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INTRODUCTION 
 
 

The aim of the research project described in this thesis was the 
study of surface plasmon microscopy (SPM) and the application of this 
method to biological monolayers. The emphasis was more on the 
development of methods than on the study of the samples themselves. 

Two types of biological monolayers have been studied. The first 
one is a protein monolayer, and more specifically; layers of antibodies 
and antigens. Improving the knowledge about detection of the immune 
reactions that can take place between these compounds is important for 
the development of diagnostic assays, biomaterials, and protein 
purification methods. We will study this interaction using surface 
plasmon resonance (SPR) sensor methods. 

The second type is a lipid monolayer, which has been used as a 
model system for a biological cell membrane. Lipid monolayers can be 
spread and studied at the air-water interface, but can also be transferred to 
a solid substrate. This is necessary for the two techniques that were 
applied to lipid monolayers in this work. Surface plasmon microscopy 
was applied to a phase-separated lipid monolayer that was deposited on a 
substrate using the Langmuir-Blodgett (LB) technique. The different 
phases could be microscopically observed since they coexist in separate 
domains and have different optical properties. To study these layers at a 
lateral scale smaller than possible with optical methods, a new atomic 
force microscopy (AFM) method was used. With this microscope the 
adhesive properties of the layer, which depend on the lipid phase, are 
used for imaging. 

 
This thesis will start with a short overview of methods for the 

characterization of surface layers. After an introduction into Fresnel 
theory, we will discuss ellipsometry, Brewster angle microscopy (BAM) 
and surface plasmon resonance (SPR) methods. The Fresnel equations 
satisfactorily describe these methods at lateral scales much larger than the 
wavelength of the used light. This theory can therefore be used to 
determine system parameters by fitting the measurements. 

In the second chapter we will see how SPR was used to develop an 
accurate, differential immunosensor, with a number of advantages over 
present SPR immunosensors. It will also be demonstrated that SPR is 
well suited for use in multichannel immunosensors. The first multi-



Introduction 

vi 

channel measurements will be presented with one as well as two-
dimensional arrays of sensor surfaces. 

Going towards higher lateral resolution, plasmon propagation 
effects will make the Fresnel theory invalid at the microscopic scale. We 
have developed a phenomenological model to describe the reflectance 
near index steps at the microscopic scale. All experimental parameters 
used for the calculations have been derived from the layer system under 
investigation (not from fitting). A systematical comparison of theoretical 
and experimental values was made for 11 wavelengths in the visible 
region and will be presented in the third chapter. 

In the fourth chapter a surface plasmon microscopy (SPM) setup 
will be described. We will show that there is a trade-off relationship 
between thickness resolution (or contrast) and lateral resolution with 
respect to the choice of wavelength. We have chosen for a short 
wavelength and tackled the problem of an extremely low contrast by 
developing some image acquisition methods. In this way the maximum 
diffraction limited lateral resolution can be obtained. 

A short introduction to Langmuir-Blodgett (LB) monolayers will 
be given in the fifth chapter. After that we will describe the application of 
the SPM to the imaging of these monolayers, using the techniques 
described in the previous chapter. 

The sixth chapter will cover another new technique that was 
applied for the characterization of lipid LB monolayers: adhesion mode 
atomic force microscopy. It will be demonstrated that the orientation of 
molecules in the monolayer strongly influences the adhesion of the tip to 
the surface. This allows these monolayers to be imaged with super-
resolution (20 nm) and high contrast. We will argue that this technique 
holds a promise for functional group identification. 

The thesis will end with a general discussion of the results obtained 
in this work, and an appendix where a new surface plasmon microscope 
that was developed (just before completion of this project) is described. 

 
The model presented in the third chapter, and the methods and 

results in the fourth and fifth chapter have been published in the Review 
of Scientific Instruments 1994, 65, 2829. The sixth chapter was published 
in Langmuir, 1995, 11, 4188. The results presented in the third chapter 
have been submitted to Optics Communications. The first part of the 
second chapter (the differential SPR sensor) has been submitted to 
Sensors and Actuators B; the second part (the multichannel SPR sensor) 
has been submitted to Biosensors & Bioelectronics. 
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CHAPTER ONE 
 

INTRODUCTION TO SURFACE SPECIFIC METHODS 
 
 
 

In this chapter we will very briefly go through the spectrum 
of techniques that are available for interface characterization. 
Then the Fresnel theory is given, describing reflectometrical 
interface characterization techniques like ellipsometry, 
Brewster angle reflectometry and surface plasmon 
resonance. 
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1.1 General introduction to surface characterization methods 
 

There is a wealth of experimental techniques available for the 
investigation of surfaces or interfaces, adsorbates and thin layers.1,2 They 
can be classified in structural imaging and spectroscopy methods, 
although some techniques combine these possibilities. A common feature 
is their surface sensitivity, which is very important since for any bulk 
object the number of bulk atoms exceeds the number of surface atoms by 
many orders of magnitude. However, they widely differ in surface 
sensitivity, lateral resolution, destructiveness, experimental conditions 
(e.g. UHV), and the kind of interface they can be used for. 
 
1.1.1 Spectroscopy techniques 
 

Most spectroscopy techniques3,4 can be classified by the kind of 
excitation and the emitted particles. Excitation may take place through 
photons, electrons, ions, neutral particles, heat, and electric fields.5,6 We 
will just briefly mention a number of these techniques. 

X-ray photoelectron spectroscopy (XPS)7 is based on the 
photoelectric effect and the dependence of the emitted photoelectrons on 
their binding energy. It gives information describing the chemical 
composition of a solid surface under high-vacuum conditions. 

Similar information is obtained in Auger electron spectroscopy 
(AES)8,9 where an electron beam is used for the excitation. The excited 
electrons have an energy characteristic of a certain core-level transition 
and are analyzed. As in XPS, the surface sensitivity of AES is determined 
by the escape depth of the electrons and typical probing depths are in the 
range of 1 to 3 nm. 

In secondary ion mass spectroscopy (SIMS)10,11 a surface under 
vacuum is bombarded with accelerated ions. Fragments of surface 
molecules are emitted and analyzed by measuring the intensity as a 
function of the mass-to-charge ratio. The chemical composition of the 
surface can be determined with a probing depth of about 1 nm. 

Electron energy loss spectroscopy (EELS)12 uses an electron beam 
incident on the sample at a certain angle. When the energy of the reflected 
electrons is analyzed at an angle slightly off specular reflection peaks of 
lower energy are measured due to inelastic scattering (the electrons can 
lose energy to the vibrational modes of molecules). The sensitivity is 
about 10-3 of a monolayer, which is very high. 

Optical vibrational spectroscopy techniques include Raman 
spectroscopy and infrared spectroscopy. No vacuum is needed for these 
techniques rendering them useful for biological applications, but the 
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surface sensitivity is lower, especially for Raman scattering. Fourier 
transform infrared spectroscopy (FTIR)13,14 can be used to characterize 
the surface chemical structure by using an attenuated total reflection 
(ATR) crystal or by using a metallic substrate. ATR can also improve the 
Raman signal as can surface enhanced Raman scattering (SERS)4 which 
uses a roughened metal surface to enhance scattering efficiency of 
adsorbates. Waveguide Raman scattering is another way to increase 
surface sensitivity taking advantage of the relatively large part of the light 
that propagates through a layer on top of the waveguide. 
 
1.1.2 Microscopy techniques 
 

In the 1930’s the transmission electron microscope (TEM)15 was 
developed, surpassing the resolution of light microscopes by using 
electrons instead of photons, and suitably shaped magnetic fields as 
lenses. Drawbacks of this technique are that the sample needs to be thin 
enough to allow the transmission of sufficient electrons, and that selective 
heavy metal staining is needed to obtain a good contrast. In the scanning 
electron microscope (SEM)1,15,16 the electrons reflected from the surface 
rather than those transmitted are producing an image of the surface 
topography. This technique together with countless staining and 
replicating techniques allows many more types of samples to be studied. 

The field of scanning probe microscopy started with the invention 
of the scanning tunneling microscope (STM)17 in 1982, where a 
conductive tip is scanned over a (semi)conductive sample while 
measuring the tunneling electrons between tip and sample. In this way 
atomic resolution imaging can be achieved while varying the bias voltage 
can give information about the electronic structure with the same 
resolution. Soon the atomic force microscope (AFM)18,19 emerged, where 
the deflection of a cantilever on which a tip is mounted is caused by the 
force interaction between tip and sample. The deflection is measured 
while the tip is scanned over the sample in contact. While this technique 
can reach a similar resolution as STM it can be applied to many more 
types of samples, especially in the field of biology. 

Scanning near field optical microscopy (SNOM)20 is a scanning 
probe method that takes the lateral resolution of optical microscopy past 
the diffraction limit. A small (sub-wavelength sized) aperture is scanned 
over a transparent sample with an objective on the opposite side of the 
sample. Optical excitation is achieved via a light beam through the 
objective whereas the light is detected using the aperture; of course the 
roles of the objective and the aperture can be interchanged. 
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The surface sensitivity of normal light microscopy can be enhanced 

in several ways. When a monomolecular layer is studied, fluorescent 
labels that have a different solubility for different parts of the monolayer 
can be added to it. By exciting fluorescence the different parts of the layer 
can be imaged with this light, even at an air-water interface.21,22 Another 
way is to make light reflect off the interface under investigation and, 
using that light, create an image with the microscope. The conditions for 
the reflection should be chosen such that the properties of the interface 
are represented in the intensity or polarization state of the reflected light. 
Reflectometrical methods will be discussed in the next sections after an 
introduction to the Fresnel theory. 
 
1.1.3 Diffraction techniques 
 

For the determination of lattice constants of crystals a number of 
diffraction techniques are available. X-rays, electrons, atoms, molecules, 
ions, neutrons, etc. can be used as probes, but because of the needed 
surface sensitivity only particles that do not penetrate too deep into the 
substrate can be used. The ideal probes for the interface are molecules, 
atoms, ions and low energy electrons. Electron diffraction can be used on 
solid surfaces only, and care must be taken that the electron dose does not 
disrupt the crystal lattice in the case of monolayers.23,24 X-ray diffraction 
can be applied even on monolayers at air-water interfaces, but requires a 
special experimental arrangement, and high intensity synchotron X-ray 
sources.25,26 Neutron reflectivity has been used for determination of the 
molecular order in films at the air-water interface as well.27 Thermo-
dynamic measurements such as the lateral pressure as a function of 
molecular area, and surface potential measurements which determine the 
average dipole moment of the molecules in the layer are other techniques 
for the characterization of monolayers at an air-water interface.28 

The list of techniques in section 1.1 is far from complete, as there 
are innumerable surface analysis methods and variants of these methods. 
It is meant only to provide a background for the next sections. Optical 
immunosensors will be discussed in the next chapter. 
 
 
1.2 Fresnel theory 
 

Fresnel’s theory29 can be derived from the Maxwell equations and 
describes the reflection and transmission of a plane monochromatic light 
wave incident upon a layer system. To apply Fresnel’s formulae the layer 
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system should consist of infinite, perfectly flat layers. In practice, this 
condition is fulfilled for studies at a lateral scale exceeding the wavelength 
by an order of magnitude. In that situation, Fresnel theory should describe 
reflectometrical measurements within the experimental accuracy. 
Therefore, this theory can be used to determine the parameters of the 
layer structure under investigation by analytical inversion, or by varying 
the parameters to fit the model to the measurements. We can also use it to 
investigate the sensitivity and accuracy of reflectometrical methods. For 
this thesis our main interest lies in reflectometrical methods that are suitable 
for measurements on biological monolayers. 
 
1.2.1 Reflection at an interface 
 

When a monochromatic plane wave impinges on an infinite 
interface between media 1 and 2, in general reflection and transmission 
will occur. These fields (indices respectively i, r and t) are described by 

 ( )ii r t
i ipE E e κ ω⋅ −=

G GG G
     ( )ri r t

r rpE E e κ ω⋅ −=
G GG G

     ( )ti r t
t tpE E e κ ω⋅ −=

G GG G
, (1.1) 

where p indicates the polarization of the wave. The light is decomposed 
into a p polarized component parallel to the plane of incidence (Fig. 1.1),        
g 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.1 Reflection and transmission of a plane wave incident on an 
interface between medium 1 and 2. 

 
and an s polarized component (‘senkrecht’) perpendicular to this plane. 
The reflection and transmission formulae for an s polarized wave are 
identical to Eq. 1.1, with every p substituted by an s. 

The length of the wave vectors is defined by 

 1i r n
c
ω

κ κ= =  and 2t n
c
ω

κ =  (1.2) 

Etp

Eip

Erp

κt

κi

κr

Ets

Eis

Ers

θtθr

θi

n1 n2
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where n1 and n2 are the refractive indices of the respective media. The 
angles the reflected and transmitted waves are making with the surface 
normal are given by 
 i rθ θ=  (1.3) 

and by Snell’s law: 
 1 2sin sini tn nθ θ= . (1.4) 

The Fresnel reflection coefficient for p polarized light is29 

 2 1
12

2 1

cos cos
cos cos

rp i t
p

ip i t

E n nr
E n n

θ θ
θ θ

−
= =

+
, (1.5) 

and for s polarized light 

 1 2
12

1 2

cos cos
cos cos

rs i t
s

is i t

E n nr
E n n

θ θ
θ θ

−
= =

+
. (1.6) 

Using Snell’s law, these formulae can be written as 

 12
tan( )
tan( )

i t
p

i t

r θ θ
θ θ

−
=

+
 (1.7) 

and 

 12
sin( )
sin( )

i t
s

i t

r θ θ
θ θ

−
= −

+
 (1.8) 

The reflected intensity or reflectance for p and s polarized light is given 
by 

 
2

12p pR r= and 2
12s sR r= . (1.9) 

 
1.2.2 Reflection at a layer 
 

Suppose medium 2 is a layer in between medium 1 and medium 3. 
Regardless of the polarization, the reflection coefficient for the layer can 
be expressed in the reflection coefficients of the interfaces (see Fig 1.2), 
with the z-axis perpendicular to the interface: 

 ( )

2 22 2

2 22 2

2 4
123 12 12 23 21 12 23 21 23 21

2 2
12 12 23 21 21 23

0

z z

z z

i d i d

ji d i d

j

r r t r t e t r r r t e

r t r t e r r e

κ κ

κ κ
∞

=

= + + + ⋅ ⋅ ⋅ =

 
= +  

 
∑

 (1.10) 

where 
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1

2 2 2
1 1sin

iz i x ic
ω

κ κ κ ε ε θ= − = − , (1.11) 

with i the number of the medium, di the layer thickness, and ε i in= 2 . 
Since for 0 < q < 1 

 q
q

j

j=

∞

∑ =
−0

1
1

, (1.12) 

we find 

 
2 22 2

2 22 2

2 2
12 21 23 12 23 12 21 12 21

123 12 2 2
21 23 21 23

( )
1 1

z z

z z

i d i d

i d i d
t t r e r r t t r r er r

r r e r r e

κ κ

κ κ

+ −
= + =

− −
. (1.13) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.2 Multiple reflection and transmission in a layer, with unit 
incident amplitude. The amplitudes are specified by the 
Fresnel coefficients of the interfaces and a phase retardation  
β = κz2d2. 

 
In the left of Fig. 1.3 we see the normal propagation of the light for 
reflection and refraction. On the basis of Fermat’s principle the reversed 
propagation direction should also be physically possible (see middle). In 
this reversed situation we can imagine some extra transmitted and 
reflected beams (see right). By comparing the situation on the right to the 
situation on the left we find 
 12 21 12 12 1t t r r+ =  (1.14a) 

 12 21 12 12 21 120t r r t r r+ = ⇒ = − , (1.14b) 

1 r12

t12

t t e12 23
iβ

t r e12 23
iβ

t r t e12 23 21
2iβ

t r r t e12 23 21 23
3iβ

t r r r t e12 23 21 23 21
4iβ n1

n2

n3

z

x
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Fig. 1.3 Graphical illustration of the Stokes relations. 
 

which are known as the Stokes relations. Substituting in Eq. (1.13) we 
obtain 

 
22

22

2
12 23

123 2
12 231

z

z

i d

i d
r r er

r r e

κ

κ

+
=

+
, (1.15) 

where the reflection coefficient of a layer is expressed in the reflection 
coefficients of the interfaces. 
 
1.2.3 Reflection at multiple layers 
 

The extension of the above formulae to a multiple layer system is 
straightforward. In the following, n is the number of layers. m=0 for the 
medium from which the light is incident, and m=n+1 for the semi-infinite 
medium at the other side of the layer structure. 

Going through the layers one by one and writing Rm for the total 
reflection coefficient of all interfaces after medium m, we start with 
 R rn n n= +, 1 . (1.16) 

For m=n to 1: 

 
2

1,
1 2

1,1

z mm

z mm

i d
m m m

m i d
m m m

r R e
R

r R e

κ

κ
−

−
−

+
=

+
 (1.17) 

a recurrent relation eventually yielding the total reflection coefficient R0. 
 
 
1.3 Reflectometric methods 
 

In this section we will discuss ellipsometry, Brewster angle 
microscopy and surface plasmon resonance. These reflectometrical 
methods have a number of features in common. First, an angle of 
incidence, a polarization state and a wavelength can be chosen for the 
incident light beam. Second, there is a layer structure under study for 
which a suitable substrate and ambient medium can be chosen,  

r12r12r12 r r12 1211n1

t12t12t12

t t12 21

t r12 21
r t12 12

n2
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depending on the method used. Third, the intensity of the reflected light 
may be measured as a function of incident angle, polarization or 
wavelength. 

These measurements can be related to the optical properties of the 
layer structure under investigation by the model described in the 
preceding section. A number of simplifying assumptions will be made: (i) 
the incident light can be approximated by a monochromatic plane wave; 
(ii) the incidence medium is transparent and optically isotropic; (iii) the 
sample surface is a plane boundary; (iv) the optical properties of the 
sample are laterally uniform over distances of the order of the 
wavelength; (v) the light-sample interaction is elastic, no frequency 
change occurs. Any changes in the optical properties of the sample in the 
direction of the surface normal can be accounted for by addition of more 
layers with the appropriate properties in the stratified-medium model 
(SMM). The dielectric functions of mixed phases can be calculated using 
effective medium theories (EMTs) on the basis of component volume 
fractions and microstructure. 
 
1.3.1 Ellipsometry 
 

In ellipsometry30 the change in the state of the polarization of light 
upon reflection at interfaces and thin films is used to characterize these 
films. This characterization can be real-time and in-situ and is 
nonperturbing. The beam that is incident on the layer system is usually 
monochromatic, collimated and polarized. The ratio ρ of the complex 
reflection coefficients for p and s polarization is determined from the 
change in the polarization state: 

 p

s

r
r

ρ = . (1.18) 

When rp and rs are written as 

 pi
p pr r e δ=   and  si

s sr r e δ=  (1.19) 

then 

 tan ie ∆ρ ψ= , (1.20) 

with 

 p s∆ δ δ= −   and  tan p

s

r
r

ψ = . (1.21) 
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In ellipsometric measurements ∆ and ψ are measured, ellipsometry 
therefore has the advantage of measuring only relative amplitudes and 
phases. For completely transparent layers, ρ becomes a periodic function 
of the layer thickness d. By performing measurements at more than one 
angle of incidence θ or wavelength λ the uncertainty of an integral 
multiple of the film thickness period can be resolved. The layer thickness 
d should of course be independent of λ or θ. In multiple-angle-of-
incidence ellipsometry (MAIE) ρ is measured as a function of θ, while in 
spectroscopic ellipsometry (SE) it is measured as a function of λ. In 
variable-angle spectroscopic ellipsometry (VASE) ρ is determined 
varying both θ and λ. 

