Since the footprint
of the beam was so much larger than the actual sample, a large portion of the
beam hit the sample holder and gasket surrounding the sample cell, thus causing
the small angle scattering seen around the beam stop. Due to this scattering,
peaks at low Q were not visible.

A direct comparison between the data measured at VSANS and at KWS-1 is
challenging. First, two different samples were measured at the instruments.
The largest difference between them were the size, where the sample at KWS-1
consisted of a thin, about 0.6mm thick, 50.8mm in diameter wafer, whereas
the sample at VSANS was a 65mm × 65mm × 6.25mm Si block. Since the
wafer used at KWS-1 was so thin, it was not possible for the neutron beam
to come in through the side of the sample, which was the case at VSANS. At
VSANS, a much narrower slit, i.e. 0.5mm, was used at the sample giving a beam
footprint of about 52mm. This smaller footprint, and larger sample, meant
that no over-illumination occurred. Compared with the KWS-1 measurement,
almost no small angle scattering from the sample holder was seen in VSANS
data. This means that peaks at low Q are clearly visible at VSANS, whereas
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they were hidden due to strong small angle scattering at KWS-1. However, what
is comparable between the measurements at VSANS, shown in fig. 4.7, and at
KWS-1, shown in fig. 4.9, is the clear difference seen when the lipids are added.

4.2.2 Time of flight measurement

Figure 4.10: The penetration depth in D2O, and in D2O with 10% H2O from a Si
interface at an incident beam angle of 0.28°. The dashed line indicates the length of the
nanowires. The penetration depth was calculated using equations from Nouhi et al. [80].

Scattering for multiple wavelengths can be recorded simultaneously when using
time of flight (ToF) measurements, thus making it possible to probe different
depths in a single sample at the same time. Figure 4.10 shows the penetration
depth at Si/D2O and Si/90 vol%D2O interfaces with an incident beam angle of
0.28°, which is what was used at SANS2D. At a wavelength of about 4Å there
is a sharp decrease in penetration depth. This is the critical wavelength of the
interface. After a ToF measurement, the data for the various wavelengths can
be divided up and different structures visualized.

ToF GISANS was used at the SANS2D beam line with wavelengths ranging
from 1.75 to 12.5Å. Figure 4.11 shows measurement data from the nanowires in
D2O. The left image shows the full wavelength band, and the right one displays
the data in the wavelength band from 4.0 to 6.0Å. The scattering from the
7500Å long nanowires will be largest when the penetration depth of the neutrons
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Figure 4.11: Time of flight measurement at SANS2D. The left image is for the full
wavelength band, from 1.75 to 12.5Å. The right image is for the wavelength band 4.0
to 6.0Å. Both images are for the nanowires in D2O.

slightly exceeds the full length of the nanowires. As seen in fig. 4.10, a wavelength
around, or below, the critical wavelength is needed to penetrate the length of
the nanowires. The right image in fig. 4.11 shows the scattering from just above
the critical wavelength, and it is possible to see some clear peaks arising from
the nanowires. At SANS2D the maximum in flux is between 4 − 5Å [90]. This
is likely why the peaks are visible in the wavelength band just above the critical
wavelength, and not as visible below the critical wavelength.

The Q-range will decrease when shorter wavelengths are excluded. Figure 4.12
shows a cut along Qx for four different wavelength bands. The full wavelength
band, with wavelengths from 1.75 to 12Å, has the largest Q-range, with a Qmax
of above 0.1Å−1. The smallest Q-range is seen for the wavelength band 10 to
12Å, with a Qmax of just above 0.02Å−1. That Q-range is too small to resolve
any peaks from the nanowires. The penetration depth at that wavelength band
is also too small to penetrate the length of the nanowires, and scattering will
only take place at the surface.
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Figure 4.12: Cut along Qx showing peaks, and the extent of the Q-range for the
different wavelength bands for bare nanowires in D2O.

4.2.3 Rotation of the hexagonal lattice

The hexagonal pattern of the nanowires can be compared with a two-dimensional
hexagonal crystal. In the same way as a crystal can be rotated to probe different
crystal planes, so can the nanowire array. When the hexagonal pattern is rotated
the neutron beam will see different patterns. Figure 4.13 shows eight measure-
ments from KWS-1 where the nanowire array was rotated. The hexagonal pat-
tern was rotated 1° between each of the first five images. Between the fifth and
the sixth image the pattern was rotated 2°, and then 5° to the seventh image.
Between the seventh and last image the pattern was rotated 30°. The data were
recorded using a 5Å wavelength and with the detector at 20m. The square at
Qxy = 0 is the beam stop, and at Qx = −0.02 is the reflected beam. Further
to the left in the image it is possible to see a peak. That peak is moving with
the rotation of the sample, indicating that different directions of the hexagonal
pattern are probed. In the last image it is not possible to distinguish between
the small angle scattering around the beam stop and the reflected beam. The
sample holder has a cut out, seen in fig. 4.2a, which was mostly aligned with
the beam. When the sample was rotated by as much as 30°, more of the beam
then hits the aluminum sample holder and the metal screws to the side of the
cut out, causing more small angle scattering.
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Figure 4.13: Showing rotation of the hexagonal lattice. Between each of the first
five images the hexagonal pattern is rotated by 1°. The pattern is then rotated by 2° to
image six, and another 5° to image seven. The hexagonal pattern is lastly rotated by an
additional 30°, seen in the last image. The data were measured using 5Å wavelength
and a sample to detector distance of 20m.

At VSANS the hexagonal pattern was also rotated. Figure 4.14 shows a hori-
zontal cut, along Qx, for three different rotations. These rotations are all relative
and, unfortunately, not connected with how the hexagonal pattern is structured
on the surface of the Si. The data for +15° in the figure are shown as a 2D
plot in fig. 4.7. What can be seen in fig. 4.14 is that the peaks change position
depending on the rotation of the sample, which is also seen in the data from
KWS-1 shown in fig. 4.13.

One reason to rotate the hexagonal pattern is to have as intense peaks as possible.
In the data from the VSANS instruments it was observed that some rotation
directions of the hexagonal pattern resulted in more intense peaks, especially for
the peaks in the vertical direction. To be able to optimize the best rotation of
the pattern each rotation would have to be measured for a long time, since the
intensity in the peaks was low, especially for the peaks perpendicular to the long
axis of the nanowires. For example, the data shown in fig. 4.14 was measured
for 2 h for every rotation, and even after a 2 h measurement, only one of the
three data sets had visible peaks in the vertical direction. Peaks in the vertical
direction are important for the analysis presented in the next chapter.
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Figure 4.14: Horizontal cuts in data from VSANS at three different rotations angles
of the hexagonal pattern for the bare nanowires in D2O.

4.2.4 Protein interactions

At VSANS a biotinylated lipid was added to the lipid bilayer and the protein
streptavidin was allowed to attach to the lipids, as described in section 3.1.2.
Streptavidin has a high affinity to biotin and is therefore a good protein to test
protein attachment to a lipid bilayer. Figure 4.15 shows horizontal cuts, along
Qx, of the scattering from the bare nanowire, from nanowires with lipid and
with lipid and protein. There is no significant difference in the intensity when
going from a lipid layer to a lipid layer with protein. This might be due to a too
low concentration of protein, which would give a small difference in scattering
length density.

At SANS2D α-synuclein was used, where both a hydrogenated and deuterated
version of the protein was used. Unfortunately, no noticeable difference was
observed when adding the protein. This, again, might be due to too low con-
centration of protein. The difference observed after addition of the protein at
VSANS and at SANS2D was not sufficient to allow for a more detailed analysis.
Further analysis of the protein data has therefore not been conducted.
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Figure 4.15: Horizontal cuts in data from VSANS showing the scattering from bare
nanowires, nanowires with a lipid layer, and with a lipid layer with added protein.