Other, but less generally applicable ways to obtain more ellipsometric 
measurements to separate layer parameters include: (i) measuring several 
unknown thicknesses with the same dielectric constant; (ii) measuring the 
same film with different surrounding media; (iii) measuring the same film 
on different substrates; (iv) measuring in transmission as well as in 
reflection.31 Clearly it is also possible to measure the thickness with another 
method such as AFM.32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.4 Polarizer-compensator-sample-analyzer (PCSA) ellipsometer 
arrangement. 

 
The inverse problem of determining the optical properties from the 

measurements can be solved by searching those model parameters that 
best match theoretical and experimental values of the ellipsometric 
function. Except for the simple cases that can be solved analytically with 
just one or two interfaces, this usually requires using linear regression 
analysis, to minimize an error function 

Laser
Detector

Polarizer

AnalyzerCompensator

Sample
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 ( ) ( )2 2

1

N

im ic im ic
i

f ψ ψ ∆ ∆
=

 = − + − ∑  (1.22) 

where ψim, ψic and ∆im, ∆ic denote the ith measured and calculated values 
of the N independent ellipsometric measurements. 

Ellipsometry can be performed with many different experimental 
configurations. The most common polarizer-compensator-sample-
analyzer (PCSA) ellipsometer arrangement is shown in Figure 1.4. A 
monochromatic collimated beam (unpolarized, or circularly polarized) is 
linearly polarized by polarizer P, after which the compensator C (a 
quarter-wave retarder) generally renders the polarization elliptic. By 
adjusting the polarizer angle P such that the light is linearly polarized 
after reflection, the output of the photo detector can be reduced to zero by 
adjusting the analyzer angle A. 

The compensator angle C is usually chosen equal to ±π/4 with 
respect to the plane of incidence. Two independent nulls can be reached 
for each compensator setting, therefore these nulls define four zones. ∆ 
and ψ can now be determined directly from P and A; e.g. when C=-π/4 
then: 
 2 / 2P∆ π= +   and  Aψ = . (1.23) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1.5 The ellipsometric parameters ∆ and ψ and the reflectances Rp 

and Rs for p and s polarized light as a function of the incident 
angle φ. The values were calculated for an air-glass interface 
(nglass=1.5) at wavelength λ=546 nm. 
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In Fig. 1.5, ∆ and ψ are plotted as a function of the angle of incidence. 
Note that not the intensities but the angles for which the intensity 
vanishes determine the ellipsometric parameters, which adds to the 
precision of the method. In an ideal ellipsometer measuring one null is 
sufficient to determine ρ, but by measuring multiple nulls the 
experimental error can be decreased by averaging. 

The null ellipsometer can be automated by rotating the polarizer 
and analyzer with stepping motors, using feedback control. To increase 
the speed and avoid the use of rotating parts Faraday cells can be inserted 
after the polarizer and before the analyzer to produce magneto-optical 
rotations. In the rotating analyzer ellipsometer (RAE) the polarization 
state of the reflected light is analyzed by rotating the analyzer and 
performing a Fourier analysis of the output signal. For fast measurements 
without moving parts a photo-elastic modulator (PEM) can be used in 
place of the compensator. 

Various experimental schemes have been applied to allow for fast 
(millisecond time scale) spectroscopic ellipsometry on semiconductor 
materials mainly. Layer thicknesses and dielectric functions were 
measured real time and in situ during layer growth or etching.33-36 
Ellipsometry has also been applied succesfully to surfactant mono-
molecular layers at the water-air interface.37-39 
 
1.3.2 Brewster angle microscopy 
 

A form of reflectometry which was derived from ellipsometry is 
Brewster angle microscopy (BAM)40-46 which is mostly applied to 
monolayers at an air-water interface. Consider a p polarized beam which 
is incident from medium 1 on a plane interface with medium 2 (i.e. the 
five requirements mentioned at the start of section 1.3 are met). At 
Brewster’s angle, the reflectance vanishes if both n1 and n2 are real (as 
can be seen in Figure 1.5). Brewster’s angle θB is defined as: 

 
2B t
π

θ θ+ = , (1.24) 

for which r12p becomes zero (see Eq. 1.7). Using Snell’s law again we 
find 

 ( )1 2 2sin sin / 2 cosB B Bn n nθ π θ θ= − = , (1.25) 

and thus 

 2

1

tan B
n
n

θ = . (1.26) 
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Fig. 1.6 Schematic diagram of a Brewster angle microscope (BAM). 
 

For a real interface however, the reflectance does not vanish, but has a 
minimum at Brewster’s angle. In the case of a monolayer at the air-water 
interface the depth of this minimum is determined by: (i) The presence of 
the monolayer at the interface, which has a refractive index different from 
n1 and n2. (ii) The roughness of the water surface caused by thermal 
fluctuations (about 0.3 nm).42 (iii) The optical anisotropy of ordered 
monolayers stemming from the anisotropic polarizability of hydrocarbon 
chains of monolayer molecules. Therefore, monolayer parts with the same 
molecular tilt angle (with respect to the surface normal) but different 
molecular azimuthal angles (direction in the surface plane), give rise to 
different reflectivities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.7 Reflectance around Brewster’s angle for an air-water 
interface (nwater=1.33; λ=633 nm) with and without a 
monolayer (d=2.5 nm; n=1.5). Note the reflectance scale. 

Laser CCD Camera

Polarizer Analyzer

Objective
θB θB

Water

Air



Chapter 1 

14 

 
By simply imaging the reflected p polarized light with an objective 

on a camera (see Fig. 1.6), monolayers at the air-water interface can be 
observed in situ in real time. The lateral resolution of this method is in the 
micrometer range (diffraction limited), while the thickness sensitivity is 
about 0.2 nm.40 Because of the small difference in the reflection 
coefficient (see Fig. 1.7) for the interface with or without the monolayer, 
a high polarization ratio and considerable laser power are needed to 
obtain a sufficient intensity and contrast (typically 100 mW). 

BAM can be used to directly observe the anisotropy in monolayers, 
if areas with different reflectance (having the same molecular tilt angle 
but with different orientations in the monolayer plane) exceed the 
resolution of the BAM. It also allows for a quantitative study of the 
molecular tilt,41 for example as a function of the mean molecular area. 
When an analyzer is introduced in front of the camera, due to the 
anisotropy the contrast can be adjusted because the reflected light is only 
p polarized if chains are tilted parallel or anti-parallel to the plane of 
incidence. Therefore, the azimuthal chain orientation can be deduced 
from the reflectance at different analyzer positions. 
 
1.3.3 Surface plasmon resonance 
 

In the case of internal reflection in a prism (np) at the interface with 
a sample medium (ns), with np > ns, then θt > θi because of Snell’s law: 

 sin sins
i t

p

n
n

θ θ= . (1.27) 

Thus, as θi increases the transmitted ray gradually approaches grazing 
incidence, and an increasing amount of energy is reflected. The angle of 
incidence for which θt = π/2 is known as the critical angle θc, and 

 sin s
c

p

n
n

θ = . (1.28) 

For angles of incidence greater than or equal to θc all of the incident 
energy is reflected from the interface, a process which is known as total 
internal reflection (TIR). The reflectance as a function of the internal 
angle of incidence is plotted in Fig. 1.8(a), where the internal and external 
angles of incidence are defined as well. 

The transmitted electric field can be written as 

 ( )
0

ti r t
t tE E e κ ω⋅ −=

G GG G
, (1.29) 
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where 
 sintx t tκ κ θ=   and  costz t tκ κ θ=  (1.30) 

and there is no y-component of κG , as the plane of incidence is in the x-z 
plane and the interface is in the x-y plane. Using Snell’s law again we find 

 

1
22

2
2cos 1 sinp

t t t i
s

n
n

κ θ κ θ
 

= ± −  
 

 (1.31) 

and since in the case of TIR sinθi > ns/np, 

 

1
22

2
2 sin 1p

tz t i
s

n
i i

n
κ κ θ β

 
= ± − ≡ ±  

 
. (1.32) 

Therefore, 

 ( )
0

txi x tz
t tE E e e κ ωβ −= ∓
G G

. (1.33) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.8 Several configurations which can be used for evanescent 
wave optics, with the corresponding reflectances as a function 
of the internal incident angle θ (λ=633 nm). (a) Total internal 
reflection at a glass prism base (εglass=2.3), and definitions of 
the internal and external angles of incidence θ and φ, 
respectively. (b) SP excitation in the Kretschmann geometry 
with a 53 nm silver layer (εsilver=-18.35+i0.55), seen as a dip 
in the reflectance. (c) Excitation of guided modes after 
addition of a 1.2 µm polymetylmethacrylate (PMMA) layer 
(εPMMA=2.18). 
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Because the positive exponential is physically untenable, we have a wave 
with an amplitude that decreases exponentially as it penetrates the less 
dense medium. The penetration depth dp as defined by the 1/e decrease in 
amplitude is 

 

1
22

2
2 sin 1

2
p

p i
s

n
d

n
λ

θ
π

−
 

= −  
 

. (1.34) 

The field propagates along the interface in the x-direction as a so-called 
surface or evanescent wave. Because of the presence of the evanescent 
field at the interface, the reflected light is sensitive to optical changes 
within a distance of the order of the wavelength from the interface.47 

By enhancement of the evanescent field, the system becomes even 
more sensitive to the optical parameters near the interface. This 
enhancement (by more than a factor of 10) can be obtained by surface 
plasmon (SP)48-50 excitation. In the so-called Kretschmann configuration51 
a thin metal layer is introduced on top of the prism base, with light 
internally reflecting (see Fig. 1.8 (b)). Free electrons in the metal can       
m 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.9 Dispersion of: incident light in the sample medium κix; the 
evanescent wave κev (or light internally incident); and the 
surface plasmon κSPR. 

 
be made to oscillate harmonically and coherently when excited by the 
evanescent wave along the interface if the incident light is p polarized, 
that is, if its E field has a component perpendicular to the interface. For a 
certain angle of incidence θSPR, the component parallel to the interface of 
the wave vector of the incident light matches that of the electron 
oscillations or surface plasmons: 

 sinp SPR ev SPRn
c
ω

θ κ κ= = , (1.35) 
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with np as the refractive index of the prism. In this case surface plasmon 
resonance (SPR) occurs. The wave vector κSPR on the interface between 
the metal layer (εm), and the sample medium (εs) is approximated by52 

 

1
2

m s
SPR

m sc
ε εω

κ
ε ε

 
=  + 

. (1.36) 

Fig. 1.9 illustrates that light in the sample medium could not naturally 
excite SPs because 

 s s SPRn
c
ω

κ κ= <  (1.37) 

for all ω. The propagation length Lx of the surface plasmon along the 
interface, is defined by the 1/e attenuation of the SP field in the 
propagation direction: 

 
( )

1
2 Imx

x

L
κ

=
⋅

 (1.38) 

As can be seen in Fig. 1.8 (b) the reflectance as a function of the incident 
angle shows a pronounced dip indicating the resonant excitation of 
surface plasmons. Because θSPR is past the critical angle θc, this excitation 
method is known as an attenuated total reflection (ATR)51,53 method. The 
Fresnel theory can still be used to accurately describe the system. In 
Figure 1.10 the increase of the reflectance at the original θSPR, and the       
b 
 
 
 
 
 
 
 
 

 
Fig. 1.10 The increase of the reflectance at the original SPR angle θSPR 

(d=0), and the shift of θSPR as a function of the thickness of a 
cover layer on top of the metal layer (calculated with same 
parameters as for Fig. 1.8; ncover=1.5). 

 
shift of θSPR as a function of the thickness of a cover layer on top of the 
metal layer are given to indicate the surface sensitivity of the method. 
Analytical or numerical inversion enables one to determine the optical 
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thickness, that is, the product of the layer refractive index and thickness 
from the resonance angle shift ∆θSPR, 
 SPR d nθ∆ ∝ ⋅ , (1.39) 

with coverlayer refractive index n, and thickness d. Using Fresnel theory 
we can calculate the d,n combinations that yield the same ∆θSPR (see Fig. 
1.11). The differences in the rest of the reflectance curves that can be 
calculated for these d,n combinations are extremely small. Therefore, 
measuring R(θ) is not an accurate way to separate d and n when this is 
needed. The same is true for measurements of the wavelength dependent 
reflectance. Measurements on the same layer in different media do offer a 
possibility,54 but can hardly said to be a generally applicable method, 
especially for biological monolayers. In most cases we will use literature 
values for n to obtain quantitative d measurements, or be satisfied with 
qualitative measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.11 Calculation of the d,n combinations that yield the same ∆θSPR 
as d=3 nm and n=1.5. 

 
SPR has been used in different sensor systems (see next chapter), 

but can also be used for imaging in a surface plasmon microscope 
(SPM).47 In this case the reflected light is imaged by an objective on a 
camera. Areas at resonance will appear dark, while areas where the 
resonance condition is not fulfilled will appear bright. Pioneering work in 
this field was done by Yeatman et al.,55,56 and Rothenhäusler et al.57-59 in 
1987 and 1988. Yeatman’s work was aimed at developing an SPM based 
on a scanning focused beam55 (lateral resolution 25 µm). The 
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straightforward approach with the imaged parallel beam however, proved 
to be much faster and instrumentationally much simpler, while the 
sensitivity and lateral resolution is comparable or better58. The lateral 
resolution of SPM is determined by the dissipative and radiative losses 
that lead to a strong damping of the surface plasmons along the wave 
propagation direction. An appropriate choice of the metal layer and 
wavelength makes a lateral resolution in the range of a few micrometers 
possible (see Chapter 4). 

While SPM was first applied to test patterns evaporated onto the 
metal layer,55-57 it was soon applied to laterally phase-separated lipid 
monolayers,58,60-62 and monolayers patterned using photodesorption as a 
dry etching technique.61,63 Other applications include the imaging of 
potential waves in electrochemical systems64 and spatial light 
modulation.65 SPM will be discussed in more detail in chapter 4 and 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1.12 The resonance angles of the SPs and GWSPs as a function 

of the waveguiding cover layer thickness (PMMA). Mode 
index and polarization are indicated for the first GWSPs 
(calculated with same parameters as for Fig. 1.8). 

 
For sufficiently thick cover layers more than one minimum can be 

observed in the reflectance curve (see Fig. 1.8 (c)). In this case so-called 
guided wave surface polaritons (GWSPs)47,50,66 are excited, with the cover 
layer acting as a waveguide. The light traveling through the waveguiding 
coverlayer is totally reflected at both interfaces with the surrounding 
media and fulfills the mode equation:47 
 0 1md mκ β β π+ + =  (1.40) 
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where κm is the wave vector of the mode of order m, d the thickness of the 
waveguide, and 2βi=Im(ri)/Re(ri) with ri as the complex reflection 
coefficient at the interface between waveguide and metal r0, and 
waveguide and ambient medium ri, respectively. Fig. 1.12 displays the 
results of Fresnel calculations of the number and positions of the 
reflectance minima as a function of the waveguide thickness. For the 
thinnest layers (d < 200 nm) we only have the reflectance minimum due 
to the resonant excitation of surface plasmons, while for higher 
thicknesses an increasing number of guided modes is found. These 
GWSPs can be excited with p as well as s polarized light, and can be used 
in sensor measurements just like the SPR modes. The first guided modes 
offer a sensitivity comparable to that of the SPs but the sensitivity 
decreases with increasing mode index.66,67 An advantage is that 
measurements for p and s polarized light can be used to separate d and n 
for a layer on top of the waveguiding layer.68 

Similar considerations are valid for the microscopy variant of this 
technique, called optical waveguide microscopy (OWM)69,47 using a 
configuration similar to that of an SPM. The fact that both p and s 
polarized guided modes can be used has been said to be advantageous for 
the study of anisotropic films.69 It is however virtually impossible to 
obtain a thick waveguiding layer that is homogeneous on the nanometer 
scale, which complicates the study of layers on top of the waveguide, and 
limits it mostly to the waveguide itself. 

Scanning plasmon near field microscopy (SPNM)70 was introduced 
in 1992 as a new type of scanning near field optical microscope. The 
SPNM is essentially an SPM with a sharp STM tip probing the 
evanescent field of the resonantly excited surface plasmons. The scanned 
area is imaged via a pinhole onto a detector. The increased reflectance 
signal resulting from the tip disturbing the attenuated total reflection is 
measured when the tip is scanned a few nm above the sample. This makes 
essentially non-perturbative measurements possible with a lateral 
resolution of several nm.70,71 The high lateral resolution of the SPNM 
images (showing optical structures different from topography with the tip 
at an average 20 nm distance71) is surprising in view of the propagative 
character of surface plasmons. A similar approach with the STM tip 
exchanged for an AFM tip has also been used,72 but as the measurements 
were done with the tip in contact with the sample it is not really possible 
to separate topographical from optical contrast. In a photon scanning 
tunneling microscope (PSTM)73 a sharpened fiber tip is scanned through 
an evanescent field, converting it into progressive waves propagating 
through the fiber towards a detector. This approach has been used to 
study the surface plasmon evanescent field at silver and gold layers.74-76
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CHAPTER TWO 
 

SPR SENSING 
 
 
 

This chapter will start with a short introduction into immune 
reactions. Then optical evanescent field immunosensors will 
be discussed and we will demonstrate an SPR immuno-
sensor, based on a differential detection of the SPR angle. 
We will also show how SPR can be used for multichannel 
detection of layer growth on one and two-dimensional arrays 
of sensor surfaces. 
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2.1 Introduction 
 

Many studies have been devoted to the adsorption of proteins onto 
solid surfaces and the immunological reaction between antibody and 
antigen. Such studies are needed for the development of diagnostic 
assays, biomaterials and purification methods for proteins. 

The presence of certain substances in blood or urine can be 
detected using diagnostic assays, based on the very specific immune 
reaction between antigen and antibody. These assays can be manufactured 
by first adsorbing a layer of antibodies on a solid phase. When a blood or 
urine sample, containing the antigen against which the antibody is 
directed, is brought in contact with the coated solid phase, the specific 
immune reaction occurs and the antigen will bind to the antibody. This 
binding, resulting in a layer growth, can be detected directly by optical 
methods, or indirectly by adding a labeled antibody that will bind to the 
antigens bound to the first layer of antibodies. 

In the development of biomaterials to be used for implants one 
frequently aims at the precaution of blood clotting and protein adsorption 
on the surface of those materials. The assay technique may then be used 
to study which proteins adsorb onto such surfaces. 

For protein purification purposes, a ligand can be bound covalently 
to a hydrophilic surface. The binding of specific proteins to this ligand 
should then be reversible, and leave the protein intact also upon release 
from the ligand. 
 
2.1.1 Immune reactions 
 

Cells of a host animal will start to produce antibodies when a 
compound foreign to the body (an antigen) is introduced. These 
antibodies will react specifically with the introduced antigen, eventually 
destroying it. The parts of the antigens that evoke this immune response 
are known as antigenic determinants. After some time, a heterogeneous 
population of antibodies will be created, each of which will only 
recognize one specific antigenic determinant. However, the different 
antibodies (polyclonal antibodies) are specific for different sites at the 
antigen, and many antigenic determinants will be recognized. Monoclonal 
antibodies (all specific to the same antigenic determinant) can be 
produced by selecting and cloning individual antibody cells. This makes 
it possible to produce antibodies with a constant quality, and to improve 
their specificity in diagnostic assays. 

A frequently applied method to immobilize proteins at a solid 
surface is physical adsorption. The increase in entropy by the release of 
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ordered water molecules at the surface of the protein and substrate make 
adsorption energetically favorable. Most proteins adsorb very rapidly 
onto hydrophobic surfaces and almost no desorption occurs when the 
surface is washed with a buffer solution. Another immobilization method 
is the formation of covalent bonds between the protein and the surface. 
For this work however, only physical adsorption was used for the 
immobilization of proteins. 

Proteins have compact, tightly folded structures, made up out of 
one or more polypeptide chains. Under physiological conditions, globular 
proteins spontaneously adopt their native conformation. Because many 
proteins have an elliptical shape their orientation at the interface is 
important as well. It determines the thickness of the monolayer and 
whether the binding sites for the antigens are exposed to the aqueous 
medium. 

The reversible reaction between an antigen binding site at the 
antibody (Ab) and a certain site at the antigen (Ag), can be described by 

 Ab Ag
k

k
AbAg

a

d

+ →
← , (2.1) 

with ka and kd as the association and dissociation rate constants, and AbAg 
indicating the antibody-antigen complex. The affinity constant Ka (l/mol) 
is defined by 

 K k
k

AbAg
Ab Aga

a

d

= =
⋅

[ ]
[ ] [ ]

. (2.2) 

The nature of the formation of the immune complex obviously depends 
on whether the antibodies are monoclonal or polyclonal. In the former 
case, only one antigen can react with every antibody, while in the latter 
more antigens can bind to one antibody. 

For diagnostic assays either the antibody or the antigen is 
immobilized on the solid phase, and therefore a number of factors 
influence the formation of the immune complex: (i) Diffusion of the 
immune compound in the solution can limit the reaction, especially at low 
concentrations. (ii) The immune reactivity of the adsorbed protein might 
be affected by conformational changes that can take place during the 
immobilization. (iii) The orientation of the protein molecule after 
immobilization might make the binding sites inaccessible. (iv) If the 
surface concentration of the immobilized protein is too high, the binding 
sites might not always be accessible for the complementary immune 
compound, because of steric hindrance. 
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2.2 Immunosensors 
 

In immunosensing the formation of the immune complex is 
detected via an appropriate transduction event. Transducing systems for 
direct detection of antibody-antigen interactions include gravimetric, 
potentiometric, acoustic and optical devices.1,2 

Sensitivity is obviously an important requirement for these sensors, 
but also speed, the ability to do measurements on low volume samples, 
and the possibility to regenerate the sensor after use are important. 
Preferably it should be possible to measure in more than one channel for 
reference, difference or multiparameter measurements. For successful 
commercialization the instrument should also be small, cheap and easy to 
use. 
 
2.2.1 Optical evanescent field immunosensors 
 

In the last years, progress has been made particularly in the field of 
optical evanescent field immunosensors. With these sensors, biomolecu-
lar interactions within the evanescent field are detected via a change in 
the refractive index or layer thickness at the sensor surface, and labeling 
of antigens is not required. A number of different configurations has been 
used. 

In grating coupler waveguide sensors3 the effective refractive index 
of a guided mode is changed by the adsorption of molecules at the 
waveguide surface. The change is detected as a shift of the incoupling 
angle for the excitation of the guided mode. For an optimal excitation the 
output at the end face of the waveguide is maximized. 

The refractive index changes within the evanescent field of 
waveguides can also be detected interferometrically. In the Mach-
Zehnder waveguide interferometer4 a light beam is split and made to 
propagate through the waveguide in a reference arm and a signal arm. 
After that, the light is recombined and the interference signal results. 

In the waveguide SPR sensor5 instead of a prism, coupling between 
a dielectric monomode waveguide and a metal cover layer is used. This 
makes the design of integrated sensors easier. 

The resonant mirror (RM)6,7 is aimed at combining the enhanced 
sensitivity of the waveguiding devices (due to the longer interaction 
length as compared to SPR sensors) with the ease of construction and 
operation of SPR sensors. In a configuration similar to that of 
Kretschmann, the metal layer is replaced by a dielectric layer structure. 
The waveguide is interrogated by a combination of p and s polarized 
light. If p and s polarized light excite corresponding modes in the 
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waveguide, the phase difference between the reflected p and s beams is 
π,6 which can be easily measured by using an appropriately placed 
polarizer in the reflected beam. A sharp peak is thus observed in the 
reflectance as a function of the angle of incidence. The position of this 
peak is sensitive to changes at the sensing interface. 

Because in waveguides in most cases p and s polarized modes can 
be excited, more information can be obtained and the values for layer 
thickness and refractive index of the adsorbed layer can be separately 
determined, unlike with common SPR systems.8 Waveguide sensors in 
general also have the advantage of a higher sensitivity due to a 
propagation length which is much longer than in SPR sensors.8 The 
interaction length in SPR devices can, however, be adjusted by choosing 
an appropriate wavelength and metal layer. By doing this, the interaction 
length (~ propagation length of the SPs) can be varied from less than 1 
µm in the UV to several mm in the IR.9 Moreover, SPR sensors are more 
surface specific, because their evanescent field is confined to a smaller 
distance from the interface. The much shorter propagation length makes 
SPs less sensitive than guided modes,8 but at the same time this makes 
SPR a better option for 2D array multisensors. The smaller sensitive area 
also implies that smaller sample volumes are needed for the same surface 
density. Finally, high light intensities can easily be coupled in, and 
increase the signal to noise ratio. 

SPR sensors have also been used as gas sensors for halothane,10,11 
ammonia12 and NO2,13 after coating the metal layer with an appropriate 
chemical sensing layer, and even as a temperature sensor.14 Most often 
however, they are used as immunosensors for the label-free detection of 
biomolecular interactions in real time.15,16 Applications for immuno-
sensors can be found in medical science (diagnostic assays, drug 
monitoring), environmental monitoring (pesticide detection) and indus-
trial processes (concentration determination, in-line process monitoring). 
The biomolecular interactions that have been studied include the kinetics 
of association and dissociation of antigens and antibodies, the activity of 
enzymes and hormone-receptor interactions. SPR sensors have also been 
used to assay for specific nucleic acid sequences.17 

Although evanescent field optical sensors have a high sensitivity, 
their specificity as biosensors has to be provided by biochemistry. When 
molecules are studied that are not directly detectable (i.e. the refractive 
index or thickness change is too small), the small molecules can be 
immobilized and detected using biomolecular recognition by larger 
molecules. The sandwich assay is another method that can be used when 
a layer growth is too small to be detected directly. In this case the 
antigens are ‘labeled’ with a secondary antibody, before or after binding 
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to the first antibody at the surface. Other possibilities include displace-
ment assays, replacement assays and inhibition assays.18 Very often 
however, direct monitoring of the binding of the antibodies to the 
antigens immobilized on the sensor surface is possible. 
 
2.2.2 SPR detection 
 

Different detection principles have been used to detect the resonant 
excitation of surface plasmons and the shift in the condition for this 
excitation caused by refractive index changes within the evanescent field. 
The most straightforward method is probably to keep the incident angle 
fixed at a value for which the reflectance is half way down its minimum 
and monitor changes in the reflectance.9,10,13,16,19 However, the linear 
region is rather small and the incline (or width) of the resonance curve 
might change appreciably during the monitored process. Angular scans 
using a rotation table offer the possibility of using Fresnel theory to 
obtain the layer parameters from a fit of the reflected intensity as a 
function of the angle of incidence over a large range of angles. A single 
scan however usually takes several minutes, and thus even slow changes 
cannot be monitored in real time.14,20-22 Angular scans can be speeded up 
by using a scanning mirror.23 

It is also possible to measure the reflectance curve fast by using a 
convergent light beam covering a suitable interval of incidence angles 
reflected at the prism base and imaged onto a photodiode array. The 
resonance angle can then be determined from the position of the 
minimum on the detector array (using a fitting algorithm).24 Using the 
second dimension of a CCD detector a one-dimensional array of sensing 
areas could in principle be used simultaneously.20,25-28 This however, has 
not yet been demonstrated in a sensor measurement. 

Another possibility is to use the wavelength dependence of SPR. 
The angle of incidence is kept fixed and a broadband lightsource is used. 
Only one wavelength will couple to the SP, and a spectral analysis of the 
reflected light will show an absorption dip at this wavelength.29 This 
detection principle has also been used to detect SPR in a miniaturized 
setup where the plasmons are excited in the metal-cladded tip of a 
multimode fiber. At the fiber end face the light is reflected by a mirror 
and half of the light is guided back to a spectrometer where the resonance 
wavelength is measured.30 

Using an acousto-optic tunable filter (AOTF) the differential 
reflectivity as a function of the wavelength has been measured. To do 
this, a frequency modulation is added to the drive signal of the AOTF to 
modulate the wavelength of the output. The wavelength modulated 
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reflectance is measured by a lock-in amplifier which results in a signal 
which is proportional to the differential of the reflectance with respect to 
the wavelength.31 

With an acousto-optic deflector (AOD) the differential reflectance 
with respect to the incident angle has been measured as well. This has 
been published as a patent only.32 We will use a smaller, cheaper and 
simpler way to modulate the incident angle and present results of 
immunosensor measurements using this system. 
 
 
2.3 Differential SPR sensing 
 

We will use a beam with a modulated angle of incidence in a SPR 
sensor device. Thereby, only angle dependent signals are measured, using 
a lock-in amplifier. Apart from the advantage for the signal to noise ratio 
this also implies that we can measure the first derivative of the dip in the 
SPR curve. This makes feedback to the incident angle possible, keeping it 
at the SPR angle (null detection), and results in a measurement with a 
very high dynamic range. With a device (see Fig. 2.1) that can be very 
small the SPR angle can be measured as a function of time, monitoring an 
adsorption or an immunoreaction, as will be demonstrated. The angular 
measurement can be made into an absolute one, if the critical angle is 
included in a scan. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.1 Differential SPR sensor setup. L: HeNe laser; M: 
piezoelectric modulator with mirror; P: prism; C: cuvet; D: 
photodiode; R: rotation table. The lock-in amplifier 
provides the modulation voltage, and is connected to a PC. 
For measurements with feedback the PC can control the 
rotation table. 
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By measuring the DC reflectance as well as the AC component and 
second harmonic, the three main features of the SPR reflectance curve 
can be measured simultaneously: dip depth, position and width. In 
general, changes in the refractive index profile in the evanescent field will 
result in a change of any of these three parameters of the SPR reflectance   
k 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.2 A Lorentz curve according to Eq. 2.3 which approximates 
the shape of an SPR reflectance curve around the 
minimum. Its first and second derivative are plotted as 
well. These curves were calculated for w=2, xc=5 and d=0.1 
(see Eq. 2.3). 

 
minimum. These values can give a quick Lorentz approximation of the 
SPR reflectance curve around the SPR minimum (see Fig. 2.2): 
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with xc and d as the position and depth, and w as a measure for the width. 
The second derivative in the minimum is directly related to the width: 

 ( ) ( )
′′ =

−R x d
wc

2 2 2

2 , (2.4) 

or for d«w: 

 ( )′′ =R x
wc
8

2 . (2.5) 

In the case of a bare metal layer the position, depth and width values 
could even be used to directly calculate approximate values for the 
complex refractive index and the thickness of the metal layer.33 

A spread in the thickness of a measured layer (due to roughness) is 
known to change the shape of the resonance minimum.21 An antibody-
antigen / aqueous interface is an example of such a rough surface. 
Theoretically and experimentally this leads to an increase in the width of 
the resonance curve as compared to the case of a smooth layer with the 
same average thickness. The position of the resonance angle however, is 
not influenced.14 Therefore, the measurement of resonance depth and 
width will give more information than a measurement of the dip position 
only. 

If feedback on the incident angle with the rotation table is not used, 
the sensor output is still linear around the resonance minimum. The shape 
of the reflectance curve around the resonance minimum is similar to a 
parabola and therefore, the first derivative is almost linear. With a high 
frequency, low amplitude modulation of the incident beam the SPR 
measurement is fast and the beam probes one fixed spot on the surface. 
This makes this detection method a very good option for scanning a two-
dimensional array of sensor surfaces. In this case the second derivative 
would give the (change of the) sensitivity during a measurement; 
something that normal fixed angle measurements cannot do. 
 
2.3.1 Experimental section 
 

A standard HeNe-laser (2 mW) was used as a light source. The 
angle of incidence was modulated by placing a piezo-electric strip with a 
small mirror in the light path. By applying a sine voltage (255 Hz) to the 
piezo actuator the strip will bend slightly and the angle of incidence will 
be modulated in an approximately sinusoidal way (typical amplitude: 
<0.1 deg.). The modulated lightbeam is used to excite surface plasmons in 
the Kretschmann configuration (Fig. 2.1). A simple cuvet is pressed 
against the 46 nm gold layer evaporated (1 nm/s at 10-6 mbar) on the 
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surface of a 60° prism (BK7 glass), allowing measurements to be made in 
liquid media. The prism / cuvet combination can be rotated with a 
rotation table (MicroControle Systems; accuracy: 1 mdeg.), to feedback 
the AC signal to the angle of incidence or to make an angular scan. A 
photodiode connected to a preamplifier and a lock-in amplifier (Stanford 
Systems Inc.) is used to detect the modulated reflectance (DC, AC and 
second harmonic). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.3 The reflectance curve for a bare gold layer in air as well as 
its first and second derivative, measured simultaneously as 
a function of the relative angle of incidence. The angle of 
incidence is always measured externally in this chapter (for 
definition, see Fig. 1.8). 
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To render the gold layer hydrophobic, a thiol layer (mercapto-
pentadecane) was deposited on top of it by self-assembly from a solution 
in ethanol. Proteins were obtained from Sigma (St. Louis, USA) and used 
without further purification. All solutions were made using phosphate 
buffered saline (PBS pH 7.3). 
 
2.3.2 Results and discussion 
 

Figure 2.3 shows the result of an angular reflectance curve 
measurement for the bare gold layer in air. Using the setup described the 
reflectance can be measured as a DC, AC and second harmonic signal 
with the lock-in amplifier. These signals correspond to the reflectance and 
its first and second derivative with respect to the angle of incidence. In 
the first derivative we can see a peak caused by the sudden change of the 
slope of the reflectance curve at the critical angle. Since the critical angle 
only depends on the media on either side of the layer system, it can be 
used as a reference to turn the relative angular measurement into an 
absolute one. At the SPR angle we have a zero crossing for the first 
derivative. In a sensor measurement we can use the AC signal as a 
feedback to follow the SPR resonance angle. By interpolation, using the 
error signal, the angular resolution can be further improved, not limited 
by the angular resolution of the rotation table but by the signal to noise 
ratio (see Fig. 2.4(a)). 
 
 
 
 
 
 
 
 
 

Fig. 2.4 (a) Scan of the AC signal around θSPR in air (without 
feedback); the line is a linear fit. (b) Stability measurement 
in air, demonstrating the drift in the sensor measurement 
when chemical causes are excluded. The line represents the 
position of the rotation table; the points represent the 
values corrected with the feedback signal. 

 
To get an idea of the physical stability, a 12 hour sensor 

measurement with feedback was performed in air, in which case no 
significant shift of the SPR angle is expected (see Fig. 2.4(b)). The slope 
of the zero crossing was used to estimate an appropriate threshold value 
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that the feedback signal should exceed before the incident angle was 
incremented by 1 mdeg. using the rotation table. 
 Using Fresnel theory we can calculate the sensitivity of the SPR 
angle to a protein layer growth (approximate refractive index: 1.5) in an 
aqueous medium (refractive index: 1.33). This results in an almost linear 
relation with a slope of about 0.26 deg/nm, which means that an angular 
shift of 1 mdeg. (externally measured) corresponds to a layer growth of 
about 4 pm. Using literature values for the refractive index of water as a       
k 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2.5 SPR angular shift as function of temperature, measured in 

PBS. The temperature was measured in contact with the 
metal cuvet. 

 
function of temperature,34 the dependence of the resonance angle on the 
temperature of the aqueous bulk medium can be determined using Fresnel 
theory as well. Experimentally the influence of the temperature is higher 
than expected theoretically (see Fig. 2.5). Most probably this means that 
the temperature influences the dielectric constant of the metal layer and 
maybe also that the temperature of the water near the interface is higher 
(the slope of the experimental curve in Fig. 2.5 is comparable to the 
theoretical slope around 50°C). 

Figure 2.6 shows the result of an experiment where an 
immunoreaction was monitored with the setup. The hydrophobized gold 
layer was first coated with human serum albumin (2·10-6 M hSA). After a 
washing step the content of the cuvet was exchanged for 2·10-7 M αhTRF 
(anti human transferrin) to test for specificity. No growth was observed          
k 
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Fig. 2.6 (a) Example of an immune reaction monitored with the 
differential SPR sensor using feedback. (b) Close-up of the 
same measurement demonstrating the sub-mdeg. 
resolution. 

 
until (after several washing steps) 10-7 M αhSA was used. As can be seen 
in Figure 2.6(b) the accuracy of the angular measurement is better than 1 
mdeg. The slight increase in the signal after the washing steps can 
probably be explained by temperature changes. The use of a flow cell 
would reduce the measuring time greatly, thereby reducing drift 
problems. When a flow cell is used one can also completely exchange one 
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solution for another, which is not possible with a static cuvet, without 
drying the interface. 

The result of measuring DC, AC and second harmonic reflectance 
signals during an immunoreaction is presented in Figure 2.7. The position 
of the SPR dip shifts as it did in the last experiment, the dip depth            
k 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.7 Measurement of immobilization of hSA antigens and 
subsequent steps: blocking with hSA, washing, testing for 
specificity with αhTRF and the specific immune reaction 
with αhSA. Reflectance (DC), resonance angle shift and 
second derivative of the reflectance were measured, as well 
as the temperature. 

 
however hardly changes. The second derivative of the reflectance at the 
resonance angle depends on temperature (measured in contact with the 
metal cuvet) as well as surface structure, in a way that is not clear from 
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this experiment alone. The resonance width is expected to decrease with 
an increase of temperature (a lower refractive index leads to a lower SP 
damping), and increase with increasing surface roughness (the roughness 
leads to a higher damping). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.8 Scan of the AC signal around θSPR in PBS, demonstrating the 
linear range (2 deg. externally or about 8 nm of protein layer 
growth) when feedback is not used. 