4.3 Summary

This chapter has shown GISANS data from three different instruments, KWS-1,
VSANS, and SANS2D. The first two instruments used a monochromatic neutron
beam, whereas SANS2D uses time of flight. Two different samples have been
used, a thin round 2 inch Si wafer, and a thick square Si crystal, both with
a hexagonal array of Si nanowires. The instruments had varying set-ups with
slits and detectors. The slits close to the sample determined the size of the
footprint of the beam on the sample. Due to the slit set-up at KWS-1, the
footprint was about a factor of 10 larger than the size of the sample. This over-
illumination resulted in a large portion of the beam hitting the sample holder,
thus causing diffuse small angle scattering. This small angle scattering was seen
as a continuously increasing intensity towards the beam stop in fig. 4.9 and
obscured peaks at low Q. At VSANS the larger sample was used, and the slit
set-up used reduced the diffuse small angle scattering, thereby making it possible
to observe peaks even at lower Q.

At SANS2D time of flight was used to carry out measurements at multiple
wavelengths at the same time. This technique has the advantage that many
different depths in the sample can be probed simultaneously. However, for a
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given wavelength the neutron flux is generally lower than at a monochromatic
instrument, which means that the measurement times need to be longer to com-
pensate for the lower flux per wavelength. For the present sample most of the
interesting structures were seen just above the critical wavelength and a mono-
chromatic instrument using that wavelength might have been a better choice.

The optimal instrument to obtain the best data for the nanowire sample would
be a monochromatic instrument with a wavelength of about 4−5Å with a small
sample slit and high resolution detector. Using a wavelength at the critical
wavelength would be useful in order to both have scattering from the full length
of the nanowire and also some scattering from the surface of the sample. Having
a small slit at the sample would minimize the footprint of the beam and then also
minimize diffuse scattering from the sample holder. A high resolution detector
would be needed to resolve peaks, specifically at small Q. Using a small slit
at the sample and a narrower wavelength spread would lead to a decrease in
neutron flux, which would lead to longer measurement times.
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Chapter 5

Quantitative analysis of GISANS
data arising from a nanowire
array

This chapter presents a newly developed method for analyzing GISANS data,
which was used to analyze the GISANS data from the VSANS instrument presen-
ted in the previous chapter. Current methods for analyzing GISANS data often
include taking line cuts and model fitting, frequently using the distorted wave
Born approximation [91–93], to the intensity along these lines. Such methods are
used to calculate the scattering for individual samples, however, the main in-
terest of this work was to determine the change when adding lipids to the Si
nanowires.

As mentioned in the previous chapter, a scattering pattern can be described
as the product of the structure factor, S, and the square of the form factor,
F , with an addition of a background. The structure factor is determined by
the correlation between objects in the sample and the form factor describes
the size and shape of those objects. In this case, the structure factor would be
determined by hexagonal array nanowires, and the shape of the nanowires would
be approximated as the form factor of a cylinder. The addition of the lipid does
not alter the structure of the nanowire array, meaning that the structure factor
remains unchanged. Based on this, a simplified analysis method using ratios
of form factors was developed. The method compares ratios of peak intensities
arising from the nanowire array with and without the lipid layer, with ratios of
calculated form factors. The advantage of using ratios of peak intensities is that
it is not necessary to determine the structure factor of the sample, and, to a first
approximation, it is possible to ignore issues such as refraction.
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As in the studies described in the previous chapter, the sample consisted of a
regular array of hexagonal nanowires. A lipid layer, comprising of 20wt% DOPE
and 80wt% DOPC, was subsequently added to the nanowires. The formation of
the lipid layer was done via vesicle fusion, described in chapter 3.

5.1 Method

5.1.1 Derivation of scattering form factors for multi-shell cylin-
ders

The developed method, which is described in-depth in the next section, is based
on the ratios of form factors. The form factor that best describes the nanowires is
that of a cylinder. In order to model an oxide and a lipid layer on the nanowires,
different shells are added to the cylinder form factor. The derivation of the form
factor for multi-shell cylinders is presented here.

L

L + 2T

R

R + T

ρc

ρ1st

ρsolv

Figure 5.1: Schematic diagram of a core-shell cylinder, showing the length, L, the
radius, R, and the thickness, T , of the shell. The core, shown in green, has a scattering
length density (SLD) given by ρc, the first shell, shown in blue, has an SLD given by
ρ1st. The core and the shell is surrounded by a solvent with an SLD given by ρsolv.

The form factor for a solid uniform cylinder [4] is given by

Fc(Q) = 2∆ρV
sin

(
Q1

2L cosα
)

Q1
2L cosα

J1 (QR sinα)

QR sinα
, (5.1)

where Q is the scalar amplitude of the scattering vector, Q, ∆ρ is the difference
in scattering length density between the cylinder, ρc, and the solvent, ρsolv. L,
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and R are the length and radius of the cylinder, respectively, where the volume,
V , is calculated from those parameters. The parameters are shown schematically
in fig. 5.1. J1 is the first order Bessel function, and α is the angle between the axis
of the cylinder and the scattering wave vector, Q. Figure 5.2 shows the square
of the form factor for three different radii. The form factors are calculated using
eq. (5.1) for a 7500Å long cylinder with and α = 89.5°. Instrument resolution
is included in the plotted form factors.

Figure 5.2: Square of cylinder form factors for three different radii. The cylinder
was 7500Å long and with an angle between the cylinder axis and the scattering vector,
α = 89.5°.

To model the oxide and lipid layers on the nanowires, the scattering form factor
needs to be rewritten to include shells. The scattering form factor from only
a shell is obtained by calculating the form factor for a large cylinder with a
total volume of V1, which includes a core and a shell, and then subtracting the
scattering from the core with a volume Vc. The scattering amplitude from only
the shell thus becomes

F1st = (ρ1st − ρsolv)V1stP1st − (ρ1st − ρsolv)VcPc (5.2)

Here the subscript indicates the shell, where 1st means the first shell. P1st and
Pc are the scattering function of a cylinder with one shell and that of a solid
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cylinder, respectively.

Pc =
sin

(
Q1

2L cosα
)

Q1
2L cosα

2J1 (QR sinα)

QR sinα
(5.3a)

P1st =
sin

(
Q
(
1
2L+ T1st

)
cosα

)
Q
(
1
2L+ T1st

)
cosα

2J1 (Q(R+ T1st) sinα)

Q(R+ T1st) sinα
(5.3b)

where T1st is the thickness of the first shell. V1st in eq. (5.2) is defined by

V1st = π(R+ T1st)
2(L+ 2T1st) (5.4)

The scattering from only the shell, eq. (5.2), is then added to the scattering
of a solid cylinder, eq. (5.1), to give the form factor of a core-shell cylinder,
Fcore-shell = Fc + F1st, which gives,

Fcore-shell = (ρc − ρsolv)VcPc +

[
(ρ1st − ρsolv)V1stP1st − (ρ1st − ρsolv)VcPc

]
=

ρcVcPc − ρsolvVcPc + ρ1stV1stP1st − ρsolvV1stP1st − ρ1stVcPc + ρsolvVcPc

(5.5)

Canceling out the ρsolvVcPc terms and collecting the other terms leads to,

Fcore-shell(Q) = (ρc − ρ1st)Vc
sin

(
Q1

2L cosα
)

Q1
2L cosα

2J1 (QR sinα)

QR sinα

+ (ρ1st − ρsolv)Vs
sin

(
Q
(
1
2L+ T

)
cosα

)
Q
(
1
2L+ T

)
cosα

2J1 (Q(R+ T ) sinα)

Q(R+ T ) sinα
,

(5.6)

where the subscripts c and 1st for ρ and T represent the core and the first shell,
respectively [94].

The core-shell equation can be generalized further to include an arbitrary number
of shells. This is done in the same way as going from a solid cylinder to a
cylinder with one shell. The scattering from only the outermost shell is given
by calculating the form factor for a large cylinder with volume VN , and then
subtracting the scattering from the core and inner shells. The scattering from
the outermost shell is then added to the scattering from the core and inner shells.
Simplified this gives,
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Fcore-N:shells = (ρc − ρi)VcPc + (ρi − ρi+1)ViPi + . . .+ (ρN − ρs)VNPN , (5.7)

where the subscript N is the number of shells and

Vk = π

(
R+

k∑
i=1

Ti

)2(
L+ 2

k∑
i=1

Ti

)
, (5.8)

for k = 1, 2, . . . , N .

5.1.2 Analysis method

The geometry of the GISANS experiment at VSANS is shown in fig. 4.1. The
incoming beam is shown in red, and the specular reflected beam is shown in
orange. The green lines points to peaks, which are located along the horizontal
line, corresponding to the x-axis of the detector, and vertical lines, along the
y-axis of the detector. The insert in the top right corner shows the nanowires on
the Si substrate. The x-axis of the detector is defined such that the long axis of
the nanowires is parallel to the x-axis.

The scattering pattern shown in fig. 4.1 can be described as a product of the
structure factor, S, and the form factor, F , of the sample, with an addition of a
background, which gives the differential scattering cross-section,

dΣ

dΩ
= S(Q) · F 2(Q) + background (5.9)

where Ω is the solid angle and Q is the scattering vector. The structure factor,
which describes the hexagonal array of the nanowires, will give rise to peaks
with a very small separation in Q. Due to the resolution of the instrument, the
structure factor would be smeared to be an almost continuously smooth function.
The structure factor also remains constant before and after the formation of
the lipid layer. The form factor depends on the shape and composition of the
nanowires and is likely what is dominating the scattering. The subsequently
deposited lipid bilayer will also change the form factor. The background is
expected to be slightly higher after the formation of the lipid layer, due to the
large amount of hydrogen in the lipids. The background is subtracted from the
integrated peak intensities before taking the ratio for the lipid covered nanowires
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and the bare nanowires. This leaves the structure factor and the form factor in
eq. (5.9),

dΣ

dΩ

∣∣∣∣∣
NW

= S(Q) · F 2
NW (Q) (5.10a)

dΣ

dΩ

∣∣∣∣∣
lipid

= S(Q) · F 2
lipid(Q). (5.10b)

Dividing the scattering observed for the nanowires with lipids (eq. (5.10b)) by
the scattering from the nanowires, eq. (5.10a), cancels the structure factor and
leaves the ratio of the two form factors, F 2

lipid/F
2
NW .

Figure 5.3: 2D scattering image of the data used for the ratio calculations. The
white boxes in the figure represent the region of interest for which the integrated in-
tensity was calculated. The peaks are not situated along a straight line, which is due
to the sample slit and alignment of the sample. This figure is also shown in fig. 4.7.

For the analysis, peaks in the vertical direction of the detector image were selec-
ted, shown as white boxes in fig. 5.3. It is seen in the figure that the peaks are
not situated along a straight line. The reason for this is related to the sample slit
and the alignment of the sample. The peaks in the vertical direction result from
the scattering perpendicular to the nanowires, which means that the intensities
in the peaks along Qy arise mainly from the radial structure of the nanowires.
The thickness of the lipid layer is about one order of magnitude smaller than the
radius of the nanowires. This may be compared with the difference between the
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layer thickness and the nanowire length which is about two orders of magnitude.
It is, therefore, convenient to use peaks whose intensity is sensitive to the radial
structure of the nanowires, as they are expected to show the largest changes
when the lipid is added.

Peaks in the horizontal direction of the detector, see fig. 5.3, are the results
of scattering parallel to the long axis of the nanowires. This means that the
intensity in those peaks arises mainly from the length of the nanowires, which
are approximately 750 nm long. Phase differences, due to a difference in optical
path length, may occur when the neutron beam traverses such long structures.
These phase differences can then modify the scattering pattern, and even change
positions of the minima and maxima of the form factors [95]. When using the
ratio calculations, these effects must be taken into consideration, which would
complicate the calculations. Since the radius of the nanowires is much smaller,
there is no need to consider these phase differences, which is another reason to
use the peaks in the vertical detector direction.

The analysis considers the integrated intensity of regions of interest around sharp
peaks, seen as white boxes in fig. 5.3. The scattering intensity further from the
regions around the peaks comes primarily from either background or diffuse
scattering. The background at small Q arises from scattering from the sample
holder, and at large Q, largely from incoherent scattering. The background was
estimated by taking the total intensity, away from the peaks, in areas of the same
size as those used to measure the peak intensity. A total of 10 such areas were
chosen and the mean intensity in these areas was used as the background to be
subtracted. The 10 background areas were all chosen from the top left corner of
fig. 5.3, with a minimum Q of Qx = −0.03Å−1 and Qy = 0.03Å−1. The same
regions of the detector were evaluated for the nanowires with and without lipids,
both for determining the peak intensities and for the background calculation.

The ratios of the peak intensities obtained on nanowire substrates with and
without a lipid layer were compared with the corresponding ratios of form factors
calculated from models of the multilayer cylinders, see section 5.1.1. The form
factors were calculated for a cylinder with one shell, eq. (5.6), which corresponds
to the nanowires with a thin oxide layer, and for a cylinder with two shells,
eq. (5.7) with N = 2, representing the nanowire with both an oxide layer and
a lipid layer. The oxide layer was set to a thickness of 10Å with an SLD of
3.48 × 10−6 Å−2. The effects of instrumental resolution were included in the
calculated form factors prior to the ratio calculation. The model for the oxide
layer was kept the same for both the bare nanowires and those covered with
lipids, whereas the thickness and SLD were allowed to change. The best fit was
determined by reduced χ2

ν ,
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χ2
ν =

χ2

ν
, (5.11)

where ν is the number of degrees of freedom, and χ2 is the uncertainty weighted
sum of the squared deviations.

5.2 Results

The method described in the previous section was used to determine the thick-
ness and coverage of the lipid layer on the Si nanowires. The integrated peak
intensity ratios were compared with calculated form factor ratios for cylinders
with added shells. The shells represented the silicon oxide and a lipid layer.
The thickness and SLD were kept the same for the oxide layer throughout the
fit, whereas the thickness and SLD for the lipid layer was allowed to vary. Fig-
ure 5.4 shows a reduced χ2 map, and the figure displays a quite clear minimum in
reduced χ2 at around a thickness of 30Å and an SLD of just over 4× 10−6 Å−2.

Figure 5.4: The reduced χ2 for all the combinations of SLDs and layer thicknesses.
The lines in the plot correspond to the cuts shown in fig. 5.5.
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The minimum in fig. 5.4 can be more clearly seen in fig. 5.5, which shows cuts
in the χ2 map. The line colors in both plots correspond to each other, and the
red line shows the position of the minimum, which signified a reduced χ2 of 13.
The clear minimum in figs. 5.4 and 5.5 shows that the developed method was
sensitive to the lipid layer thickness.

Figure 5.5: Cuts along the lines shown in fig. 5.4. The red line gives the minimum
of the reduced χ2 with the corresponding values of SLD and layer thickness.

Often, GISANS scattering patterns have clearly visible peaks, however, these can
be weak and the scattering in the background can sometimes be more intense.
Methods for analyzing GISANS data based on model fits to 2D scattering pat-
terns, or line cuts, limited by counting statistics might be dominated by trying
to find a fit to the background rather than the actual data. Since the method
presented here uses ratios of integrated peak intensities, more information can
be directly obtained as compared with methods of analysing GISANS data based
on counting statistics.

The fit to the GISANS data can be seen in fig. 5.6. Comparing the obtained
SLD of the layer to the SLD of the pure lipid, which is about 0.3 × 10−6 Å−2

(see table 4.1 in chapter 4), indicates that some buffer, D2O, might be included
in the layer. The volume fraction of lipid, ϕlipid, in the mixed layer is calculated
as
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Figure 5.6: The blue dots show the ratio of the integrated peak intensity for the
nanowires with a lipid layer and bare nanowires in D2O. The fit gives a thickness of
28.4± 4.3Å and an SLD of 4.1± 0.5× 10−6 Å−2 of the layer. The reduced χ2 of the fit
is 13. The SLD of the layer corresponds to a lipid fraction of about 0.37.

ϕlipid =
ρmix − ρD2O

ρlipid − ρD2O
(5.12)

where ρmix is the SLD of the mixed layer, ρlipid, and ρD2O are the SLD for the
lipid and D2O, respectively. Using this equation gives a lipid volume fraction of
about 0.37.