 
The linear range of the differential measurement without feedback 

is about 2 deg. as can be seen in Figure 2.8. This range is generally 
sufficient for immunosensor measurements. It simplifies the setup, and 
makes fast multichannel measurements possible, by scanning the 
modulated laser beam over a number of sensing areas on one sensor 
surface. Because the modulation amplitude is small, the movement of the 
spot is much smaller than the spot itself, which therefore is essentially 
stationary on one sensing area. Using a glass cube rotated by a stepping 
motor the beam with a fixed angle of incidence (except for the 
modulation) was scanned past three sensing areas, without feedback. A 
multichannel flow cell was used to lead different solutions past the 
sensing areas. The result of this experiment is shown in Figure 2.9. By 
rotating the glass cube around another axis two-dimensional arrays could 
be scanned as well. 
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Fig. 2.9 Multichannel differential measurement of bovine serum 
albumin (bSA) adsorbing to the gold surface. The small dip 
before the increase of the signal arises from local heating of 
the buffer solution when the pump is stopped to exchange the 
buffer solution for a bSA solution. 

 
2.3.3 Conclusion 
 

The SPR angle could be measured accurately (resolution better 
than 1 mdeg.) and fast (several ms) using a differential measuring 
technique where the angle of incidence was modulated. Using a lock-in 
amplifier gave the usual advantages of an improved signal to noise ratio 
and the elimination of the influence of ambient light (the measurement 
can continue during sample manipulation). A rotation table was used to 
do measurements with feedback and a high dynamic range. When the 
rotation table is left out, the dynamic range is still sufficient for 
immunosensing. This allows the modulated beam to be scanned over an 
array of sensing areas without feedback, as was demonstrated. The light 
spot is stationary and the measurement is fast; these are essential 
advantages for this option. The fact that almost no moving parts are used 
add to the simplicity and the mechanical stability of the setup. 
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2.4 SPR multisensing 
 

In this section we will demonstrate how SPR can be used for 
multichannel immunosensing measurements. For the first time, four 
separate immunoreactions have been monitored simultaneously in real 
time. To do this, a plasmon carrying gold layer against which a four 
channel flowcell was pressed, was imaged at a fixed angle of incidence. 
Taking the method a step further we have first coated the four channels 
with antibodies then turned the flowcell by 90° in such a way that the flow 
channels overlapped the areas coated in the first step. In a second step 
antigens were applied to the different antibodies on the surface. Thus all 
antibody-antigen combinations can be measured in a two-dimensional 
array of sensor surfaces in real time. 
 
2.4.1 Introduction 
 

There are a number of reasons why multisensing is desirable: (i) 
simultaneous measurements save time; (ii) leading a solution past a 
number of sensor surfaces is preferred when only a low sample volume is 
available; (iii) multi-analyte mixtures can be measured; (iv) reference and 
duplo measurements can easily be included. 

Because SPs have a short propagation length (for gold and in the 
visible part of the spectrum typically in the µm range), they are 
particularly well suited for imaging a two-dimensional array of small 
sensing areas. All sensing areas can be present at the same sensor surface, 
and the imaging system allows measurements to be made on different 
spots of the sample simultaneously and independently. The fact that the 
sensor surfaces are visually observed in real time (and thus problems such 
as passing air bubbles can be detected) is a practical advantage of this 
method. By recording the images on video tape the size and position of 
the sensor surfaces can also be chosen after the measurements. Other 
advantages are the inherent sensitivity of surface plasmons and the 
instrumentational simplicity. Finally, because small sensor surfaces can 
be defined relatively few molecules are needed to obtain a certain surface 
density. 
 
2.4.2 Experimental section 
 

The experimental setup is shown in Fig. 2.10. The sample delivery 
system consisted of a four channel flowcell and peristaltic pump. The 
flowrate used was 4.9 ml/hr. Layers of 2 nm Ti and 47.8 nm Au were 
evaporated on a glass slide which was brought in contact with a prism 
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(BK7 glass; n=1.515) using a suitable matching oil. A light beam from a 
2 mW HeNe laser (λ=632.8 nm) was expanded to a 2 cm diameter and 
attenuated by a factor of 300. The angle of incidence was chosen slightly 
to the left (see Fig. 1.8) of the minimum in the reflectance curve, 
therefore the increase in reflectance will be approximately linear with the 
increase in layer thickness. After internal reflection in the prism the light 
was imaged by a large diameter lens (f=90 mm) on a CCD video camera 
with a linear response (VCM 3250; Philips). Images were recorded on 
videotape for later analysis. A video digitizer (VisionPlus AT OFG; 
Imaging Technology, Inc., Woburn, MA) was used to calculate the                
k 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.10 Schematic representation of the setup used for the 
multichannel measurements. L: HeNe laser; F: gray filter; P: 
prism; C: multichannel flowcell; V: video camera. 

 
average intensity of the defined sensor areas in the image as a function of 
time when the tape was played back. All chemicals were kindly provided 
by Organon Teknika (Boxtel, The Netherlands). Solutions were prepared 
in PBS (pH=7.3). Human chorionic gonadotrophin (hCG) and luteinizing 
hormone (LH) were used as antigens. Three different monoclonals of the 
αhCG antibody ([1C],[7B],[3A]) were used as well as an αLH antibody. 
Bovine serum albumin (bSA) was used to block unoccupied sites after the 
initial adsorption of antibodies to avoid unspecific adsorption of antigens. 
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2.4.3 Results and discussion 
 
One-dimensional array of sensor surfaces 
 

As an initial experiment the adsorption of bSA was measured with 
three different concentrations and a reference channel without bSA. Fig. 
2.11 shows the result of this experiment which agrees with the 
expectation that for a lower concentration the adsorption will proceed 
slower. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.11 Four channel adsorption experiment with bSA. The fourth 
channel was used as a reference channel. 

 
Having demonstrated the feasibility of a multichannel sensor based 

on SPR, we proceeded with real immunosensor measurements. First, the 
four channels were coated with 10-6 M αhCG [7B] by adsorption to the 
gold surface (see Fig. 2.12). To avoid non-specific binding of the 
corresponding antigen to unoccupied sites at the surface, these were 
blocked by bSA (10-5 M). Three different concentrations of hCG were 
used for the immunoreaction (2·10-7 M, 4·10-8 M and 8·10-9 M). In the 
fourth channel 8·10-9 M LH was added, which is known to have a high 
crossreactivity with αhCG because of its structural similarity with hCG. 
In the right part of Fig. 2.12 we see that the occurrence of the 
immunoreaction can be measured very well. The influence of the 
concentration on the kinetics of the immunoreaction is also apparent. The 
LH molecules indeed show a very high crossreactivity with the αhCG, 
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but the measurement also shows that a part of them are washed away 
when the solution is exchanged for the buffer solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.12 Four channel immunoreaction experiment with the αhCG 
[7B] (3·10-7 M) in all channels. Immunoreactions were 
measured with three hCG concentrations and LH. 

 
 
Two-dimensional array of sensor surfaces 
 

Even more measurements can be performed simultaneously if a 
two-dimensional array of sensor surfaces is used for measurements. 
Figure 2.13 explains the approach that was chosen. In a first step the 
channels are coated with antibodies A,B,C,D. Then the multichannel 
flowcell is removed from the surface, turned 90° and pressed to the 
surface again. In a second step the antigens 1,2,3,4 are applied, flowing 
past the sensor areas with the different coatings. In this way all specific 
and crossreactivities can be measured simultaneously. Of course it is also 
possible to include duplo and reference measurements. 
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Fig. 2.13 Schematic explanation of how to use a four channel 
flowcell for sixteen independent measurements in a two-
dimensional array. 

 
Figure 2.14 shows the result of a two-dimensional multichannel 

measurement. The four channels were coated with 3·10-7 M solutions of  
the αhCG monoclonals ([1C],[7B],[3A]) and αLH. After the blocking 
step with bSA the flowcell was turned 90°. In the second step the first two 
channels were used for a duplo measurement with 2·10-7 M hCG. In the 
third channel 10-8 M LH was used, while the fourth channel was used as a 
reference channel. The A4 area was used to correct for disturbances due 
to ambient light etc. Rows 1 and 2 show similar results, except for the A1 
area. The results in column B are very similar to those in Fig. 2.12. The 
sensor areas for the 2D measurement were four times smaller (about 1 
mm2) than those used during the immobilization of the antibodies, 
explaining the difference in the noise level. The drift in the measurements 
is probably mainly of a chemical nature, because mechanical drift would 
have the same effect on all sensor surfaces. 
 
2.4.4 Conclusion 
 

The feasibility of one and two-dimensional multichannel immuno-
sensing was demonstrated. The problem of immobilization of a number of 
different analytes on the multisensor surface was tackled by using a 
multichannel flowcell. In Ref. 35 it was demonstrated that small 
quantities can also be deposited in specific locations on a sensor surface 
by using an ink jet nozzle. In our experiments the immobilization by 
adsorption as well as the immunoreaction were measured. 
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Fig. 2.14 Two-dimensional multichannel measurement. The antibody 
concentrations were 3·10-7 M, and the concentrations of the 
antigens were 2·10-7 M for the hCG, and 10-8 M for the LH. 
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CHAPTER THREE 
 

SURFACE PLASMON PROPAGATION NEAR AN INDEX STEP 
 
 
 

Generally, the application of Fresnel theory to the descrip-
tion of reflectometric measurements is straightforward and 
gives accurate results when the conditions mentioned in the 
first chapter are satisfied. In this chapter we will study 
propagation effects of surface plasmons on the SPM image 
of an area around the edge of a cover layer. Far from this 
index step Fresnel theory still applies, but at distances 
smaller than the propagation length of SPs (typically 
micrometers) it cannot be used anymore. Because Fresnel 
theory assumes that the layer system consists of infinite 
layers it can only provide the reflectance far from the step as 
a boundary condition. We will present a phenomenological 
model (based on that presented in Refs. 1,2) that describes 
the effect of plasmon propagation on the observed reflec-
tance near an index step, and study this effect as a function 
of the wavelength. Silver layers were first characterized by 
fitting experimental SPR angular reflectance curves. Then the 
model was used to predict the resulting reflectance profile 
when an index step on the metal layer was imaged with a 
surface plasmon microscope. Measurements and calculations 
were performed for wavelengths ranging from 560 to 660 nm 
for a 50 nm silver layer with 30 nm thick SiO2 pattern on top. 
Theoretical and experimental results will be compared. 
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3.1 Theory 
 

In the following, κ is the x-component of the wave vector, and may 
be complex ( iκ κ κ′ ′′= + ). When a resonant plasmon with wave vector κ0 
propagates along x from an uncovered area into a covered area, a 
decaying plasmon (containing an imaginary component) with wave vector 
κ1 results (see Fig. 3.1).3 Here κ1 is the wave vector for resonant 
excitation of the covered area. Furthermore, the external light source with 
wave vector κ0 excites a non-resonant surface plasmon with wave vector 
κ0, if κ0 is within the resonance width of the SPR curve in the covered 
area. The change of the surface plasmon electric field amplitude is             
k 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.1 Schematic representation of a surface plasmon with wave 
vector κ0 propagating along a metal-air interface into a 
cover layer, where an exponentially decaying κ1 plasmon 
results. The non-resonantly excited surface plasmon with 
wave vector κ0 is indicated separately. 

 
governed by the imaginary part of its wave vector. The constants E1 and 
E2 are the resonant and the non-resonant plasmon amplitude, respectively. 
Leaving out the time dependence, the plasmon electric field at the 
interface is1,2 

 01 1( )
1 2 2( ) ( ) i xi i x

plE x E E e E e κκ κ ′′ ′′+= − + , (3.1) 

for x≥0, with x=0 at the index step. We improved this model to predict the 
reflectance near the indexstep. Far from the index step, the assumptions 
of plane waves and infinite layers are valid, and if the boundary 
conditions are to be fulfilled the reflectance at a large distance from the 
step should coincide with Fresnel values. By imposing these conditions 
all parameters of the model are fixed. 
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In Refs. 1 and 2 it is assumed that the non-resonant contribution to 

Epl is constant and starting at x=0. What is missing in this model is the 
fact that the plasmon electric field interferes with the incoming field from 
the light source. Because of this omission the model can give incorrect 
results, with a higher reflectance at resonance than off resonance. 
Therefore, for the total electric field reaching the detector an extra term 
should be introduced to account for the low reflectance resulting from 
resonant plasmon excitation, due to destructive interference:4 

 0 01 1( )
1 2 2 3( ) ( ) ,i x i xi i x

totE x E E e E e E eκ κκ κ ′ ′′ ′′+= − + −  (3.2) 

where E3 is the amplitude of the incoming field. With A=E1-E2 and B=E2-
E3, the resulting intensity can be written as 

 
"
1 1

2 22 2
1 0( ) ( ) 2 cos( )x x

tot totI x E x B A e ABe xκ κ κ κ′′− − ′ ′= = + + −  (3.3) 

For x=-∞ (or x≤0) and x=+∞, the intensity equals (E1-E3)2 and (E2-E3)2, 
respectively. We can solve these constants putting E3 equal to 1 
(E3>E1>E2>0), because then Itot(-∞) and Itot(+∞) equal the macroscopic 
reflectance for uncovered and covered areas that can be calculated with 
Fresnel theory. Note that there are no free parameters to fit 
measurements. 

When a non-resonant plasmon exits a covered area and becomes 
resonant the total electric field and intensity may be written in a similar 
way: 

 0 0 0 0
2 1 2 3( ) ( )(1 ) ,i x x i x i x

totE x E e E E e e E eκ κ κ κ′ ′′ ′ ′−= + − − −  (3.4) 

and 

 0
2

( ) (1 ) ,x
totI x B A e κ ′′− = + −   (3.5) 

where the same definitions are used for the constants. The plasmon wave 
vectors were calculated using the second-order theoretical approximation 
of the dispersion relation of surface plasmons given by Pockrand5 and 
depend on the properties of the metal layer and the cover layer. 
 
 
3.2 Experimental section 
 
3.2.1 Setup 
 

Two cavity-dumped dye lasers (3.8 MHz, Coherent 700) 
synchronously pumped by a mode-locked Nd:YLF laser (Antares 76-
YLF, Coherent) served as a light source covering the wavelength range 
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from 560 to 660 nm. The polarization could be modulated between p and 
s polarization electronically, using a Pockels cell (PC 100/4; Electro 
Optic Developments, Ltd., Basildon, England). A rotation table 
(MicroControle UR80PP; angular increments: 1 mdeg.) was used for 
computer controlled reflectance scans that were measured with a 
photodiode. 

The experimental setup for the surface-plasmon microscope will be 
described in detail in the next chapter. It images the attenuated total 
reflectance in the Kretschmann configuration, and uses p and s polarized 
light to correct for inhomogeneities in the expanded incoming laser beam. 
A 7× (NA 0.19) objective was used to image the light on a video camera 
(VCM 3250; Philips) which has an output that is linear in light intensity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.2 Ratio of the reflectance for p and s polarized light as a 
function of the internal incident angle and wavelength 
(560-660 nm) for a silver layer. Table 3.I shows the results 
from fitting these measurements. 

 
3.2.2 Sample preparation 
 

Microscope glass slides were used as substrates on which a 50 nm 
silver layer was evaporated (1 nm/s at 10-6 mbar). After the evaporation, a 
photoresist layer was spun on the substrate and a pattern was made 
photolithographically. A 30 nm thick SiO2 layer was sputtered (0.1 nm/s 
at 10-2 mbar Ar) over the bare and covered areas of the silver layer. After 
the removal of the photoresist using an ultrasonic acetone bath, a SiO2 
pattern on the silver resulted. Substrates were stored in a nitrogen 
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atmosphere. They were attached to the prism (BK7 glass, 45 deg.) using a 
matching oil. 
 
 
3.3 Results and discussion 
 
3.3.1 Substrate characterization 
 

All measurements were carried out for wavelengths ranging from 
560 to 660 nm in steps of 10 nm. First the SPR reflectance of the bare 
silver layer was measured as a function of the angle of incidence. The low 
frequency part of the laser noise was effectively suppressed by measuring        
k 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.3 Ratio of the reflectance for p and s polarized light as a 
function of the internal incident angle for wavelength 
λ=600 nm, together with Fresnel fit (ε=-13.95+i0.554 and 
d=50.2 nm). The residue was calculated as the relative 
difference of theoretical and experimental values. 

 
the reflectance switching the polarization between p and s, while 
integrating both signals. The ratio of the p and s reflectance as a function 
of the angle of incidence and the wavelength is displayed in Fig. 3.2. 
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These normalized values can be directly compared to Fresnel 
calculations, taking into account the different transmission of the prism 
entrance and exit surfaces for different polarizations. The ratio of the 
transmissions of the prism for p and s polarized light is given by 

 
4

1 1 2 2

1 2 2 1

cos cos
cos cos

p

s

T n n
T n n

θ θ
θ θ

 +
=  + 

, (3.6) 

where θ1 and θ2 are the external and internal angles of the propagating 
light beam with respect to the normal of the entrance and exit surface, and 
n1 and n2 are the refractive index of the ambient medium and the prism, 
respectively. Fresnel formulae were used to fit the measured reflectance 
curves by varying the real and imaginary part of the dielectric constant ε 
and the thickness d of the silver layer. It has been demonstrated before,5-7 
that the reflectance curves depend on these three parameters in such a 
way that they can be determined separately. A computer program that was 
written (based on differential correction and the least squares criterion) 
needed less than 10 iterations to converge to the values presented in Table 
3.I. 
 

Table 3.I. Dielectric constant and thickness of the silver layer as a 
function of wavelength. 

 

λ (nm) εr εi d (nm) 

560 -11.43 0.480 50.36 

570 -11.97 0.502 50.41 

580 -12.52 0.519 50.42 

590 -13.08 0.536 50.49 

600 -13.95 0.554 50.21 

610 -14.53 0.578 50.23 

620 -15.06 0.594 50.34 

630 -15.62 0.602 50.30 

640 -16.19 0.614 50.35 

650 -16.80 0.629 50.22 

660 -17.15 0.608 50.27 
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Of course d should not depend on the wavelength and indeed, for the 
independent measurements at different wavelengths the same value for 
the layer thickness was found with a high accuracy (50.3±0.1 nm). The 
excellent agreement of Fresnel calculation and experimental data can also 
be seen in Fig. 3.3, where one of the measurements is shown together 
with the calculated values as an example 

The thickness of the SiO2 pattern on top of the silver layer was 
checked with a surface profiler (Dektak) and was indeed about 30 nm 
(See Fig. 3.4). The steepness of the edge was obscured by the tip 
convolution, but with the lift-off method (as described in Section 3.2.2) 
the edge is expected to be narrower than one micron, which is sufficient 
for this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.4 Profile of the SiO2 index step, measured with a surface 
profiler. 

 
3.3.2 Reflectance near the index step 
 

With the silver layer parameters (εr,εi,d) known, the reflectance 
profile near the index step can be calculated using the model that was 
presented in Section 3.1. The parameters in Eq. 3.3 can be derived from 
Fresnel calculations using ε and d. The constants A and B follow from the 
boundary condition that the reflectance far from the index step [Itot(-∞) 
and Itot(+∞)] should equal that given by Fresnel theory. The real part of 
the wave vectors κ1 and κ0 (corresponding to resonant SP excitation of 
covered and uncovered areas respectively) can be determined from the 
position of the minimum in calculated angular reflectance curves. Finally, 
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the imaginary part of the wave vectors κ1 and κ0 can be determined from 
the width of the SPR dip or from Pockrand’s second order 
approximation.5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.5 Composition of all SPM images of the index step, with the 
resonant plasmon entering (left, at 50 µm) and leaving the 
cover layer (right, at 200 µm). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.6 Periodicity p of the profiles of the images in Fig. 3.4 as a 
function of wavelength together with the calculated values 
for d=27.9 nm and n equal to that of BK7 glass. 
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Experimentally, the reflectance profiles were determined from 
surface plasmon microscopy images of the index step. The index step was 
imaged with both p and s polarized light to correct for inhomogeneities in 
the incoming beam by dividing the images obtained with the different 
polarizations. In Fig. 3.5 the images resulting from resonant plasmons 
entering the SiO2 covered area and leaving it again are shown for 11 
different wavelengths, with the SPs propagating from left to right. 
Squares of known size (50 µm) were imaged as well (results not shown), 
to determine the lateral scale of the images. The reflectance profiles in the 
direction perpendicular to the index step were determined from the 
digitized SPM images averaging along the index step. 