The lipid layer will have a curved structure around the nanowires. Curved lipid
bilayers have previously been studied using lipid vesicles. Lipid vesicles can be
obtained by extruding lipid dispersions through filter membranes. The size of
the vesicles and the number of bilayers the vesicles contain can be controlled
by the pore size of the filter and the number of times the lipid dispersion is
passed through the filter. DOPC vesicles with a radius of about 600Å measured
with SANS were found to have a bilayer thickness of about 38Å [96–98]. For
vesicles with a lipid mixture of 1:1 DOPC and DOPE, and with a radius of
200Å, the bilayer was approximately 37Å [99]. These studies did not report on
the density of the lipid in the layers. In a vesicle the bilayer would be curved
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in two directions, on the other hand, the bilayer on the nanowires would only
be curved in one direction, i.e. around the nanowires. These two factors make
a direct comparison challenging. Mitchell and Ninham [100] also states that lipid
molecules in a spherical shell are expected to be more tightly packed than in a
cylinder.

The thickness of the lipid layer obtained from the fit was 28Å, which is slightly
thinner than what is reported for vesicles. A reason for this could be that
the lipid tails were tilted or interpenetrating. The layer also contained a large
amount of solvent, about 63%, which is possibly due to the layer being patchy.
Figure 5.7 shows a schematic diagram of possible structures that could explain
the obtained thickness and SLD of the lipid layer. A combination of a patchy
layer and tilted or interpenetrating lipid tails, is a possible structure. Even if
the coverage is not complete, the lipid bilayer is still connected as shown, by
the FRAP measurements in chapter 3. Unfortunately, the present data could
only resolve a uniform single layer model unable to unambiguously distinguish
between a patchy layer, interpenetrating or tilted tails.

Figure 5.7: Schematic image showing possible structures for the lipid layer on the
nanowires. The lipid layer could be divided in patches, which would explain the large
solvent content of about 63%. The lipid tails could be interpenetrating or tilted, which
would lead to a thinner lipid layer.
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5.3 Summary

This chapter has discussed a newly developed method for analyzing GISANS
data from a regular array of hexagonal Si nanowires. The method is based
on comparing ratios of scattered intensities for the lipid covered nanowires and
bare nanowires with model calculated form factor ratios. This approach cancels
effects of the structure factor, and simplifies the analysis to only investigate the
change occurring when adding a lipid layer to the nanowires. The method was
demonstrated for a sample consisting of a lipid mixture of 20wt% DOPE in
80wt% DOPC, on Si nanowires. The fitting of the model to the data gave a
lipid layer with a thickness of 28.4 ± 4.2Å with a large buffer content of about
63 vol%.

A great advantage of the method presented here is that it only considers the
intensities in peaks. Other GISANS analysis techniques often use line cuts along
rows of peaks and carry out model fits to the lines. These methods are usually
focused on obtaining information from measurements on a single sample, whereas
the method presented in this chapter directly models changes in the sample,
such as the lipid layer on the nanowires. The difference in scattering that arises
from changes at a surface can sometimes be rather weak, and it is therefore
advantageous to focus the analysis on the relevant part of the data. Using
the intensity ratio directly provides information on the lipid layer on the Si
nanowires.
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Chapter 6

Reflectometry on block
copolymers

Block copolymer lithography uses self-assembly of block copolymers to produce
high resolution, nanometer sized patterns over large areas. The block copolymers
can self-assemble into many different structures, for example cylinders, lamella,
or spheres, which are all of interest for the fabrication of semi-conductor devices.
In block copolymer lithography one of the block components can be selectively
infiltrated with an oxide to produce an etch mask for further processing [101,102].
In this work the polymers maltoheptaose and hydroxyl-terminated polystyrene
were studied with neutron reflectometry to investigate the infiltration of AlOx

into the respective polymers. These polymers can be used to form the block
copolymer polystyrene-block-maltoheptaose (PS-b-MH), which can form ver-
tically or horizontally oriented cylinders with a distance between cylinders of
10− 12 nm [103,104].

Figure 6.1 gives a schematic view of the block copolymer lithography process,
where the top row shows the process for vertically aligned cylinders and the
bottom row shows the same process for horizontally aligned cylinders. The
process starts by letting the block copolymer self-assemble, fig. 6.1 a and d, on
a Si substrate. Next, AlOx is selectively infiltrated into the maltoheptaose block
using a sequential infiltration synthesis (SIS, fig. 6.1 b, e), using the precursor
gases trimethyl aluminum (TMA) and water. After SIS the PS-block is removed
using reactive ion etching (RIE) (fig. 6.1 c, f), which leaves an etch mask on
the Si substrate. The alumina etch mask is then used to transfer the pattern
into the Si substrate (g) [102]. The amount of infiltrated AlOx was characterized
using neutron reflectometry at the SuperADAM instrument at the Institut Laue-
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Langevin (ILL).

Figure 6.1: Schematic diagram of the block copolymer lithography process. The
process starts (a, d) by letting the block copolymer self-assemble on a Si substrate. Next
(b, e), the maltoheptaose is selectively infiltrated with AlOx, in an SIS process using
the precursor gases trimethyl aluminum (TMA) and water. The PS-block is removed
(c, f) leaving a stable etch mask on the Si substrate. The etch mask (g) is then used to
transfer the pattern into the Si substrate. Diagram from Löfstrand et al. [102].

6.1 Method

6.1.1 Homopolymer processing for reflectometry

For the reflectometry experiments, homopolymer samples of maltoheptaose and
hydroxyl-terminated polystyrene were used, and the effect of the infiltration
process was measured. The homopolymers were used in order to simplify the
analysis.

The homopolymers were prepared by spin coating a 35mm × 35mm Si sub-
strate of 1mm thickness. Prior to the spin coating the Si wafers were pretreated
on a hotplate at 200 °C for 10min. The maltoheptaose samples were prepared
by dissolving 1wt% maltoheptaose (MH, 1.2 kgmol−1, Hayashibara Co., Ltd.,
Japan) in a 3 : 1 volumetric ratio deionized (DI) water and isopropanol. The
dissolved maltoheptaose was then spin coated to a thickness of 12 nm. For the
other homopolymer samples, 1wt% hydroxyl-terminated polystyrene (PS-OH,
4.5 kgmol−1, PDI1 1.06, anionically polymerized by CERMAV) was dissolved in
anisole and spin coated to a thickness of 17 nm. The thickness of all samples was

1The polydispersity index (PDI) is a measure of the distribution of the chain lengths of a
polymer, i.e. PDI = 1 signifies that all chains are of the same length.
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measured with spectroscopic ellipsometry (RC2, J.A. Wollam, Co., Inc., Lincoln,
NE, USA). The samples were then baked on a hot plate for 3min at 80 °C in
order to remove residual solvents.

The spin coated homopolymer samples were exposed to the precursor gases using
a SIS process. In SIS, the samples were exposed to precursor gases, in this case
TMA and water, in a Savannah S100 (Cambridge NanoTech, Waltham, MA,
USA) chamber at 80 °C under nitrogen flow at 20 standard cubic centimeters
per minute (sccm) for a different number of cycles, where one cycle consisted of
four steps. First, the precursor, TMA, was pumped through the chamber for a
total of 100 s in 15ms pulses. Second, the chamber was purged with N2 for 90 s.
Third, the second precursor, water, was pumped through the chamber for a total
of 50 s in 10ms pulses. The cycle ended by purging with N2 for 600 s to remove
byproducts and excess precursor. The maltoheptaose samples were exposed for
1, 2, 4, and 8 cycles, whereas the polystyrene sample was only exposed for 2 and
8 cycles.

6.1.2 Reflectometry at SuperADAM

Figure 6.2: A schematic diagram of the SuperADAM instrument showing the dif-
ferent components of the instrument. Illustration from Devishvili et al. [105].

SuperADAM is a monochromatic reflectometry instrument located at the Insti-
tut Laue-Langevin (ILL) in Grenoble, France. SuperADAM is financed by the
Swedish Research Council and operated by Uppsala University in collaboration
with Lund and Linköping Universities. Figure 6.2 shows a schematic drawing
of the SuperADAM instrument. The first part of the instrument is the mono-
chromators, operating with a wavelength of 5.2Å. These are one highly oriented
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pyrolytic graphite (HOPG) monochromator and (not shown in the image) one
graphite intercalation compound (GIC) monochromator. The HOPG mono-
chromator is used for high resolution, with δλ/λ = 0.005, and the GIC, which
is under development, is a lower resolution monochromator, with δλ/λ = 0.035.
The GIC monochromator has an expected flux one order of magnitude higher
than the HOPG monochromator [105,106].

The diaphragms, also known as slits, are used to limit the spatial size of the
neutron beam and to remove neutrons that would not hit the sample, which
would increase the background. There are three diaphragms before the sample
position. The instrument also has the possibility to use polarized neutrons,
and for that there are polarizers, spin flippers and analyzers. However, polarized
neutrons were not used during this experiment and will not be discussed further.
The sample is positioned on a high precision rotation stage, on top of which are
two translation motors and one tilt motor which allow for alignment of the sample
in the beam. The reflected neutron beam is detected by a 3He single detector
or by a wide area position sensitive detector, used for off-specular scattering,
situated at a rotating detector arm. The incident angle is determined by the
rotation stage under the sample and the outgoing angle is determined by the
rotation of the detector and is adjusted to match the incident angle. The Q-
range that can be obtained at SuperADAM is 0 to 2.5Å−1 [105,106].

The homopolymers described in section 6.1.1 were used at SuperADAM to meas-
ure the depth of AlOx infiltration as a function of the number of infiltration
cycles. The measurements were performed on different samples which were in-
filtrated with a specific number of cycles. Reference measurements on the Si
substrate and on pure atomic layer deposition (ALD) AlOx were also performed.
ALD and SIS are closely related processes, the difference being that with ALD
material is deposited on a surface, whereas SIS deals with infiltration into ma-
terials [102]. Incidence angles from 0.12° to 4.0° were used, and together with
a wavelength of 5.2Å gave a Q-range of 0.005Å−1 to 0.17Å−1. The raw data
was reduced by subtracting the background, normalizing the reflected intensity
to the intensity of the direct beam, and correcting for over-illumination of the
sample. The reduced data was then fitted using the software GenX [107].

6.1.2.1 Scattering length density

The SLD was calculated from the known scattering length [85] and the densities
of the materials.
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Table 6.1: SLD of the components used in this experiment.
1Stated by the supplier.

Material SLD [10−6Å−2] Density [g cm−3]

Si 2.07 2.33 [86]

SiO2 (α-quartz) 4.18 2.65 [86]

Al2O3 5.70 3.97 [86]

MH (C42H72O36) 2.12 1.851

PS (C8H8)n 1.41 1.05 [86]

H2O -0.56 0.997 [86]

6.2 Results

The data and results presented here have been published by Löfstrand et al. [102]

where I am one of the coauthors.

6.2.1 Infiltration into maltoheptaose

Figures 6.3 and 6.4 show the reflectometry and SLD profiles for the different
samples of the pristine maltoheptaose and maltoheptaose after 1, 2, 4, and 8
SIS infiltration cycles. It can be seen that the fringes in the reflectometry data,
fig. 6.3, move to lower Q, indicating that the layers were getting thicker with
more infiltration cycles. The increase in thickness is also apparent in the SLD
profiles, fig. 6.4. The results from the fits, which can be found in table 6.2,
were compared with measurements with ellipsometry and SEM imaging in order
to determine a realistic model. The results from ellipsometry and SEM can be
found in Löfstrand et al. [102].

The pristine maltoheptaose, yellow in the figures, was fitted as one layer on top
of the Si and SiO2 substrate. The layer was fitted to 134.0 ± 2.9Å with an
SLD of 1.63 ± 0.04 × 10−6 Å−2. The SLD for the pristine maltoheptaose was
slightly lower than the theoretical value shown in table 6.1. The reason for this
lower SLD could be inclusion of water, which would correspond to about 18%,
or a lower density than tabulated values, at about 1.42 g cm−3. Inclusion of 18%
water in maltoheptaose is possible, however, this is at the higher range at normal
humidity [108]. Most likely it was a combination of water inclusion and a lower
density of the maltoheptaose.
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Figure 6.3: Reflectometry curves for pristine maltoheptaose, and for maltoheptaose
infiltrated with AlOx using 1, 2, 4, and 8 infiltration cycles. The data are shifted by
factors of 10, 100, 103, and 104, for each data set.

Figure 6.4: SLD profile of maltoheptaose infiltrated with AlOx for varying number
of cycles, where z is the distance from the substrate. The first peak shows the SiO2

layer. The second peak shows the inclusion of AlOx in the top layer of maltoheptaose.

76



Table 6.2: Results of the reflectometry fit to varying numbers of SIS cycles with
TMA and water in maltoheptaose.

No. cycles 0 1 2 4 8

Top layer

Thickness [Å] — 20± 3 19± 3 22± 3 25± 3

SLD [10−6Å−2] — 1.80± 0.12 2.05± 0.16 2.16± 0.17 2.54± 0.17

Roughness [Å] — 5 8 8 8

vol% of ALD
— 6 14 19 32

AlOx

Bottom layer

Thickness [Å] 134± 3 118 119 120 128

SLD [10−6Å−2] 1.63± 0.04 1.63 1.63 1.63 1.63

Roughness [Å] 5 19 9 7 5

Maltoheptaose was infiltrated using a SIS process, described in section 6.1.1, for
1, 2, 4, and 8 cycles. The infiltrated maltoheptaose film was fitted as two layers
on top of the substrate, since a one layer model did not result in a good fit. The
amount of included AlOx increased for every infiltration cycle and a maximum
of 32 vol% was included in the top layer after 8 infiltration cycles. The volume
fraction, ϕ1, of a component with SLD ρ1, in this case AlOx, in a mixture can
be calculated through,

ϕ1 =
ρmix − ρ2
ρ1 − ρ2

(6.1)

where ρmix, and ρ2 are the SLD of the mixture, and the other component, in
this case MH, respectively (essentially the same equation as eq. (5.12)). The
volume fraction was determined using the SLD for the pristine MH and the
reference measurement on pure ALD AlOx, which had an SLD of 4.49×10−6 Å−2.
The SLD of the reference measurement was lower than the theoretical value of
5.67 × 10−16 Å−2, see table 6.1. The lower SLD was likely due to the ALD
AlOx often being very porous, leading to a decrease in density. The reference
measurement on AlOx was used since the deposition was carried out in the
same way as for the AlOx in the maltoheptaose films. The SLD of the pristine
maltoheptaose was used since all the maltoheptaose films were deposited in the
same way, prior to infiltration. The depth of infiltration increased from 20Å
with 1 SIS cycle to 25Å for 8 SIS cycles. The increase in thickness and in SLD
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can be quite clearly seen in fig. 6.4 which shows the SLD profile of the fitted
layers.

6.2.2 Infiltration into polystyrene

It has previously been shown that TMA and water can diffuse through poly-
styrene, and that polystyrene is not expected to be infiltrated with AlOx

[109].
To investigate the diffusivity through polystyrene, hydroxyl-terminated poly-
styrene (PS-OH) was infiltrated using 2 and 8 cycles. The hydroxyl-terminated
polystyrene includes one reaction site for TMA. Figure 6.5 shows the reflectiv-
ity for the pristine PS-OH and for the PS-OH infiltrated with 2 and 8 cycles.
There was no apparent difference between the pristine PS-OH and PS-OH after
2 infiltration cycles, and this is even more clear in the SLD profile plot seen in
fig. 6.6. After 8 infiltration cycles there was a slight shift in the peaks to lower
Q indicating an increased thickness of the layer. The fit indicates an increase
in layer thickness from 178Å to 189Å, fit parameters can be found in table 6.3.
The SLD increased from 1.43 × 10−6 Å−2 to 1.46 × 10−6 Å−2, however, the in-
crease is within the measurement error. The slight increase in thickness and SLD
could be due to the TMA reacting with the hydroxyl group in the polystyrene,
which would lead to an initial AlOx infiltration. The low infiltration rate in
hydroxyl-terminated polystyrene would indicate that there is a high infiltration
selectivity between polystyrene and maltoheptaose.