From these profiles, the periodicity was determined as a function of 
the wavelength. Equation 3.3 shows that this periodicity p is given by 

 
1 0

2p π
κ κ

=
′ ′−

. (3.7) 

In Fig. 3.6 these values are displayed together with theoretical values for 
a 27.9 nm SiO2 layer with the refractive index assumed to be equal to that 
of BK7 glass. As this value for d is more accurate than the one 
determined with the surface profiler (and lies within the experimental 
error of that value) it was used for the calculation of the reflectance 
profiles. 

These are given in Fig. 3.7, together with the experimental values. 
The measured and calculated profiles were normalized by putting the 
macroscopic values for the reflectance far from the index step to either 
zero (at resonance) or one (off resonance). The correspondence between 
experiment and theory is quite good, qualitatively as well as 
quantitatively. Some fringes to the left of the index step seem to be 
caused by a reflection that is not accounted for by the model. Their 
dependence on the wavelength is different from that of the fringes on the 
right of the index step. 
 
3.3.3 Conclusion 
 

We have developed a model that describes the reflectance profile 
near an index step. A silver layer was characterized by fitting measured 
SPR reflectance curves, and the thickness of the cover layer was 
measured with a surface profiler. Experimental and theoretical values for 
the reflectance profile as a function of the wavelength were compared and 
found to agree quite well. In the next chapter this model will be used to 
determine which wavelength and metal layer are most suitable for surface 
plasmon microscopy with a high lateral and thickness resolution. 
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Fig. 3.7 Calculated and measured reflectance profiles as determined 
from the images in Fig. 3.4. The reflectance values at 
resonance and off resonance were normalized to zero and 
one, respectively. 
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CHAPTER FOUR 
 

SPM SETUP AND METHODS 
 
 
 

In this chapter we demonstrate how to obtain the ultimate 
lateral resolution in surface plasmon microscopy (SPM) 
(diffraction limited by the objective). Surface plasmon decay 
lengths are determined theoretically and experimentally, for 
wavelengths ranging from 531 to 676 nm, and are in good 
agreement. Using these values we can determine for each 
particular situation which wavelength should be used to 
obtain an optimal lateral resolution, i.e., where the plasmon 
decay length does not limit the resolution anymore. 
However, there is a trade-off between thickness resolution 
and lateral resolution in SPM. Because of the non-optimal 
thickness resolution, we use several techniques to enhance 
the image acquisition and processing. Without these tech-
niques the use of short wavelengths results in images where 
the contrast is very low. In an example given, structures in a 
2.5 nm SiO2 layer on a gold layer could be imaged with a 
lateral resolution of 2 µm, and local reflectance curves were 
measured to determine the layer thickness with a resolution 
better than 0.1 nm (based on the angular shift of the curve). 
The SPM image is compared with an atomic force 
microscopy image of the same object. 
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4.1 Introduction: Lateral and thickness resolution in SPM 
 

It has previously been shown that with SPM a thickness resolution 
down to a few tenths of a nanometer can be obtained.1,2 However, the 
lateral resolution is limited by the decay length Lx of surface plasmons. 
This quantity is defined as the distance along the surface for which the 
attenuation of the plasmon field intensity is 1/e (see Chapter 1, Eq. 1.38). 
Here we will be concerned with the problem of how to obtain optimum 
lateral resolution while retaining sufficient thickness resolution. Although 
it was mentioned in the literature that it should be possible to improve the 
lateral resolution by choosing an appropriate wavelength and metal layer,2 
to our knowledge no detailed study of this problem has been conducted 
previously. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.1 Reflectance difference for gold covered with 2.5 nm SiO2 
and bare gold for the resonance angle of the bare gold 
(circles), and surface plasmon decay lengths for gold 
(squares) as a function of wavelength. Dielectric data were 
obtained from Ref. 6. 

 
The problem can be illustrated by regarding a situation where a 2.5 

nm SiO2 layer partly covers a 45 nm gold layer, and where the angle of 
incidence is chosen such that surface plasmons in the bare gold are 
resonantly excited. When the contrast, defined as the difference in 
reflectance of both regions, is calculated as a function of wavelength, a 
relation as depicted in Fig. 4.1 is found. In the same figure the 
wavelength dependent Lx values are given, using Eq. 1.38 and the second-
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order approximation for Im(κx) by Pockrand.3 It is seen that a smaller 
decay length is accompanied by a smaller reflectance difference. From the 
figure it can be determined how high the lateral resolution will be if the 
accompanying reflectance difference is sufficient for SPM imaging. 

The resonance halfwidth for silver is appreciably smaller than that 
for gold. This leads to a higher dependence of the reflectance on the 
thickness, and thus a higher contrast and thickness resolution. However, the 
wavelength-dependent decay lengths are significantly larger than those in 
gold, due to the relatively low surface plasmon damping. Therefore, in 
view of the larger losses in gold, this material seems preferable for high-
resolution SPM, and in the following we will restrict ourselves to this 
metal. 

Now, if we can realize and observe decay lengths near the diffraction 
limit of the objectives used, a wavelength can be chosen for a SPM 
experiment in which the plasmon decay length will be just below the 
resolution of the microscope objective. The problem of how to obtain a 
higher lateral resolution is then converted to how to make sure that the 
lower contrast is sufficient for imaging. 

In the next sections, a plasmon-carrying 45 nm gold layer is 
characterized by SPR measurements. From the data the expected plasmon 
propagation is calculated for various wavelengths. To verify these values, 
decay lengths that are much smaller than in experiments conducted 
previously4 are observed microscopically. The optimal wavelength for 
imaging with a high lateral resolution is chosen, depending on the 
microscope objective and the imaged cover layer. Several techniques to 
improve the image acquisition and processing are applied to compensate 
for the loss in contrast and to correct for other image degrading effects. 
SPM images of a 2.5 nm SiO2 layer are compared with an atomic force 
microscopy (AFM) image of this layer. 
 
 
4.2 Experimental section 
 
4.2.1 Setup 
 

The SPM setup used is essentially the Kretschmann (ATR) 
configuration, and is schematically drawn in Fig. 4.2. A rotation table was 
used for easy and accurate angular adjustment (angular increments: 
0.01°). Electronic switching between p and s polarization was done with a 
Pockels cell (PC 100/4; Electro Optic Developments Ltd., Basildon, 
England). The Pockels cell was used for normalization and correction of 
background effects. A HeNe laser and an Ar/Kr laser, which allows 
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illumination with a number of lines in the visible spectrum (Innova 70; 
Coherent Inc., Palo Alto, CA), serve as light sources. Wavelengths 
ranging from 531 nm to 676 nm were used. The intensity profile of the 
reflected light beam was recorded with a microscope consisting of an 
objective and a charge-coupled device (CCD) camera (VCM 3250; 
Philips). The output of the camera is linear in light intensity. Depending 
on the light intensity and magnification needed, a 40× [extra long 
working distance; numerical aperture (NA) 0.49] or a 7× (NA 0.19) 
objective was used. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.2 Schematic representation of the setup used for the 
microscopical measurements. The Pockels cell, rotation 
table, and camera are interfaced to a computer; manual 
control is also possible. P: Pockels cell; S: spatial filter; R: 
rotation table; M: microscope objective. 

 
Pockels cell, rotation table, and CCD videocamera can be 

controlled both manually and by computer. Video images (512×512 
picture elements) are processed and stored in a computer (486 PC) using a 
frame grabber card (VisionPlus AT OFG; Imaging Technology, Inc., 
Woburn, MA). The computer-controlled features make the setup 
particularly well suited for the experimental methods described in the 
next sections. 
 
4.2.2 Improvement of the image quality 
 

There are a number of factors that determine the eventual quality of 
an SPM image apart from the diffraction limit of the microscope 
objective: 

Ar / KrH
e
N
e

PC CCD
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(i) Plasmon decay length. We have seen that this influence can be 
avoided almost completely by using an appropriate wavelength, which, 
however, results in a lower contrast. 

(iii) Quantization during image acquisition. To improve the image 
acquisition we implemented an option to add a number of images using a 
dynamic range of 216. The large dynamic range is important, because with 
a low contrast one of the first steps is to increase the contrast digitally. 
With the normal dynamic range of 28 of the separate images, quantization 
levels become visible upon high amplification. The dynamic range of the 
eventually presented image is 28. 

(iii) Noise caused by low light levels. Integrating n images also 
means averaging, and the signal to noise ratio consequently improves 
with a factor n½. Although a maximum number of 256 images can be 
integrated, choosing n=50 proved to be more than sufficient to remove 
any visible noise due to low light levels in all cases mentioned in this 
chapter. Increasing the laser power is another possibility but this option is 
of limited use in view of the resulting destructive effects on the sample. 
After integration, the noise due to the CCD camera can be neglected. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.3 Reflectance curves for a bare gold layer, measured with 
different wavelengths: (a) 676.4 nm; (b) 647.1 nm; (c) 
632.8 nm; (d) 568.2 nm; (e) 514.5 nm; (f) 488.0 nm. 

 
(iv) Lateral inhomogeneities in the incoming laser beam intensity 

profile. At the moment, this is usually the limiting factor for the lateral 
resolution of our SPM images. We have two ways of suppressing this 
‘noise.’ The first is using a spatial filter to create a more homogeneous 
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incoming laser beam. This, however, does not work for inhomogeneities 
created by unwanted reflections at prism and objective surfaces. Therefore, 
another technique is used involving digital image processing. Using the 
Pockels cell, two images are acquired using p and s polarized light, 
respectively. The image with p polarization contains the SPM image 
together with the contrast generated by spatial fluctuations, while the image 
obtained with s polarized light only contains the same unwanted 
fluctuations. Because the camera output is linear in light intensity, the two 
images can be divided (after a suitable linear transformation) to suppress 
the errors in the image. 

An important point to be made is that when contrast is increased 
digitally, it should be a linear operation. This means that all resulting gray 
values should be within the range of the displayed image. If this condition 
is not satisfied, a lot of pixels will be set to black or white, and while a 
higher resolution is suggested, in fact information is lost. 
 
4.2.3 Sample preparation 
 

The substrates used are small microscope cover slips that were 
attached to the prism (BK7 glass) using a matching oil. A 45 nm gold 
layer was evaporated on top of this substrate (1 nm/s at 10-6 mbar). After 
the evaporation, a SiO2 layer with a thickness of a few nanometers was 
sputtered on top of the gold (0.1 nm/s at 10-2 mbar Ar). Photolithography 
and wet etching techniques were used to make a high-resolution test 
pattern with sharp edges (transition region < 1 µm) in this SiO2 layer. 
 
 
4.3 Results 
 
4.3.1 Characterization of the gold layer 
 

The plasmon decay length is very dependent on the imaginary part 
of the dielectric function of the gold, which depends on the 
manufacturing process and surface roughness as well. Therefore, we have 
experimentally determined the dielectric function instead of using 
literature values. To characterize the metal layer on our substrate, the SPR 
reflectance as a function of the angle of incidence in an ATR experiment 
was measured and fitted for a number of wavelengths in the visible range. 
The measured reflectance curves for a bare gold layer of 44 nm are 
displayed in Fig. 4.3. 

When the critical angles were calculated for the different 
wavelengths and compared to the experimental values, a systematic shift of 
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0.08° in the angular measurements was found. The critical angle is 
dependent on the prism refractive index only and can easily be included in 
an angular scan. Therefore, it seems to be better to use this angle as a 
reference angle instead of the angle found using perpendicular reflection, 
which by definition is the zero external angle. Four parameters were fitted: 
the layer thickness d, the real and imaginary part of the dielectric constant 
ε, and a normalization constant relating the measured reflectance to the 
absolute reflection coefficient. Fresnel theory was used for the fitting, 
which resulted in excellent fits. Dispersions of the different media and the 
reflection losses at the prism sides were included in the calculations. As an 
example one of these fits is given in Fig. 4.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.4 (a) Fitted plasmon reflectance curve for a 44 nm gold layer 
at λ=676.4 nm. The points result from the reflectance scan, 
the solid line represents the fitted values using Fresnel 
theory. (b) The relative difference between measurement 
and fit. 

 
The thickness of the gold layer that resulted from the fitting was 43.6 

nm. The accuracy for the fitted thickness, as determined by the spread in 
independent measurements, was rather high: for the three longest 
wavelengths, the thickness values found reproduced within 0.1 nm. For the 
shortest wavelengths the spread in the determined thickness values was 
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about 1 nm, which can be explained by the less pronounced dip in the 
reflectance curves. From the residue it is seen that there exists a small 
systematic error. This is hardly of influence on the quoted parameters. 
Measurements with a surface profiler confirmed a thickness in between 43 
and 44 nm. The resulting values for the complex dielectric function of the 
gold were found to be between dielectric functions found by others,5-7 
although these literature values show some spread. The results of the fitting 
and the calculated decay lengths are presented in Table 4.I. 
 

Table 4.I. Fit results for a gold layer of 44 nm and derived theoretical 
decay lengths. 

 

λ (nm) εr εi d (nm) Lx 
(µm) 

488.0 -1.63 4.20 42.9 0.1 

514.5 -3.77 2.61 42.3 0.3 

530.9 -4.66a 2.47a ... 0.5 

568.2 -7.75 1.77 44.8 2 

632.8 -12.33 1.21 43.6 7 

647.1 -13.67 1.05 43.5 10 

676.4 -16.01 0.94 43.6 14 
 
aLiterature values (Ref. 6). 
 
4.3.2 Characterization of the SiO2 layer 
 

For microscopical plasmon decay length observations a substrate 
with an SiO2 test pattern on top of the gold layer was made in the way 
described briefly in the sample preparation section (Sec. 4.2.3). The 
thickness of the pattern was measured using the automated features of the 
setup, which make it possible to measure complete reflectance curves of 
several microscopically small areas simultaneously within one laser 
beam. 

First, using the computer, two small areas (e.g., 25×25 µm) are 
defined in the microscopical image: one in an uncovered gold area and 
one in an SiO2-covered area. The intensity in these areas is measured for 
both p and s polarization: by dividing (p/s) we can correct for 
polarization-independent, non-SPR intensity variations and normalize the 
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reflectance values. After the incident angle is incremented with 0.01 deg. 
the whole procedure is repeated. In this way, full reflectance curves for 
both areas are determined by measuring the average intensity in each area 
as a function of the angle of incidence. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4.5 (a) Microscopic reflectance scans at λ=632.8 nm for the 

bare gold layer and for the SiO2-covered region, measured 
simultaneously within the same SPM image. (b) The root-
mean-square value of the difference of both reflectance 
curves, as a function of their shift towards one another. 
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This fully automated process results in reflectance curves as 
displayed in Fig. 4.5(a). The SiO2 layer thickness can be calculated with 
the determined angular shift of the measured reflectance minima. Figure 
4.5(b) shows the overall reflectance difference defined as the root-mean-
square (rms) value of the difference of the reflectance curves when the 
two curves are shifted towards one another by ∆φ : 

 rms difference (∆φ) 
2

2

1

1 ( ) ( )
n

Au i SiO i
i

R R
n

φ φ φ
=

 = − + ∆ ∑  (4.1) 

The measured shift for the SiO2 layer is ∆φ=0.45 deg. (λ=632.8 nm). 
Using Fresnel theory and assuming a refractive index of 1.46, a thickness 
of 2.5 nm was found. The accuracy in the measured shift is about 0.01 
deg., corresponding to a thickness resolution better than 0.1 nm. 
 
4.3.3 Decay length measurement 
 

In Fig. 4.6 a 125 µm wide part of the test pattern as described in 
Sec. 4.2.3 is imaged using five different wavelengths. Because of the high 
magnification the effect of the plasmon decay length is visible for the 
longer wavelengths, in the horizontal direction. The surface plasmons 
propagate from left to right and the dark area in the middle is the bare 
gold at resonance. The contrasts in the images in Fig. 4.6 were made 
equal by analog and digital amplification, to use the full gray scale. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.6 A part of the SiO2 test pattern on gold, imaged with five 
wavelengths: 676.4, 647.1, 632.8, 568.2, and 530.9 nm, 
respectively (from left to right). Correction using p and s 
polarized light was applied. The plasmon wave vector is 
pointing to the right, and the dark area is the bare gold at 
resonance. The contrast of the images is chosen such that 
the gray value range is used in an optimal way. A detailed 
analysis of the images is given in Fig. 4.7. 

100 mµ
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Fig. 4.7 The intensity profiles of the images in Fig. 4.6 with 
indicated wavelengths. The solid lines represent the 
intensity profiles calculated with the dielectric constants 
and layer thicknesses obtained from the SPR experiments 
and the model presented in Chapter 3. 

 
In Fig. 4.7 the intensity profile in the horizontal direction is given, 

averaged over a number of image lines crossing the 18 µm wide upper 
part of the bare gold in Fig. 4.6. The solid lines in the same figure 
correspond with the results of the model presented in Chapter 3 using the 
parameters derived from the ATR fits and the dispersion relation. 
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Generally, the correspondence between model and experiments appears to 
be satisfactory. The distance from the index step at which the reflectance 
is changed to 1/e of its eventual change is also found to be proportional to 
the decay lengths calculated and given in Table 4.I. This points to the fact 
that we can predict the lateral resolution that can be obtained using a 
certain wavelength. 

Because of the finite numerical aperture (NA 0.19) of the objective 
used, decay lengths shorter than that for the 530.9 nm wavelength cannot 
be observed in the microscopic image. It may be concluded that for this 
objective the 530.9 nm wavelength is the best choice for a high lateral 
resolution. Shorter wavelengths would diminish the contrast even more 
and would not contribute to the lateral resolution of the setup. The 
diffraction limited lateral resolution for this objective and wavelength is 2 
µm, based on the Rayleigh criterion. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.8 Example of the suppression of the effect of lateral inhomo-
geneities in the light beam by the division of images 
acquired with p and s polarization. From left to right we see 
the p and s polarized image, and the ratio of the two. 

 
4.3.4 Imaging the SiO2 layer 
 

In Fig. 4.8 the effect of using the ratio of the p polarized to the s 
polarized image to correct for beam inhomogeneities, is shown for an 
SPM image of a part of the SiO2 test pattern. The same part is imaged 
with both AFM in the deflection mode8 and SPM with λ=530.9 nm, to 
check the contours of the object and to test the lateral resolution of the 
SPM images (Fig. 4.9). The NA of the objective used was 0.49 (diffrac-
tion limited resolution: 1 µm). In the AFM image the edges of the test 
structure are very sharp and we can recognize the rounded corners that we 
already saw in the SPM images (this is also true for the part that was used 
for determination of the decay lengths). Although the effect of the lateral 

20 mµ
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intensity inhomogeneities is still visible in the SPM image, we estimate 
the lateral resolution of the image to be 2 µm. The difference in 
reflectance for the gold and the SiO2 can be calculated and is about 0.01. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.9 AFM and SPM images of the same, small part of the test 
pattern. Comparing these images we estimate the resolution 
of the SPM image to be 2 µm (NA 0.49). Unresolved 
cracks in the SPM image are visible in the AFM image. 