Table 6.3: Results of the reflectometry fits to varying number of SIS cycles with
TMA and water in polystyrene.

No. cycles 0 2 8

Thickness [Å] 178± 3 178± 3 189± 3

SLD [10−6Å−2] 1.43± 0.03 1.43± 0.03 1.46± 0.04

Roughness [Å] 8 8 8

vol% of ALD AlOx 0 0 1.1
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Figure 6.5: Reflectivity curves for pristine and infiltrated hydroxyl-terminated poly-
styrene. The curves show a small change in peaks to smaller Q for 8 infiltration cycles
indicating a slight increase in layer thickness.

Figure 6.6: SLD profiles for pristine and infiltrated hydroxyl-terminated poly-
styrene, where z is the distance from the substrate.
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6.3 Summary

This chapter has shown reflectometry data and results investigating the rate of
infiltration of TMA and water into maltoheptaose and into hydroxyl-terminated
polystyrene. The data and fits show that the amount of AlOx increased with the
number of SIS cycles, and that after 8 cycles approximately 32 vol% AlOx had
infiltrated in maltoheptaose. After 8 infiltration cycles in polystyrene only about
1.1 vol% AlOx had infiltrated. This indicates that the infiltration selectivity
between maltoheptaose and polystyrene was high.

80



Chapter 7

Reflectometry on a substrate
with a nanowire array

Chapters 4 and 5, have described how the nanowire array was characterized with
GISANS, giving information about lateral structures in thin films or at interfaces.
Specular reflectometry, on the other hand, provides information about the aver-
age scattering length density profile perpendicular to the surface of the sample.
Reflectometry and GISANS are, therefore, complementary to each other. This
chapter provides a discussion of the results from neutron reflectometry measure-
ments on the nanowire array substrate, with and without a lipid bilayer. These
measurements were conducted as a complement to the GISANS measurements
to obtain information on the surface between the nanowires. The reflectometry
measurements were performed at the OffSpec beam line at the ISIS Neutron and
Muon source. An exploratory study with spin-echo resolved grazing incidence
scattering (SERGIS) was also carried out at OffSpec.

7.1 Method

7.1.1 OffSpec

OffSpec is a low background, polarized neutron reflectometer optimized for off-
specular reflection located at the ISIS Neutron and Muon source, UK. The low
background of the instrument is obtained by a bent neutron guide and shielding.
OffSpec has two detectors, one linear, position sensitive scintillator detector
placed 3.6m from the sample position, and one single 3He detector placed 3.2m
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from the sample. An incident wavelength band of 1.5 – 14.5Å is available at the
instrument. OffSpec has the capability of tracking neutrons using spin-echo and
can be used to measure spin-echo small angle neutron scattering (SESANS) and
spin-echo resolved grazing incidence scattering (SERGIS) [110,111].

7.1.2 Reflectometry

On OffSpec, the large square Si crystal with nanowires, described in chapter 2,
was measured as a complement to the GISANS experiments. A wavelength
range from 2.2Å to 12.5Å with incident beam angles of 0.7° and 2.0° was used,
giving a Q-range of 0.01Å−1 to 0.2Å−1. From the reflectometry measurements,
information was obtained mainly about the flat areas between the nanowires.
The Si crystal was placed in an aluminum sample holder, described in chapter 4.
Prior to being placed in the sample holder, the crystal was cleaned by placing
the sample in a 1% solution of Neutracon (Decon Laboratories Ltd, Hove, East
Sussex, UK) for about 20min. The crystal was then carefully rinsed with and
immersed in MilliQ water. Lastly, the crystal was rinsed once more with MilliQ
water, then with 99.5% ethanol after which it was carefully dried with nitrogen.

The supported lipid bilayer was prepared according to chapter 3, however, a short
description will follow. A lipid mixture of 20wt% DOPE and 80wt% DOPC was
used, and the lipid bilayer was formed using vesicle fusion. The vesicle dispersion
was prepared by mixing the appropriate amount of lipids, and dissolving them
in chloroform. The chloroform was allowed to evaporate, leaving a lipid film,
which was then rehydrated in phosphate buffered saline (PBS) and sonicated
to form a lipid vesicle dispersion. This dispersion was then put in contact with
the nanowires in the sample cell described in chapter 4, by flowing the vesicle
dispersion through the cell, at a rate of 0.5mlmin−1. The lipid vesicle dispersion
was left to incubate in the cell for about 30min, after which the cell was rinsed
with PBS to remove remaining vesicles.

Measurements were first performed on the bare Si nanowire substrate in D2O,
H2O, and in water that is contrast matched to Si (cmSi), which is a mixture of
38 vol% H2O and 62 vol% D2O. These measurements were performed in order
to make a model of the bare substrate before adding the lipids. The lipids were
then added to the substrate and the lipid bilayer on the nanowire array was
again measured in D2O, H2O, and cmSi. The three solvents were used in order
to give different contrasts between the lipid bilayer and the surrounding solvent.
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7.1.3 Spin-echo resolved grazing incidence scattering

An exploratory study with spin-echo resolved grazing incidence scattering (SER-
GIS) was performed at OffSpec. SERGIS is a technique that uses the spin of
the neutron to encode the angle that the neutron takes through the sample.
Magnetic field regions are placed in front of and behind the sample, these have
identical magnitudes but are oppositely oriented. A polarized neutron beam
comes in through the first magnetic field, and the neutrons start to precess in
a plane perpendicular to the magnetic field. The neutrons then go through the
sample and, if no interactions with the sample occur, the neutrons leaving the
second magnetic field will have the same polarization as they started with. If,
however, the neutrons interact with and scattered from the sample, then the
initial polarization will not be restored following the second magnetic field, and
a change in beam polarization is seen [112].

Ashkar et al. [113] presented a method for investigating spherical colloid particles
in a diffraction grating by means of spin-echo SANS (SESANS). The idea was
to use the nanowire array in a similar way and potentially resolve lipids and
proteins attached to the nanowires, but using SERGIS. Measurements on the Si
nanowire array were conducted in D2O.

7.1.4 Analysis

The reflectometry data from OffSpec were analyzed with the software refnx [5].
This software is written in Python and is based on refining a model against
a data set. The model reflectivity is calculated using the Abelès method [114].
The model reflectivity is calculated on a so-called Structure consisting of dif-
ferent Component objects. These objects represent the physical parameters of
the sample, for example the thickness or SLD. The simplest of these objects is a
so-called Slab. A slab has a uniform thickness, SLD, roughness and volume frac-
tion of the solvent. Another type of object is the LipidLeaflet object, which
is a lipid monolayer, consisting of a head and a tail region, both with their own
SLD and thickness. Roughness may exist at the interface between two slabs, or
between the head and tail region in a lipid leaflet. Within the Structure there
is also a substrate and a solvent [97].

With refnx it is possible to refine multiple data sets together. This is often done
when data sets are measured in different solvent contrasts. When refining data
sets together it is possible to obtain a more reliable fit, since the extra contrast
can help resolve ambiguity that arises from the loss of phase information when
measuring the intensity between different layers.
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7.2 Results

7.2.1 SERGIS

An exploratory study with SERGIS was performed on the nanowire array. Unfor-
tunately, problems with the instrument prevented any proper measurement and
analysis of the data. Five measurements were performed on the same sample,
which was the nanowire array in D2O. Unfortunately it turned to be challenging
to reproduce the data. This prevented further analyzes and further measure-
ments were therefore not continued.

7.2.2 Reflectometry

The reflectometry data were analyzed by co-refining three data sets measured
in D2O, H2O, and cmSi. First, the data for the bare nanowire substrate were
analyzed in order to model fit the substrate before the addition of the lipid
bilayer. The data and fits to the bare nanowire substrate can be seen in fig. 7.1.
The substrate was modeled as silicon with three layers on top. The first layer
consisted of a mixture of Si and SiO2 and was 60.0± 1.4Å thick with a solvent
volume fraction of 0.160±0.004. The next layer was 17.0±0.8Å thick with 42%
solvent and consisted of SiO2. The layers closest to the substrate were modeled
as two layers since that resulted in a better fit as opposed to a single layer model.
These layers also had quite significant roughness, 25Å and 10Å, respectively.
The structure of the layers, porous, and a mix of Si and SiO2, are thought to
come from the etching that was used to produce the nanowires. The last layer
represents the nanowires and was modeled as a thick silicon layer with a large
solvent content. The thickness of that layer was the same as the length of the
nanowires, determined from electron microscopy. The solvent content was kept
at 97.4% since the nanowires only covered 2.6% of the substrate surface, based
on the SEM images in fig. 2.7. Table 7.1 lists all the parameters used for the fit
to the bare nanowire substrate, and these parameters were also utilized for the
rest of the model fits for the lipid layer.
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Figure 7.1: Data and model fit for the bare nanowire substrate in D2O, H2O, and
in cmSi. The data and fit for the D2O are shifted by a factor of 10, for clarity.

Table 7.1: Fitted parameters for the structural model of the bare nanowire sub-
strate. The roughness parameter is written between the lines in the table indicating the
interface for which the roughness is applied. Layer thickness, tlayer, Volume fraction
solvent, ϕsolv

tlayer [Å] ϕsolv Rough [Å]

Substrate semi inf. 0
25

Si + SiO2 + Solvent 60± 1.4 0.16± 0.004
10

SiO2 + Solvent 17± 0.8 0.42± 0.03
5

Nanowire 7600 0.974
3

Solvent semi inf. 1

After analyzing the data for the bare nanowires substrate, a lipid layer was
added to the model. The lipid layer was modeled in two ways, using a single
uniform layer or slab, and as a structured bilayer with two lipid leaflets. The
lipid layer was first modeled as a slab, since this model is simpler, but also to
be able to more easily compare the results from the fit with the GISANS fit in
chapter 5. The lipid slab in this model was placed after the first two layers from
the bare nanowire substrate model. Figure 7.2 shows the data and model for
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the lipid layer fitted as a homogeneous slab. The SLD of the slab was fixed at
0.36 × 10−6 Å−2, which is the theoretical SLD of the lipid layer (see table 4.1
in chapter 4) with 2.6% Si, representing the nanowires going through the lipid
layer. The thickness of the lipid layer was fitted to be 36.9±0.2Å with a volume
fraction of solvent of 0.245 ± 0.002. The area per molecule, Am was calculated
using the thickness of the layer, t, the volume of the lipid molecule, VM (see
table 4.1 in chapter 4) and the volume fraction of lipid, ϕlipid,

Figure 7.2: Data and model fit for the lipid layer in D2O, H2O, and cmSi using the
slab model. The H2O and D2O data are shifted by factors of 10 and 100, respectively.

Am =
2VM

ϕlipid t
(7.1)

where the volume of the lipid molecule was multiplied by 2 since a bilayer was
assumed. The area per molecule was calculated to 91.9± 0.3Å2.

The lipid layer was then modeled using two lipid leaflets. In this model, the head
and tail groups have individual thicknesses, scattering lengths and lipid volumes.
The lipid leaflets also have the additional parameter of area per molecule, which
models the density of the lipid bilayer. The two lipid leaflets were placed on top
the first two layers from the bare nanowire substrate model, in the same way as
for the slab model. The scattering length of the head and tails was compensated
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Figure 7.3: Data and model fit for the lipid layer in D2O, H2O, and cmSi using
the lipid leaflet model. The H2O and D2O data are shifted by factors of 10 and 100,
respectively.

for the Si nanowires going through the layer, in a similar way to the slab model.
Figure 7.3 shows the data and model fit using a lipid leaflet model. The fitting
parameters can be found in table 7.2. The total thickness of the lipid bilayer
was 37.3±1.6Å. The volume fraction of solvent in the lipid layer was calculated
by first calculating the SLD, ρx, of the lipid, solvent mixed layer,

ρx = ϕx
bx
Vx

+ (1− ϕx)ρx,solv, (7.2)

where the subscript x indicates the lipid head and tail, respectively. Vx is the
volume, bx is the scattering length, ρx,solv is the SLD of the solvent surrounding
the lipid, and ϕx is the volume fraction of lipid, which is defined by,

ϕx =
Vx

Amtx
(7.3)

where Am is the area per molecule and tx is the thickness. The volume fraction
of solvent, ϕsolv, was calculated in the same way as in previous chapters, by
using,
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ϕsolv =
ρx − ρlipid
ρsolv − ρlipid

(7.4)

where ρsolv and ρlipid are the SLD of the pure solvent and pure lipid, respectively.
According to the model fit, the volume fraction of solvent was lower in the head
region than in the tail region.

Table 7.2: Fitting parameters for the lipid layer on the nanowire substrate using the
two different models. Layer thickness, tlayer, Area per molecule, Am, Volume fraction
solvent, ϕsolv

tlayer Am ϕsolv Rough

Slab model [Å] [Å2] [Å]

Bare substrate parameters in table 7.1
3

Lipid slab 36.9± 0.2 91.9± 0.3 0.245± 0.002
5

Layer NW 7600 —— 0.974
3

Solvent semi inf. —— 1

Lipid leaflet model

Bare substrate parameters in table 7.1
3

Lipid head inner 3.4± 0.4 91.9± 0.4 0.01
3

Lipid tails inner 16.4± 0.7 91.9± 0.4 0.35
3

Lipid tails outer 14.2± 1.0 91.9± 0.4 0.25
7

Lipid head outer 3.3± 0.9 91.9± 0.4 0.007
5

Layer NW 7600 —— 0.974
3

Solvent semi inf. —— 1

When comparing the model fits for the slab, fig. 7.2, and for the lipid leaflet,
fig. 7.3, it was fairly difficult to tell them apart. The results from both fits also
gave approximately the same total thickness of the lipid layer, with 36.9± 0.2Å
for the slab model and 37.3± 1.6Å for the lipid leaflet model. The thickness of
the lipid bilayer obtained from both model fits corresponded well with previous
studies on bilayers [115]. Table 7.3 shows all the obtained χ2 values, which were
about the same for both models. With this data it was not possible to distin-
guish between the two models. In order to get a better fit to the lipid bilayer
more contrasts could be used, to selectively mask either the tail or head regions.
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Table 7.3: The goodness of fit, χ2, for the two models.

D2O cmSi H2O

Slab model 1092 124 218

Lipid leaflet 1082 139 145

Selectively deuterating one of the lipids or part of a lipid would also change the
contrast, giving more data sets to constrain the model.

7.3 Summary

This chapter has shown reflectometry data and model fits for the nanowire sub-
strate with and without a lipid bilayer. The model fits indicated that the Si
substrate had a rough, porous top layer and this structure was most likely due
to the etching used to produce the nanowires. The lipid layer on top of the Si
substrate was modeled in two different ways, with a slab model and with a lipid
leaflet model. The two models were shown to fit the data equally well. The
lipid bilayer was approximately 37.0 ± 1.5Å thick, with about 30% solvent in
the layer.
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Chapter 8

Conclusions

My PhD project has been focused on neutron scattering, where I have used
grazing incidence small angle neutron scattering (GISANS) and reflectometry
to study a lipid bilayer on Si nanowires. Both GISANS and reflectometry are
powerful techniques that are complementary to one another. Therefore, the
possibility of performing both experiments simultaneously, or in close proximity,
is a major advantage. With GISANS it was possible to determine the thickness
and coverage of the lipid bilayer on the nanowires. With reflectometry, on the
other hand, I could determine the structure of the bilayer on the flat areas
between the nanowires. However, neutron scattering experiments are always
dependent on external research facilities, and require long measurement times.
This means that these experiments can not be performed that frequently, and
it can be difficult to repeat experiments. To analyze the GISANS data, a new
method had to be developed, since current methods were not suitable for the
sample with an array of nanowires.