 
 
4.4 Conclusion 
 

We have shown that it is possible to characterize SPR substrates 
accurately, and that this allows for making an optimal choice for the 
wavelength, regarding lateral resolution in SPM. Surface plasmon decay 
lengths were calculated from the determined dielectric function, and 
observed with the surface plasmon microscope. The intensity profile 
could be described with a phenomenological model. The trade-off relation 
between decay length and reflectance difference makes it necessary to 
apply several improved image acquisition techniques when short 
wavelengths are used. In this way diffraction-limited SPM images can be 
obtained while retaining the very high thickness resolution. A transparent 
SiO2 test pattern of 2.5 nm thickness was characterized using AFM and a 
new method to obtain reflectance curves of microscopically defined areas 
automatically. Comparing the AFM and SPM images led to the 
conclusion that the lateral resolution of the SPM image is 2 µm. This 
resolution is limited by lateral inhomogeneities in the incoming laser 
beam that could not be corrected completely. Some of the 
inhomogeneities are created in the objective, and we expect that by 
choosing a specialized objective (e.g., with a better coating) the resolution 
can be improved a little more (to the diffraction limit). 

 

10
mµ
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CHAPTER FIVE 
 

SPM APPLIED TO LIPID LB MONOLAYERS 
 
 
 

In this chapter an introduction to Langmuir-Blodgett (LB) 
films will be given, after which the application of SPM to the 
characterization of these films will be demonstrated. Apart 
from their biological relevance (as model systems for 
biological membranes) these films are a challenge to any 
form of microscopy since they are transparent and very thin 
(about 2 nm). In the sixth and last chapter a new form of 
atomic force microscopy (AFM) will be applied to these 
films. 

 
 



Chapter 5 

76 

 
5.1 Biological membranes 
 

In 1925 Gorter and Grendel came with their hypothesis that all 
living cells are surrounded by a lipid bilayer.1 They concluded this from 
an experiment that was met with a lot of criticism. In 1966 it was finally 
discovered that in fact they had made two mistakes that miraculously 
canceled each other out and that their conclusion was right. The only 
thing that had to be added to their model was the fact that in the natural 
membrane a variety of proteins (receptors) are embedded. This currently 
accepted model is known as the fluid mosaic model (see Fig. 5.1)2,3. 

 
 
 
 
 
 
 

 
Fig. 5.1 Fluid mosaic membrane model: the natural membrane is a 

lipid bilayer, with embedded proteins. 
 

Lipid bilayers consist of amphiphilic molecules which in their turn 
consist of a hydrophobic (‘water-fearing’) part, and a hydrophilic (‘water-
loving’) headgroup. dimiristoylphosphatidylethanolamine (DMPE), is an 
example of a amphiphilic membrane component, with a hydrophilic 
headgroup and two hydrophobic alkylchains (see also Section 5.2.1 and 
Fig. 5.5). 

Many essential functions of living cells are performed by events 
associated with their membranes. The amount of protein in biological 
membranes varies between 30 and 70% depending on the function of the 
cell. The basic functions of biological membranes can be divided in three 
groups:4 
(i) Organization: energetically most favorable spatial arrangements of 

chemical reaction sites and cell components. 
(ii) Interaction: transport of substances. 
(iii) Information: cell recognition and adhesion, immune reactions. 
Because of various enzymes and other functional proteins attached to or 
embedded in membranes, they are involved in many metabolic processes. 
The two important energy conversion processes, photosynthesis in 
chloroplasts and oxidative phosphorylation in mitochondria, are carried 
out in membranes.5 To understand these and many other processes, which 
are essential for living organisms, it is necessary to obtain knowledge of 
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molecular structure and function of the membrane, preferably at a very 
high resolution. 
 
5.1.1 Biomembrane models 
 

The complexity of the biomembrane is such that frequently simpler 
systems are used as models for physical investigations. They are based on 
the spontaneous self-organization of the amphiphilic lipid molecules 
when brought in contact with an aqueous medium. The three most 
frequently used model systems are: (i) monolayers; (ii) black lipid 
membranes (BLM); (iii) vesicles or liposomes (see Fig. 5.2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.2 Three of the most frequently used model systems: (a) 
monolayers at the air-water interface; (b) black lipid 
membranes (BLM); (c) vesicles or liposomes. 

 
BLM and vesicles consist of lipid bilayers separating two aqueous 

compartments. They make the measurement of e.g., membrane resistance, 
capacity and permeability possible. Liposomes are spherical lipid multi-
layers. 

An aspect of the model systems that has considerable relevance in the 
biological field, is their ability to undergo phase transitions (see Section 
5.2.1). It is known that biomembranes tend to adapt to the ambient 
conditions to maintain themselves in a transitional state.6 In particular, it is 
thought that separate domains of lipid in different phases exist in real 
biomembranes. Because of this biological relevance, as well as their 
intrinsic interest, much attention has been paid to the phase transitions of 
simple model membrane systems. 

(a)

Air
Water

(b) (c)

Water

Water
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A monomolecular layer of lipid molecules spread at the air-water 
interface is a system in which the transitions have been exhaustively 
studied.7 The hydrophilic parts of the molecules are then submerged in the 
water, while the hydrophobic parts remain outside and interact with each 
other to form a layer. 

The monolayer at the air-water interface represents only one half of 
the naturally occurring bilayer, but allows the packing density of the 
spread lipid molecules to be varied by changing the available area per 
molecule. Therefore, monolayers can yield precise information on 
molecular packing and orientation, although they cannot provide 
information on membrane conductance, as is provided by BLM studies, 
or membrane permeability, as provided by liposome work.5 Thus, the 
monolayer can give precise information on membrane constituents 
organized in a membrane-like environment, but is less able to provide 
direct information on membrane functionality. 

An advantage of the lipid monolayer as a model is that it can be 
transferred to a solid substrate, using the Langmuir-Blodgett (LB) 
technique, allowing it to be studied using a whole range of techniques. 
The spreading of lipid monolayers, monolayer experiments and the 
Langmuir-Blodgett technique will be discussed in the next section. 
 
 
5.2 Monomolecular layers 
 

In this section monolayer spreading and deposition is treated. The 
measurement of isotherms is described, and the interpretation of 
isotherms is discussed. 
 
5.2.1 Monolayer spreading 
 

Monomolecular films on a water surface (named Langmuir films, 
after Irving Langmuir 1881-1957), can be prepared by spreading: when a 
lipid solution in a water-immiscible solvent such as chloroform is 
dropped onto a water surface, the solution spreads rapidly to cover the 
available area. After the solvent is evaporated, the lipid molecules are left 
behind at the air-water interface.7 

The amphiphilic lipid molecules will naturally orient themselves 
such that the hydrophilic headgroups are immersed in the water surface 
and the hydrophobic tailgroups remain outside and interact with each 
other. When a large water surface area per molecule is available, the film 
molecules move independently on the surface. Such a film is called a 
‘gaseous’ film, in two dimensions. The monolayer can be compressed by 
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decreasing the surface area with a moveable barrier (see Fig. 5.3). The 
barrier is in contact with the water and the lipid molecules cannot pass the 
barrier. 

 
 
 
 
 
 
 

Fig. 5.3 Schematic drawing of a monolayer at an air-water 
interface. The monolayer can be compressed by moving the 
barrier to the left. 

 
For a compressed monolayer, the van der Waals forces are very large, 

the film molecules are not allowed to move about freely, and thus the film 
resembles a ‘solid’ in a two-dimensional crystalline phase. When the van 
der Waals forces between the molecules are weaker at larger molecular 
areas, the result is a ‘liquidlike’ film. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.4 Different phases of a monolayer: (a) gaseous phase; (b) 
Liquid-Expanded phase; (c) Liquid-Condensed phase; (d) 
Solid-Condensed phase. 

 
Generally, a distinction is made between films in a liquid-expanded 

state (LE) and films in a liquid-condensed state (LC). It is not clear what 
the conformation of molecules in those phases looks like, but generally 
the conformations are envisaged as shown in Figure 5.4. The problem is 
that, as far as the conformation is concerned, it is not known where to 
draw the line between both phases. In the next section it will become 
clear why this distinction is made. Möbius gave a slightly different 
interpretation of the phase transitions.8 He divided the molecule under 

barrier

subphase

(a)

(b)

(d)(c)
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study in three sub-units, with each phase transition corresponding to one 
sub-unit being lifted from the water surface. 

Molecules in the solid phase, have a dense packing of the 
headgroups or of the alkyl chains, depending on their relative sizes. 
Further decrease of the surface area results in the collapse of the 
monolayer by formation of undefined multilayers. The collapse areas for 
stearic acid and DMPE are determined by their alkyl chains. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 5.5 Molecular structure of: (a) stearic acid; (b) dimyristoyl-
phosphatidylethanolamine (DMPE). 

 
It is obvious that the role of the interaction of the subphase, i.e. 

water, with the film-forming substance is very important. For example, 
the dipolar nature of the molecules (see Fig. 5.5) has the effect of aligning 
the dipoles at the air-water interface. If there are sufficient ions in the 
subphase, this electrostatic interaction will be more or less shielded, 
which will reduce the interaction between the dipoles. 

The presence of a molecular film on the surface of the water has a 
pronounced effect on the physical properties of the air-water interface. In 
the next section, the influence of a monolayer on the surface pressure and 
its measurement will be discussed. 
 
5.2.2 Surface pressure measurement 
 

The water surface on one side of any imaginary line pulls 
perpendicular to this line with a force equal and opposite to that exerted 
by the surface on the other side of the line. The force acting 
perpendicularly to a line of unit length is called the surface tension γ, 
measured in N/m or mN/m. The surface pressure π of the monolayer is 
defined as the lowering of the surface tension due to the presence of the 
monolayer on the water surface: 

 π = ∆γ (5.1) 
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It can be interpreted as the two-dimensional analog of the three 
dimensional pressure. The measurement of the surface pressure as a 
function of the available area per molecule can provide information 
concerning molecular dimensions and intermolecular interactions. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.6 Wilhelmy plate with dimensions indicated, immersed to a 
depth h in water, with a contact angle θ: (a) front view; (b) 
side view. 

 
A method frequently used to determine the surface pressure 

resulting from monolayer compression is the Wilhelmy plate method (see 
Fig. 5.6). It is a highly accurate method for the measurement of the 
surface tension. Using the Wilhelmy method, a measurement is made by 
determining the force due to surface tension, on a plate which is 
suspended so that it is partially immersed in the water subphase. The 
forces acting on the plate consist of gravity and surface tension which 
pull downward (for a hydrophilic plate), and buoyancy due to displaced 
water which gives an upward force. For a rectangular plate of dimensions 
l, w and t, and material of density ρP, immersed to a depth h in a liquid of 
density ρL the net downward force is given by: 
 2 ( )cosP LF glwt t w ghwtρ γ θ ρ= + + −  (5.2) 

where γ 1is the surface tension, θ is the contact angle on the solid plate, 
and g is the gravitational constant. Materials that are generally used for 
the Wilhelmy plate are clean filter paper or platinum. When completely 
wetted, the contact angle will almost be zero (θ ≈ 0°). 
 
5.2.3 Monolayer isotherms 
 

By quasi-statically moving the barrier and simultaneously 
measuring the surface pressure, the surface pressure can be determined as 
a function of the area of water available to each molecule. Because the 
temperature is kept constant, this relation is known as the surface pressure 

(a) (b)

h

w
θ

water
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vs. area isotherm, usually abbreviated to ‘isotherm’, the two dimensional 
analog of the three dimensional P/V diagram. If the area per molecule is 
sufficiently large, ideal gas films obey the relationship: 
 A kTπ = , (5.3) 
where k is the Boltzmann constant. This relationship is analogous to the 
three-dimensional gas law (i.e., PV=kT). In general, ideal gas behavior is 
observed only when the distances between the molecules are very large 
and the surface pressure is very small (less than 0.1 mN/m). 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 5.7 The isotherm of stearic acid. The inset does not represent 
measured values, but serves as illustration for the behavior at 
very high available area. 

 
In Figure 5.7 the isotherm for stearic acid is given (taken from 

Ref. 9). On examining this isotherm, a number of distinct regions become 
immediately apparent. If the surface area is reduced from an initial high 
value, with the monolayer in a gaseous state, there is a gradual onset of 
surface pressure until an approximately horizontal region is reached (inset 
Fig. 5.7). This is the gaseous-liquid expanded (LE) transition in the 
stearic acid isotherm. In the horizontal region the hydrophobic tailgroups, 
which were originally lying almost flat on the water surface, are 
subsequently being lifted from that surface. The inset in Figure 5.7 does 
not represent measured values, because the surface pressure in this region 
is so low that this portion of the isotherm is not resolved by 
measurements. Analogous to a 3D-gas, the compressibility is defined as: 

 1
T

A
A

∂
κ

∂π
 = −  
 

. (5.4) 



 SPM applied to lipid LB monolayers 

83 

The gaseous-liquid expanded transition of stearic acid is an example of a 
first order transition, which is characterized by a horizontal slope in the 
isotherm, with the compressibility approaching infinity. 

There follows an abrupt transition to the liquid-condensed (LC) 
phase at an area per molecule of 0.28 nm2. The different phases are 
observed as portions of the isotherm with different slopes. In the liquid 
condensed phase the slope of the isotherm, and thus the compressibility, 
is approximately constant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.8 The collapse mechanism by which undefined multilayers are 
formed. 

 
At a surface area of just over 0.2 nm2 per molecule there is an 

abrupt increase of slope. Clearly, this is due to a phase change as well and 
represents a transition to an ordered solid-like arrangement of the 
molecules, known as the solid condensed (SC) or solid phase. In this 
phase the molecules are close-packed, and an all-trans (straight) chain 
configuration can be achieved (see Fig. 5.4). If this second linear portion 
of the isotherm is extrapolated to zero surface pressure, the intercept 
gives the area per stearic acid molecule that would be expected for the 
hypothetical state of an uncompressed close-packed layer. This value of 
0.22 nm2 per molecule is close to that occupied by stearic acid molecules 
in single crystals, which confirms the interpretation of a compact film as a 
two-dimensional solid. The mean molecular area in close-packed 
configuration is equal to the cross-sectional area per CH2 chain.10 Further 
reduction of the surface area results in the collapse of the monolayer (see 
Fig. 5.8). Because molecular layers are riding on top of each other the 
compressibility then approaches infinity again. 

For a DMPE monolayer a different isotherm is measured (see Fig. 
5.9; taken from Ref. 11). For mean molecular areas around 0.5 nm2 the 
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compressibility approaches infinity, indicating a first order phase 
transition from the LE to the LC phase. In first order phase transitions, 
phases coexist in separate domains, as will be discussed in Section 5.3. 

The LC-SC transition is indicated by an abrupt increase in slope in 
the already steep portion of the isotherm. Note that the collapse area is 
approximately twice that of stearic acid because of the second CH2 chain 
of the DMPE molecule. The characteristics of the isotherms however, do 
not depend only on the molecules. The subphase is also very important, in 
particular the pH and the ion strength of the subphase. The influence of 
the temperature is analogous to that for a 3D-gas, but for monolayers 
there can be more phase transitions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.9 The DMPE isotherm. 

 
5.2.4 Langmuir-Blodgett deposition on a solid substrate 
 

For some microscopy techniques it is necessary to transfer a 
monolayer from the water surface to a solid substrate. The technique to 
do this has become universally known as the Langmuir-Blodgett (LB) 
technique.12 For LB deposition, a substrate is first lowered through the 
monolayer so that it dips into the subphase, and then withdrawn. If the 
substrate used is hydrophilic, then deposition will follow the sequence of 
events shown in Figure 5.10. 

During the lowering of the slide, the water wets the slide’s surface 
and the meniscus turns up, but there is no deposition at this stage. As the 
slide is withdrawn, the meniscus is wiped over the slide’s surface and 
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leaves a monolayer behind. During this process the surface pressure is 
kept constant, using the surface pressure as a feedback signal for 
adjusting the barrier position. The value of surface pressure that gives 
best results depends on the nature of the monolayer but is usually more 
than 10 mN/m. In the deposited monolayer the hydrophilic groups are 
turned toward the hydrophilic surface of the slide. Initially there is liquid 
film between the monolayer and the slide’s surface and bonding is 
completed after the water layer has drained away or evaporated. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.10 Deposition of multilayers by the Langmuir-Blodgett 
technique: (a) first immersion; (b) first withdrawal; (c) 
second immersion; (d) second withdrawal. 

 
The rate at which the slide can be withdrawn from the water while 

a homogeneous film is deposited, is typically 1 mm/s. This rate depends 
on the rate at which the water film drains from the monolayer-slide 
interface and on the viscosity of the monolayer. A highly viscous 
monolayer will be unable to maintain a homogeneous film in the 
neighborhood of a rapidly moving slide. 

To deposit a second layer onto the slide, the slide is again lowered 
through the monolayer. This time the slide’s surface is hydrophobic; the 
meniscus turns down and the second monolayer is deposited with its 
hydrophobic tailgroups in contact with the exposed tailgroups on the 
slide. At the second withdrawal the next monolayer is deposited like the 
first, onto the hydrophilic headgroups of the last monolayer. If the 
monolayer material shows poor adhesion to the substrate, then the second 
immersion in the water can simply lead to the monolayer peeling off the 
slide and respreading on the water surface. Repeated dipping will then 
lead to a single deposited monolayer on the slide. 

Because during dipping the pressure is kept constant, the barrier will 
move to compensate for the deposited molecules. By measuring the change 

(a) (b)

(d)(c)
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in available surface on the water and the surface area of the substrate, the 
transfer ratio can be determined. 
 
 
5.3 Domain formation in lipid monolayers 
 

In a previous section it was mentioned that during a phase 
transition in a monolayer, different phases coexist, organized in separate 
domains. A problem encountered when describing domain formation is 
that the description is completely different for different compounds and 
conditions. In this section only the most essential and general aspects are 
discussed. 
 
5.3.1 Domain nucleation and growth 
 

In this section we will consider domain nucleation and growth in a 
film in an LE-LC phase transition. LC domains will be referred to as 
‘solid’ and LE domains as ‘fluid’ or ‘liquid’. In the LC domains the 
molecules attain a near close-packed configuration. In the LE domains the 
molecules have more freedom to move, with flexibility increasing along 
the chain with the distance from the anchoring hydrophilic group. 

Consider a lipid monolayer composed of liquid and solid domains, 
and for simplicity assume that the pure liquid and pure solid phases are 
incompressible. For a given water surface area, the fractions of the area 
covered by fluid and solid phases are then fixed. A state of global 
equilibrium is achieved once the number and shape of the solid domains 
correspond to the minimum energy state of the film. 

On first slowly compressing a monolayer, a certain number of solid 
domains appears by a nucleation process.13,14 On further compression, 
these domains usually grow in size but not in number. If the monolayer is 
compressed rather quickly or if the impurity content is high, a large 
number of nuclei are formed. If compression speed is decreased the 
domain size is increased.14,15 In Ref. 16 the onset of the phase transition 
was detected before solid domains were visible with fluorescence 
microscopy. Therefore, it was suggested that domain formation results 
from aggregation of unresolved particles of condensed lipid. 

Domain shapes are reversible with respect to growth and decay, 
even if these shapes are complex:14,17 the same kind of shapes are 
observed before and after compression and subsequent decompression. 
The changes are also reversible with respect to the temperature.18 
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The alignment of polar or charged molecules in the solid domains 
causes long-range electrostatic forces. Due to the electrostatic repulsion 
between the solid domains, they are separated by an approximately 
constant distance. For fusion of domains, a favorable relative orientation 
of colliding domains is necessary. This can be explained by the fact that 
the lattices of the crystalline domains must match. In that case the van der 
Waals forces between the touching lipid chains of both domains exceed 
the electrostatic repulsion.19 
 
5.3.2 Domain shapes 
 

The shape of domains depends on the monolayer compound and 
the experimental conditions, and is determined by a thermodynamic 
equilibrium. More precisely, there is a competition between the long-
range electrostatic dipolar repulsion Fel and the line tension λ. The line 
tension represents the tendency to minimize boundary length. The shape 
of an individual solid domain is determined by the interplay of these 
forces:13,18,20-22 
 elF p Fλ= +  (5.5) 

Here p is the perimeter of the solid domain. The electrostatic repulsion 
favors elongation and narrowing, while the line tension favors short 
boundaries and thus round domains. 

Initially, the domains cover a small fraction of the area of the air-
water interface, and are relatively far apart. Therefore, the electrostatic 
interaction is small, and circular shapes result. As the domains grow in 
area they come nearer to each other and tend to thin in one dimension 
because of the long-range dipolar forces. Experiments have confirmed the 
existence of the electrostatic interaction. Domains were microscopically 
observed while repelling each other over distances of tens of micrometers 
and could be moved by applying an electric field.18 

In the absence of charged headgroups, the minimum energy 
domain shape is determined entirely by line tension and is circular for an 
isotropic solid. In the other extreme, when the charge is large and the line 
tension is weak, and if the domain does not break into pieces, the 
minimum energy shape is highly elongated. This effect can be observed 
when a small amount of cholesterol is added to a charged monolayer. 
This results in a strongly decreased line tension and the mentioned longer 
and thinner domains.21 

Because the electrostatic repulsion influences the domain 
formation, domain shapes also depend on the ionic conditions of the 
water subphase. In Ref. 23 it was shown that an increase in the 
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concentration of monovalent ions increased the pressure corresponding to 
the LE-LC phase transition of the lipid dilauroylphosphatidic acid 
(DLPA). Increasing the concentration of divalent ions had the opposite 
effect. These effects were ascribed to an increase in surface charge 
density in the former case, and to screening of electrostatic forces in the 
latter. Thus, it was possible to vary the size and shape of the domains at 
the air-water interface with the ionic conditions. 

Another important factor is whether the packing of the molecules is 
determined by the chains or by the headgroups. For phospholipids and 
fatty acids, where crystallization is basically determined by the chain 
arrangement, the solid domains exhibit rounded boundary lines. If the 
packing is determined by the headgroups, domains exhibit pointed 
perimeters (e.g. the polymerizable diacetylenic lipid Bronco).14 
 
 
5.4 LB film characterization with SPM 
 

Most of the facts discussed in the previous sections of this chapter 
were originally discovered using fluorescence microscopy.14,24 However, 
there are many other monolayer characterization methods to determine 
domain shapes, layer thickness or lattice constants of crystalline domains, 
as mentioned in the first chapter. 

Now we will show how surface plasmon microscopy (see also 
Chapter 1) can be used to image and characterize phase-separated lipid 
LB films. 
 
5.4.1 Experimental section 
 

The substrate preparation and setup that was used is described in the 
previous chapter. The 2.5 nm thick SiO2 layer (without pattern) is in this 
case needed to make the substrate hydrophilic for deposition of the 
Langmuir-Blodgett lipid monolayer. LB films were obtained by spreading 
a 1 mg/ml solution of the lipid dimiristoylphosphatidylethanolamine 
(DMPE) in 3:1 (v/v) chloroform/methanol onto the subphase (deionized 
water, pH~7.5). The monolayer was transferred to the substrate at a 
surface pressure of 20 mN/m and a molecular area of 0.5 nm2; the transfer 
ratio was about 1. The DMPE monolayer is under those conditions in an 
LE-LC phase transition (see Fig. 5.9). All experiments were carried out at 
room temperature. 
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5.4.2 Results and discussion 
 

Using the image acquisition techniques that were described in 
Chapter four, the DMPE monolayer was imaged for a wavelength of 
568.2 nm. Figure 5.11 shows the resulting images for p and s 
polarization, the ratio of the two and the result after Fourier filtering to 
remove some residual fringes. For this wavelength the optical thickness 
variations in the monolayer under investigation hardly give any contrast      
k 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.11 SPM images of a phase-separated DMPE monolayer: (a) 

for p polarization; (b) for s polarization; (c) the ratio of the 
two; (d) the result after Fourier filtering to remove some 
residual fringes. 

 
in the separate images. After division of the two however, a good contrast 
results and the lateral resolution is higher than it would have been for a 
longer wavelength (usually a wavelength of 632.8 nm is used). Due to the 
high dynamic range of the images, quantization levels do not become 

 50 mµ
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visible after the expansion of the gray scale. The dark ‘islands’ in the 
image are the LC domains surrounded by the LE phase. Because the 
monolayer was imaged under an angle only the middle part is optimally 
focussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.12 SPM image of a DMPE monolayer in a transition from the 
LE to the LC phase. Contrast inversion was obtained by 
choosing a different angle of incidence. On the left and 
right side the LC and LE part are at resonance, 
respectively. 

 
By choosing either the resonance angle for the LE phase or the one 

belonging to the LC part of the monolayer as angle of incidence, the 
contrast can be inverted (see Fig. 5.12). We estimate the lateral resolution 
that was obtained to be 3 µm (NA 0.19). 

To evaluate the thicknesses of the different domains, microscopic 
ATR scans were made of three different areas: the bare gold-SiO2, an LE 
domain, and an LC domain. The ATR curves for the covered areas were 
shifted relative to that of the bare area with 0.17° and 0.23°, respectively 
(Fig. 5.13). In Fig. 5.14 the possible thickness and refractive index 
combinations are given for both domains. Assuming a refractive index of 
1.5 (Ref. 25) for both domains, the imaged thickness difference is less 
than 0.4 nm. When a higher refractive index is chosen for the condensed 
domain and a lower one for the expanded domain, the resulting thickness 
difference is even smaller. These values have been found by others as 
well, for similar systems.26,27 If it were possible to determine refractive 
index and monolayer thickness separately, then the nature of the 
monolayer packing could be further studied. The reflectance difference in 
this image, based on the shift of the reflectance curves, is 0.5 %. This is 

50 mµ
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about the limit for practical SPM imaging, since the contrast should be 
sufficient to focus using the real-time image. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.13 (a) Microscopic reflectance scans for the DMPE layer, for 
a bare, LE, and LC region in an image. (b) The root-mean-
square value of the difference of the LE and LC curves 
with the curve of the uncovered part when they are shifted 
towards this curve along the φ-axis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.14 Possible refractive index and thickness combinations as 
determined from the angular shifts for the LE and LC 
domains. The thickness difference of both domains is 
indicated for a refractive index of 1.5. 
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CHAPTER SIX 
 

ADHESION AFM APPLIED TO LIPID LB MONOLAYERS 
 
 
 

Recently developed adhesion atomic force microscopy was 
used as a technique to map the spatial arrangement of 
chemical functional groups at a surface with a lateral 
resolution of 20 nm. The ratio of the adhesion forces for 
different functional groups can be compared with the values 
determined from the known surface energies. This concept 
was demonstrated by mapping the adhesive interaction of 
domains in a phase-separated lipid monolayer with the AFM 
tip. The ratio of the adhesion forces for both phases 
corresponds with the theoretical number for the CH2 and 
CH3 groups. 
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6.1 Introduction 
 

The spatial arrangement of functional groups and their interactions 
are important in fields as diverse as biophysics: recognition in biological 
systems or immunosensors; engineering: lubrication in mechanical 
devices; molecular electronics: adhesion between polymers and metals; 
and chemistry: chemical modifications of polymer surfaces. For an 
improved understanding of these problems it is important to be able to 
study the arrangement of chemical functional groups and their 
interactions at the molecular level. 

Direct measurements of forces between molecular assemblies have 
been performed with the surface forces apparatus (SFA)1-4 between 
crossed cylinders (radius of curvature: R ~ 1 cm). For molecular force 
measurements on a laterally smaller scale atomic force microscopic 
(AFM)5 methods have been used. To obtain a well-defined probe 
geometry, spherical probes have been attached to AFM cantilevers (R ~ 
10-100 µm). In these experiments forces between single complementary 
strands of DNA6 and discrete intermolecular interactions of ligand-
receptor pairs7 have been studied. The adhesion forces between individual 
ligand-receptor pairs have also been measured with chemically modified 
AFM tips (R ~ 100 nm).8 

It has been pointed out before that it should be possible to use the 
AFM to characterize the surface chemical composition as well as the 
topography.9,10 Burnham et al.9 found that the adhesive forces between tip 
and sample increased systematically with surface energy. To image 
material properties as well as topography on thin films adhesive 
interactions,10-12 elastic properties,13,14 and friction forces13,15-18 have been 
mapped. Using the friction force, a discrimination between hydrophilic and 
hydrophobic groups that were covalently bound to sample and probe has 
been achieved with a lateral resolution of 200 nm.16 

Instead of hypothesizing the relation between adhesion and friction 
at the molecular scale (for a study see Ref. 2), we chose to measure the 
adhesion force directly with a modified AFM.19 The ratio of the adhesion 
forces for different functional groups can be predicted quantitatively from 
their surface energies and can be compared with the experimental value. 
Additional advantages of this approach are that the sample is not likely to 
be disturbed because the probe is not scanned laterally while in contact 
and even very small differences in surface energy are resolved. We will 
demonstrate this by imaging a phase-separated lipid monolayer 
nondestructively. 



 Adhesion AFM applied to lipid LB monolayers 

95 

In conventional contact-mode AFM operation, the deflection of a 
cantilever-probe combination is measured while scanning in contact with 
the sample. Therefore, the topography is imaged, while the chemical 
nature of the functional groups at the surface remains unknown. In 
adhesion AFM,12,19-21 a different approach is used. Force versus 
cantilever-displacement curves,19,22 show the cantilever deflection as the 
tip-cantilever combination approaches the sample, makes contact, and is 
retracted again (Figure 6.1). The hysteresis in this curve is a measure for 
the adhesive probe-sample interaction and is related to the chemical 
nature of the functional groups at the sample and probe surface. With our 
setup (a modified stand-alone AFM23) we can measure and analyze up to 
550 force-distance curves per second, which allows direct adhesion force 
imaging. Other methods to measure surface forces include force curves 
with force feedback24 and the resonance method.10,25 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6.1 A typical force-distance curve measured with the adhesion 

AFM setup.19 The Si3N4 tip is moved in and out of contact 
by ramping a small piezo actuator. Moving the tip down, 
the cantilever will deflect after touching the sample (a) 
until a certain preset deflection is reached (b). The piezo 
movement up to this setpoint is a measure of the thickness 
of the sample because on the thicker parts of the sample 
this point will be reached earlier than on the thinner parts. 
After the setpoint has been reached, the tip is retracted to 
the upper limit determined by the ramping voltage. The 
hysteresis in the force curve results in the well-known 
adhesion dip. The pull-off force can be obtained when 
during the retrace the tip leaves the sample at some point 
(c). This determination is realized in hardware, allowing up 
to 550 force curves to be measured per second. 
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To demonstrate the concept, a dimyristoylphosphatidylethanol-
amine (DMPE) film was made by the Langmuir-Blodgett (LB) technique, 
at a surface pressure for which the film is in a liquid-expanded (LE) to 
liquid-condensed (LC) phase-transition.26 It has been demonstrated 
numerous times that such a film, whether at the water-air interface or 
deposited on a solid substrate exhibits a domain structure corresponding 
to the coexisting LE and LC phases.26 The DMPE molecule consists of a 
hydrophilic part that adheres to a hydrophilic substrate and two 
hydrophobic hydrocarbon chains. In the solid LC domains the layer is 
crystalline27 and the probe tip will only interact with the hydrophobic CH3 
endgroup. In the amorphous LE phase, the molecules are less densely 
packed and thus a hydrophilic Si3N4 tip will have a stronger interaction 
with the 12 slightly less hydrophobic CH2 groups along the hydrocarbon 
chain. Therefore, we expect the adhesion contrast to be caused by the CH2 
and CH3 groups for the LE and LC phases, respectively. However, we 
want to stress that it should be possible to apply the same concept to other 
problems. 

The adhesion force is connected with interfacial energy, which is a 
concept that can be applied to macroscopic as well as microscopic 
systems.1 Macroscopically, the interfacial energy can be determined by 
contact angle measurements. For microscopic systems, and even for very 
small numbers of molecules, its numerical value is close to that of a planar 
macroscopic surface composed of the same molecules.28 

To compare absolute adhesion forces with theory a very well-
defined probe geometry is needed. This can be obtained by the attachment 
of spherical probes to an AFM cantilever. However, because of their size 
these probes are not suitable for high-resolution imaging, and therefore 
we chose a different approach. The relative humidity and the geometry of 
a normal AFM tip remain the same for the different areas within one 
image and within the measuring time (typically 10 min). Therefore, we 
focus on the ratio of the adhesion forces for the respective domains, a 
number that can easily be derived from basic thermodynamics.1 

Our central result is that a simple thermodynamic model can be 
used to predict the ratio of the adhesion forces for different functional 
groups. The adhesion force can be written as 
 F RW∝ 132  (6.1) 

where R is the radius of curvature of the end of the Si3N4 tip and W132 is 
the energy change on separating unit area of two media 1 and 2 in 
medium 3. 
 132 13 23 12W γ γ γ= + −  (6.2) 
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where γab is the interfacial energy of media a and b. In our case we have 
medium 1, DMPE (sample); medium 2, Si3N4 (tip); medium 3, air. 
Therefore, we can estimate γ13 = γ1; γ23 = γ2; and 12 1 2 1 22γ γ γ γ γ= + −  
using the combining relations.1 Thus,  

 F R∝ γ γ1 2  (6.3) 

as has been found previously.3,9 Note that for the Johnson, Kendall, and 
Roberts (JKR)29 theory as well as for the Derjaguin, Muller, and Toporov 
(DMT)30 theory the adhesion force increases linearly with R and the 
interfacial energy, with proportionality constants of 3π and 4π, 
respectively. 
 
 
6.2 Experimental section 
 

DMPE Langmuir-Blodgett monolayers were prepared on different 
substrates to enable  the use of adhesion AFM as well as optical surface 
plasmon microscopy.31 Substrates for surface plasmon microscopy were 
made by evaporation of 45 nm gold (1 nm/s at 10-6 mbar) on top of a 
microscope cover slip. After the evaporation, 3 nm SiO2 was sputtered on 
top of the gold (0.1 nm/s at 10-2 mbar of Ar) to make the substrate 
hydrophilic. Atomically smooth mica substrates were freshly cleaved and 
used for adhesion AFM measurements. 

LB films were obtained by spreading a 1 mg/mL solution of the 
lipid DMPE (obtained from Sigma, used without further purification) in 
3:1 (v/v) chloroform/methanol onto the subphase (water from Millipore 
system, resistivity > 18.2 MΩ/cm, pH adjusted to 7.5). The monolayer 
was transferred to the substrate at a surface pressure of 12 mN/m and a 
molecular area of 0.50 nm2. Compression speed, 0.01 nm2/min per 
molecule; dipping speed, 3 mm/min; transfer ratio ~1. A commercial LB 
trough was used (KSV 5000; KSV Instruments Ltd., Helsinki, Finland) in 
a laminar flow cabinet. 

Both the surface plasmon microscope32 and AFM19,23 are home-
built and were described earlier. The topography and the peak value of 
the adhesion dip as well as its width and area are determined on-line from 
the force-distance curves by electronic hardware. A ramp generator 
coupled to the piezo actuator moving the tip up and down is triggered by 
a pixel clock. When a certain preset deflection is reached, the piezo 
voltage is stored in a sample/hold circuit (the topography signal) and the 
ramping voltage is reversed. A peak detector is used to measure the peak 
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of the adhesion dip (the pull-off force) during the retrace. This procedure 
is repeated for every pixel in the image. 

The cantilevers have a pyramidal Si3N4 tip attached to a V-shaped 
beam with a force constant of 0.58 N/m. The tips were ozone cleaned 
before use. For experiments with a controlled relative humidity the AFM 
setup with the sample was put in a plexiglass chamber purged with 
nitrogen gas of known humidity. By mixing streams of wet (obtained by 
bubbling the gas through distilled water) and dry nitrogen gas at an 
appropriate flow ratio the desired relative humidity was obtained and 
measured by a digital hygrometer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.2 (a) Surface plasmon microscopy image, and (b) adhesion 
AFM image of the same DMPE domains. The surface 
plasmon microscope used was described earlier.32 In the 
optical image, dark regions correspond to thicker (LC) 
domains, in the adhesion AFM image these regions have 
lower adhesion forces. Quantitative surface plasmon 
microscopy measurements of the layer thickness were 
performed by defining a number of small areas in the 
microscopic image for which the reflectance is measured 
automatically as a function of the angle of incidence.32 By 
determining the shift of the surface plasmon resonance 
minima the layer thicknesses for the different areas were 
determined using Fresnel theory. 

30 mµ
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6.3 Results and discussion 
 

Apart from providing an illustration of the method used, Figure 6.1 
displays a typical result for a force curve on a DMPE monolayer. From 
the figure we can conclude that any possible deformation of the sample is 
reversible because little hysteresis is observed in the loading part of the 
curve. A finite elastic deformation, however, has no effect on the 
adhesion force according to JKR theory.29 The reproducibility that was 
observed (data not shown) also points to the non-destructiveness of the 
method. This is in accordance with earlier experimental work that has 
shown that both the crystalline and amorphous states of DMPE form 
hard, fairly rigid structures.3 

Before and after adhesion imaging, a phase-separated DMPE 
monolayer was imaged with optical surface plasmon microscopy.31,32 In 
the optical image in Figure 6.2(a), the familiar pattern33 for a phase-
separated monolayer is observed, where the dark patches correspond to 
the LC regions. The contrast corresponds to a difference in optical 
thickness of ~0.4 nm, determined from a difference in surface plasmon 
resonance angle of 0.06°. This value is not uncommon for these 
systems,34 with the crystalline domains thicker than the amorphous 
domains. Comparing Figure 6.2(b), the adhesion AFM result of the same 
region, with Figure 6.2(a) we observe a one-to-one correspondence 
between both images. This is compelling evidence that adhesion AFM 
detects a contrast between the LE and LC phases.35 

The measured adhesion forces were typically 20-30 nN (roughly an 
order of magnitude smaller than for the bare SiO2 substrate), and the 
measured adhesion force ratio FLC/FLE ~ 0.8 ± 0.1 (averaged over a large 
number of points in both regions). With γLC ≈ γCH3 = 23 mJ/m2 and γLE ≈ 
γCH2 = 31 mJ/m2,36 we find 

 2

2

0.86LCLC LC

LE LELE

RF
F R

γ γ γ
γγ γ

= = =  (6.4) 

on theoretical grounds. The correspondence between these two numbers 
points to the difference in hydrophobicity as the contrast mechanism in 
adhesion AFM. 