8.1 Newly developed GISANS analysis method

The GISANS data were analyzed using a newly developed method based on ratios
of form factors, described in chapter 5. The procedure consisted of comparing
ratios of the scattered intensity for the lipid covered nanowires and the bare
nanowires with model calculations. Using ratios of integrated scattered intensity
cancels the effects of the structure factor, which is assumed to be the same
before and after the addition of lipid. This simplifies the analysis, and allows
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information to be obtained directly on the change when adding the lipid, which
is one of the major strengths of this method.

In the analysis, the measured intensity arising from scattering perpendicular to
the nanowires was used, as can be seen in fig. 5.3. The intensity was mainly due
to the radial structure of the nanowires. These peaks were used since they were
expected to show the largest changes with addition of the lipid. This significant
effect is because the lipid layer was about one order of magnitude smaller than the
radius of the nanowires, whereas the length of the nanowires was approximately
two orders of magnitude larger than the lipid layer.

Another reason to use the peaks perpendicular to the nanowires was to avoid is-
sues of refraction. The intensity arising from scattering parallel to the nanowires
is mainly due to the length of the nanowires, which are about 7500Å long. Due
to this length, there can occur a difference in optical path length of the neutron
beam, which can lead to phase differences of the neutron beam scattered in this
direction. Such a phase difference would then modify the scattering pattern, and
this modification would have to be taken into account when using the ratio cal-
culations. This is the major reason why the scattering in the direction parallel
to the length of the nanowires has not yet been used, even though the peaks
were of much higher intensity in that direction.

8.2 Nanowire supported lipid bilayer

A supported lipid bilayer, consisting of a mixture of 20wt% DOPE and 80wt%
DOPC, was studied with four techniques, quartz crystal microbalance with dis-
sipation (QCM-D), confocal microscopy with fluorescently labeled lipids, neutron
reflectometry and GISANS. All methods have their advantages and disadvant-
ages, and can give complementary information about the lipid bilayer.

QCM-D measures the bound mass on a quartz crystal, by monitoring changes
in the resonance frequency [15,73,74]. The technique gives a measure of the total
bound mass on the surface, which, in the case of a lipid bilayer, can include water
bound to the lipids. Using QCM-D it is possible to monitor the formation of
the lipid bilayer as well as calculate the area per molecule of the formed bilayer.
However, QCM-D only makes it possible to follow the formation of the bilayer
on a flat surface.

Confocal microscopy on fluorescently labeled lipids allows imaging of the lipid
bilayer formed on the nanowire surface. Using confocal microscopy it is possible
to create 3D reconstructions of the lipid bilayer on the nanowires, and with that
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image the full length of the nanowire. It is also possible to measure fluorescence
recovery after photobleaching (FRAP). FRAP works by bleaching a small spot
on the bilayer and then monitoring and measuring the time it takes for the fluor-
escent signal to recover [67–69]. FRAP revealed that the lipid bilayer was fluid,
connected and mobile on the nanowires. Unfortunately, confocal microscopy
cannot reveal the structure, thickness and coverage of the lipid bilayer.

With GISANS and reflectometry it was possible to determine the thickness and
coverage of the lipid bilayer on and between the nanowires. However, neutron
scattering experiments are always dependent on external research facilities, and
require long measurement times. This means that these experiments can not
be performed frequently, and that it can be difficult to repeat experiments. To
analyze the GISANS data a new method had to be developed, since current
methods were not suitable to use for the sample with an array of nanowires. With
reflectometry, information was obtained primarily on the flat areas between the
nanowires, and the results could therefore be compared with QCM-D, however,
on slightly different flat surfaces. With GISANS, on the other hand, information
was obtained on the nanowires, and on the curved lipid bilayer.

A parameter that can be obtained from both QCM-D and reflectometry is the
area per molecule for a supported lipid bilayer. The area per molecule is calcu-
lated from the adsorbed mass on the QCM-D crystal, and was calculated to be
50Å2. From reflectometry the area per molecule can either be a fitting para-
meter, if a lipid leaflet model is used, or can be calculated from the thickness,
lipid fraction and the volume of the lipid, if a slab model is used. Both models
gave an area per molecule of 92Å2, which was slightly larger than that found
for pure DOPC bilayers [78]. The results from QCM-D and reflectometry differed
rather significantly. As noted, the mass in QCM-D also included water bound to
the lipid bilayer. The reflectometry measurements gave a solvent fraction in the
lipid bilayer of about 30%. Using this would give an area per molecule of about
70Å2. The remaining difference in the area per molecule on the QCM-D crystal
and on the Si surface used during reflectometry, could be due to a difference
in surface roughness. The QCM-D crystal had a low roughness1, whereas the
flat areas between the nanowires have a higher degree of roughness, due to the
etching process used to fabricate the nanowires. The high roughness of the Si
substrate could lead to unfavorable packing of the lipids which would result in
a larger area per molecule.

From the GISANS measurements, the thickness of the lipid layer on the surface
of the nanowires was determined to be about 30Å with a solvent fraction of

1Less than 10Å root mean squared roughness, according to the manufacturer (Biolin Sci-
entific, Gothenburg, Sweden).

93



about 60%. This was about double compared with the results obtained from
the reflectometry measurements on the flat areas. The high solvent fraction
was likely due to the lipid bilayer forming a patchy bilayer. However, the lipid
layer still seemed to be connected, shown by the mobility of the lipids from the
FRAP measurements. Due to the large amount of solvent in the layer it is not
really useful to calculate an area per molecule, and so a direct comparison to
the QCM-D and reflectometry data was not possible. However, the measured
thickness obtained by GISANS and reflectometry were comparable.

8.2.1 Protein interactions

Two different proteins were added to the supported lipid bilayer to investigate
the binding of the proteins to the curved lipid surfaces. The proteins used were α-
synuclein and streptavidin. Streptavidin has been shown to bind to a supported
lipid bilayer on nanowires [49]. α-synuclein has been seen to have a higher binding
affinity to curved bilayers than to flat bilayers [64]. The proteins were added to
the formed supported lipid bilayer and measured with GISANS.

When adding the protein to the lipid layer only small changes in the scattering
pattern were observed for either of the two proteins. With the α-synuclein
protein, both a hydrogenated and deuterated version were used. However, there
was no noticeable difference after the addition of either of the samples. The
concentration of protein might have been too low for a noticeable change in
the contrast between the already formed lipid bilayer and the protein, given
the small difference in scattering length density. A quantitative analysis of the
protein binding turned out to be rather challenging and required additional beam
time, which was not available.

8.3 Outlook

Prior to the pandemic I had further planned neutron beam time, both for
GISANS and for reflectometry. The intention for the GISANS experiments was
to repeat the measurements on the nanowires with the lipid bilayer, in order
to gain more data to verify the developed method. Longer measurement times
would most likely be required to increase the intensity in the peaks perpendic-
ular to the nanowires. Measurements on the proteins were also planned to be
repeated, since the measurements made so far were inconclusive.
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In order to test the method further, it would be interesting to use other types
of arrays of nanostructures. Since the method is based on ratios of form factor,
in theory, any shape that has a defined form factor could be used. That could
for example be spheres, cones, or cubes. If structures that are much shorter
than the nanowires are used, then it might be less challenging to use the peaks
arising from scattering parallel to the structure. In the GISANS data presented
in chapters 4 and 5, the peaks in the horizontal direction, arising from scattering
parallel to the long axis of the nanowires, were much more intense than the peaks
in the vertical direction. However, with shorter structures, a finer tuning of the
mean penetration depth would be needed. This would be facilitated with higher
resolution instrumentation that still has high incident neutron flux.

The results from the GISANS analysis suggested that the lipid layer had formed
in patches. So far, the lipid mixture that was used consisted of 20wt% DOPE
and 80wt% DOPC. Using other lipid mixtures might lead to a larger degree of
coverage of the nanowires. Investigating the binding of proteins to other lipid
mixtures would also be of interest.
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