Having demonstrated that adhesion contrast can be obtained for the 
different phases in the domains, we used molecularly smooth mica 
substrates for further adhesion AFM investigations with a higher 
resolution on better defined samples. First, the adhesion of a clean mica 
substrate was measured as a function of the relative humidity (Figure 
6.3). The image at constant relative humidity was essentially featureless, 
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while the absolute adhesion forces were always higher (80-160 nN) than 
those measured on monolayer-covered substrates, indicating the 
formation of a water film.37 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.3 Adhesion force on mica as a function of the relative 
humidity. Each point in this curve represents the average of 
250 pull-off force measurements. The increase of the 
adhesion as a function of the relative humidity indicates the 
formation of a water layer on the mica with increasing 
thickness,37 causing increasing capillary forces. 

 
The consistently much lower adhesion forces for monolayer-covered 

substrates as compared to the bare substrate confirm the absence of a liquid 
layer on top of the monolayer. This is expected for such hydrophobic 
surfaces and has indeed been found previously.4,38 Moreover, the presence 
of large (>50 nm) pinholes can safely be excluded (see Figure 6.4). 
However, some variations of the adhesion forces on DMPE with the 
relative humidity were seen. These can be explained by the presence of 
water on the hydrophilic AFM tip increasing the effective radius of the tip. 
It is important to note that this only affects the absolute adhesion forces and 
not the values of the ratios. 

For different mica substrates, monolayers, AFM tips, and relative 
humidity the average value for FLC/FLE was 0.84 with a variance of 0.06. 
This number is remarkably constant and close to the expected theoretical 
value of 0.86. These results suggest that the model correctly predicts the 
ratio of the adhesion forces for the different functional groups. Therefore, 
the image contrast can be interpreted as the contrast in interfacial energy 
associated with the imaged functional groups. A further support of this            
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Fig. 6.4 Adhesion AFM images showing domains in the DMPE 
monolayer on mica. The central part was magnified for the 
three successive images (a-c). The left images show the 
adhesion, where dark areas correspond with low adhesion 
(LC phase). The images in the middle show the height 
differences, as derived from the force curves (high-pass 
filtered; the adhesion images were not filtered). On the 
right we see (a) the adhesion image for the bare mica, (b) 
the thickness profiles (three lines taken from an unfiltered 
image and shifted for clarity), and (c) the histograms for 
400 adhesion measurements in the LC and LE phase. Note 
that for every point in these images a separate force curve 
was measured and analyzed (150×150 curves per image). 
For the topography image this means that the tip did not 
make a continuous profiling movement along the surface 
but that 0.6 nm variations in an approach of about 500 nm 
were measured. 
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view is illustrated in Figure 6.4(c), where a histogram of the measured 
forces for both phases is displayed. The average values for the two phases 
are convincingly different. Besides, we note that generally the width of 
such a distribution might contain valuable information on heterogeneities 
hitherto unnoticed. 

A high lateral resolution of 20 nm (estimated from the resolution of 
step edges in Figure 6.4) was obtained with the monolayers on the 
molecularly smooth mica substrates. Simultaneously measured topo-
graphy images indicated a thickness difference between the domains of 
0.6 nm (Figure 6.4). The difference between the surface plasmon 
microscopy and AFM values can be explained by the presence of pores in 
the solid domains and grains in the fluid domains, which appear to have 
the same properties as the fluid and solid domains, respectively, and are 
not resolved in the optical images. This phenomenon has been observed 
with AFM on solid substrates before, in topography,14,39 elasticity,14 and 
friction measurements.17 Although these film defects have been said to be 
caused by the LB deposition process or interaction with the substrate,39 it 
is tempting to identify these ‘nanodomains’ with those that have been 
postulated earlier based on indirect observations by fluorescence 
microscopy40 and theoretical work.41 These nanodomains could play an 
important role in domain formation. 

Preliminary experiments on another domain-forming lipid, DPPC, 
give similar results; we therefore have good confidence that the method 
presented here provides a general tool to image domains with different 
surface energies. The same method should be applicable to many other 
functional groups42 with a relatively low surface energy to inhibit the 
formation of a water film. For functional groups with relatively high 
surface energies measurements should be made in a liquid medium, to 
exclude capillary forces. 
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CONCLUSIONS 
 
 

In Chapter 2, surface plasmon resonance was used for immuno-
sensing. Using a differential technique, immune reactions at the sensor 
surface could be followed by monitoring the shift of the surface plasmon 
excitation angle in time. The accuracy in the determination of the SPR 
excitation angle was very high, and additional information could be 
obtained by simultaneously measuring the reflectance and its second 
derivative with respect to the angle of incidence. In this way, position, 
depth and width of the reflectance minimum can be measured in real-
time. As surface roughness is known to increase the width, this could 
yield some information on the dynamics of protein monolayer adsorption. 
Because the measurement is fast and the modulated beam can easily be 
scanned over the sensor surface, this method is suitable for multichannel 
measurements as well, as was demonstrated. 

Laterally resolved sensor measurements were also carried out in an 
imaging system, where the angle of incidence of a wide, collimated laser 
beam was kept fixed, while imaging the reflecting light onto a video 
camera. This has the advantage of being able to actually observe the 
defined sensing areas on the sensor surface during the measurement, or 
even defining them after the measurement. Although we defined 16 
sensing areas, in fact every CCD element acts as a separate detector that 
is operated in parallel, giving information on the sensing area that it 
receives the reflected light from. Therefore, the number of sensing areas 
might be much larger, as long as their size exceeds the propagation length 
of the SPs (typically µm’s). The signal to noise ratio decreases with the 
sensing area size, but the amount of light coupled in can be increased by 
several orders of magnitude. 

To get an idea of the obtainable lateral resolution with SP imaging, 
and how to improve it, the propagation of SPs near an index step was 
studied in Chapter 3. A phenomenological model was developed and its 
results were compared to measurements for a number of wavelengths. All 
parameters in the model were derived from the layer structure and 
boundary conditions, leaving no parameters to be fitted. A good 
agreement between model and experimental values was found. 

In Chapter 4 and 5 we have demonstrated the qualities of surface 
plasmon microscopy and the possibility to measure local reflectance scans. 
Lipid phase-separated LB monolayers were successfully prepared and 
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characterized. Using a number of techniques to improve the acquisition of 
the images, the maximum lateral resolution as determined by diffraction was 
nearly attained. However, Brewster angle microscopy should ultimately be 
able to reach a similar resolution, and has the important advantage of the 
capability to study the monolayer at the air-water interface.  

When a much higher lateral resolution is needed, purely optical 
means do not suffice, and atomic force microscopy can be used. This was 
demonstrated in Chapter 6, where together with the topography the 
chemical properties of the monolayer surface were used to image it, 
measuring the adhesive interaction between tip and sample. With this new 
adhesion force atomic force microscope the contrast can be high, because 
the adhesion depends only on the outer atoms of the surface, and not on 
the thickness of the layer under study. In this case, the contrast was seen 
to match that expected of CH2 and CH3 groups (16% difference in 
adhesion). The lateral resolution that was obtained was about 20 nm. It is 
expected that this form of microscopy can be used for the imaging and 
recognition of many other functional groups. It is especially well suited 
for monolayers, since these samples can be molecularly smooth by 
deposition on mica substrates, ensuring a constant interaction area 
between tip and sample. 

Since surface plasmon microscopy measures ‘through’ the 
monolayer, and measures the layer thickness, while AFM only measures 
the outer surface of the monolayer, it would be interesting to combine 
both techniques (see Chapter 1). This is very well possible because the 
SPM measurement is carried out at the ‘substrate-side’ of the sample, 
while the AFM measurement is done on the outside of the sample. An 
SPM setup with the sample in the horizontal plane was designed 
especially for this purpose. It will be described in the appendix, since it 
was only recently completed, and combined measurements have not yet 
been done. 
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APPENDIX 
 
 
 In this appendix we describe a new SPM setup that was designed 
and built just before the completion of this thesis. First the aims of the 
new setup will be mentioned, then we will describe how the instrument 
was realized in hardware and software. 
 
 
A.1 Design aims 
 
The SPM setup was designed and built with the following aims: 
 
(i) The sample interface should be in the horizontal plane. 
(ii) It should be possible to make angular scans. 
(iii) The same part of the sample should be imaged during an angular 

scan. 
(iv) It should be possible to use an AFM on the same sample simul-

taneously, also for measurements in water. 
(v) It should be possible to use different wavelengths. 
 
 
A.2 Implementation 
 
 To have the sample interface in the horizontal plane, the optics are 
in the plane of incidence i.e. the vertical plane. They are mounted on two 
arms that can rotate around the same axis (see Fig. A.1(c)). These arms 
are driven by a stepping motor at the back side of the setup (see Fig. 
A.1(b)). The exact angle of incidence is determined at the axis by a high 
precision angle encoder. A half sphere was used as a prism to keep the 
imaged area at a fixed position while rotating the arms. Because the SPM 
uses internally reflecting light, the space above the sample on the prism is 
free. A platform was designed to allow an AFM to be placed over the 
sample, and do SPM and AFM measurements simultaneously. These 
measurements can even be done in an aqueous environment (e.g. to study 
protein / surface interactions). For most measurements a small HeNe-laser 
will be used as a light source, for measurements at other wavelengths a 
polarization preserving fiber can be used in combination with a bigger 
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laser. A CCD video camera and a video digitizer were used to acquire and 
store SPM images. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. A.1 (a) front view of the setup; (b) backside view; (c) front 
view without the AFM platform; (d) front view with AFM 
over the prism. 
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A.2.1 Software 
 
 Software was developed such that all features of the setup can be 
controlled using an interactive computer program. The computer screen 
shows the live SPM video image with the menus and mouse cursor 
overlapping (see Fig. A.2). Via these menus the following functions can 
be performed: 
(i) video control: images are continuously acquired but can also be 

frozen, saved to harddisk, etc. 
(ii) polarization switching: the polarization of an external light source 

can be switched using a computer-controlled Pockels cell. 
(iii) angle control: the angle of incidence is continuously measured 

with the angle encoder connected to the left upper arm. The 
stepping motor can be made to increment or decrement the angle or 
adjust it to a certain value. 

(iv) cursor definition: a number of areas within the image can be 
defined for measuring their average intensity as a function of time 
or angle of incidence (e.g. for multisensor measurements). 

(v) scanning: for measurements of the average intensity of the defined 
cursors as a function of time or angle of incidence 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. A.2 User interface for the software controlled operation of the 
setup. 
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A.2.2 Hardware 
 
 Stepping motor: RS440-458 (Mulder-Hardenberg, Haarlem). 
detent torque: 30 mNm. holding torque: 500 mNm. 
step angle: 1.8 deg. step angle accuracy: 5%. 
rated voltage: 12 V. rated current: 0.6 A. 
The parallel connection was used, and a corresponding driver was built. 
 ADC/DAC card: RTI 800 (Analog Devices, Norwood, MA, USA). 
For conversions of analog and digital data, and digital communication. 
 Video digitizer: video blaster CT6000 (Creative Labs, Milpitas, 

CA, USA). 
Digitizes the video signal in 8 bits per pixel. Uses the computer screen or 
any chosen part of it for displaying the live video images. 
 Angle encoder: ROC 417 (Heidenhain, Veenendaal). 
Instead of using the commercially available read-out equipment for the 
encoder, the serial output signal with parity bit is read by the computer 
(using the ADC/DAC card for digital communication, and home-made 
software). The angle is encoded in 17 bits (resolution: 2.7 mdeg.) in gray 
code. 
 Spindle: diameter: M12, pitch: 1 (Jeveka, Amsterdam). 
 Rails with bearings: RSD3275 (Aalbers, Dedemsvaart). 
This system is used to guide the part that connects the arms with the 
spindle. 
 
 
A.3 Angular accuracy 
 
 A simple formula can be derived for the angular movement as a 
function of the rotation of the vertical spindle: 

 
2 2

cos
2

b a
ab

α
−

=  (A.1) 

where b is the distance along the spindle in between the hinge points in 
the middle, and a is the distance between the hinge points on the arms on 
which the optics are mounted (see Fig. A.3 (a)). The lower arms are a 
factor 2  longer than the upper ones with length a, and thus if b=a then 
α=90°. 
 As can be seen in the calculated curve in Fig. A.3 (b) this 
construction makes it possible to rotate the arms in an almost linear way 
by rotating the spindle with the stepping motor. Since a movement of a 
hinge point of only 10 µm corresponds to a change of the angle of about 
10 mdeg., the accuracy of the hinges should be very high. 
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Experimentally, the measured angle was always found to be within 
10 mdeg. of the calculated angle. Since the angle of incidence is 
measured directly at the incoupling (upper left) arm with an accuracy of 3 
mdeg., this does not limit the accuracy of the determined angle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. A.3 Calculation of the rotation of the arms as function of the 
shift of the lower hinge point. (a) schematic of the arms; 
(b) calculation results, differing less than 10 mdeg. from 
the experimental results. 
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SUMMARY 
 
 

Surface plasmon resonance (SPR) is the phenomenon of resonantly 
excited collective electron oscillations at a metal surface. This can be 
achieved by using the evanescent field of light reflecting in a prism to 
excite SPR in a thin metal layer on top of that prism. If resonance 
conditions are fulfilled a minimum of light is reflected. The conditions for 
the reflecting light for which resonance occurs depend very much on the 
presence of optical structures in the evanescent field. Therefore, SPR can 
be used to image lateral heterogeneities in those structures and monitor 
changes in time. 

A general introduction into reflectometric methods for the study of 
surfaces and thin layers is given in the first chapter. Fresnel’s theory can 
be used to describe these methods. 

In the second chapter SPR is used to detect immune reactions at 
surfaces. In this case the optical structure within the evanescent field 
changes in time through the formation of immune complexes. Two types 
of SPR sensors are described. The first one uses a differential detection 
technique, and is demonstrated with single and multi-channel measure-
ments. The second one operating with a fixed angle of incidence, is used 
to monitor a two-dimensional array of sensor surfaces. 

A model describing the propagation of surface plasmons near an 
indexstep is described in the third chapter. Using this model one can 
estimate the lateral resolution obtainable with surface plasmon 
microscopy (SPM), where the reflecting light is imaged with a 
microscope objective. 

The fourth chapter describes an SPM setup and a number of 
methods used to enhance the lateral resolution. 

An introduction into the Langmuir-Blodgett (LB) method for the 
preparation of monolayers is given in the fifth chapter. The SPM is used 
to image domains in phase-separated lipid monolayers. 

In the sixth chapter a different method is used for the imaging of 
phase-separated monolayers. Adhesion atomic force microscopy 
(adhesion AFM) is used to measure the adhesive interaction between the 
layer and the very sharp AFM tip for every point in the resulting image. 
This image shows the lateral distribution within the layer of chemical 
groups that are exposed to the tip. 
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SAMENVATTING 
 
 

Oppervlakte plasmon resonantie (SPR) is het verschijnsel van 
collectieve elektron oscillaties die aan een metaaloppervlak resonant 
worden geëxciteerd. Dit kan worden bereikt door gebruik van het 
evanescente veld van licht reflecterend in een prisma, voor de excitatie 
van SPR in een dunne metaallaag op dat prisma. Bij resonantie reflecteert 
er een minimale hoeveelheid licht. De voorwaarden voor resonantie 
hangen sterk af van de aanwezigheid van optische structuren in het 
evanescente veld. Hierdoor kan SPR gebruikt worden voor het afbeelden 
van deze structuren en het waarnemen van veranderingen in de tijd. 

Een algemene inleiding in reflectometrische methoden voor de 
studie van dunne lagen wordt in het eerste hoofdstuk gegeven. Voor de 
beschrijving van deze methoden kan Fresnel’s theorie worden gebruikt. 

In het tweede hoofdstuk wordt SPR gebruikt voor het detecteren 
van immuunreacties aan oppervlakken. De optische structuur in het 
evanescente veld verandert in de tijd, door de vorming van immuuncom-
plexen. Twee typen SPR sensors worden beschreven. De eerste maakt 
gebruik van een differentiële detectie techniek, en wordt gedemonstreerd 
met één en multi-kanaals metingen. De tweede leest een twee-dimen-
sionale reeks sensoroppervlakken uit, met een vaste hoek van inval. 

Een model dat de propagatie van surface plasmons bij een 
indexstap beschrijft, wordt behandeld in het derde hoofdstuk. Gebruik-
makend van dit model kan de haalbare laterale resolutie worden ingeschat 
van oppervlakte plasmon microscopie (SPM), een techniek waarbij het 
reflecterende licht met een microscoopobjectief wordt afgebeeld. 

In het vierde hoofdstuk wordt een SPM opstelling en een aantal 
methoden om de optimale resolutie te verkrijgen beschreven. 

Een inleiding in de Langmuir-Blodgett (LB) methode voor de 
preparatie van monolagen wordt in het vijfde hoofdstuk gegeven. De 
SPM wordt gebruikt voor het afbeelden van domeinen in fasegescheiden 
lipide monolagen. 

In het zesde hoofdstuk wordt een andere methode gebruikt voor het 
afbeelden van deze lagen. Adhesion atomic force microscopy (adhesie 
AFM) kan gebruikt worden om de adhesie interactie tussen de laag en de 
scherpe AFM tip te meten voor ieder punt in het resulterende plaatje. Dit 
plaatje laat de laterale verdeling in de laag zien van chemische groepen 
die worden blootgesteld aan de tip. 
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Tien jaar in Twente waarvan vijf in de vakgroep TOP (voorheen 
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gelegenheid gegeven de laatste vier jaar zelfstandig onderzoek te 
verrichten, als opvolger van Helene. Daarbij heb ik regelmatig de hulp 
ingeroepen van o.a. technische vakmensen als Johnny Sanderink, Aufried 
Lenferink, Hans de Boer en John Caspers. 

Ook kon ik altijd een beroep doen op collega promovendi wier 
opstellingen ik naspeurde op voor mij bruikbare onderdelen of ideeën. 
Aan de contacten met collega’s tijdens borrels, sport enz. bewaar ik ook 
goede herinneringen. Tijdens borrels werd er gelukkig altijd goed op 
toegezien dat het gesprek niet over natuurkunde ging. Borrels zijn er 
namelijk voor bier, daardoor geïnspireerde ‘filosofische’ gedachten en om 
je beklag te doen! Hans K., Ton en vele anderen waren daarbij onmisbaar. 

Voor de goede sfeer waren ook de mensen van de ‘oude garde’ 
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Het zal de aandachtige lezer waarschijnlijk duidelijk zijn: ik wil 
alle hier impliciet of expliciet genoemde mensen heel hartelijk bedanken 
voor hun aandeel in de totstandkoming van dit proefschrift, maar vooral 
ook voor alles dat daar niets mee te maken had! Op dat vlak waren het 
bovenal mijn ouders die het maar niet konden laten mij op alle mogelijke 
manieren te steunen. 
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