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Abstract 
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micrometre-sized pillars was created on the surface of the silicon rubber, which then was exposed to a 

phosphate buffer solution (PBS) containing human serum albumin (HSA) protein. FTIR measurements 

confirmed that proteins had attached to the surface. Ellipsometric studies were made and even though the 

protein layer was too thin to be measured, a simulation was made that revealed that a protein layer needs 

to be at least 1,5 nm to be measured properly with this method. We can also see that the protein molecules 

can get out of the solution, to find their way into the small pits of the samples. 
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Abstract 

 

 

In order to measure the thickness of a protein layer on a structured surface 

of silicon rubber, we have used ellipsometry and Fourier transform infrared 

(FTIR)-spectroscopy. The aim was to determine whether this type of 

measurement method can be used on protein layers or not. By hot-

embossing a specific pattern of micrometre-sized pillars was created on the 

surface of the silicon rubber, which then was exposed to a phosphate buffer 

solution (PBS) containing human serum albumin (HSA) protein. FTIR 

measurements confirmed that proteins had attached to the surface. 

Ellipsometric studies were made and even though the protein layer was too 

thin to be measured, a simulation was made that revealed that a protein 

layer needs to be at least 1,5 nm to be measured properly with this method. 

We can also see that the protein molecules can get out of the solution, to 

find their way into the small pits of the samples. 
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Sammanfattning 

 

 

Vi har använt oss av ellipsometri och Fouriertransform infraröd (FTIR)-

spektroskopi för att kunna mäta ett proteinlagers tjocklek på en skrovlig yta 

av silikongummi. Målet var att ta reda på huruvida den här typen av 

mätmetod kan användas för proteinlager eller ej. Genom värmeprägling 

försågs silikongummits yta med mikrometerstora pelare, och denna yta 

inkuberades sedan med en phosphate buffer solution (PBS) och human 

serum albumin (HSA) proteinlösning. FTIR mätningar visade att protein 

bundit till ytan. Ellipsometerstudier gjordes, och trots att proteinlagret var 

för tunt för att mätas så gjordes en simulering som visade att ett proteinlager 

måste vara minst 1,5 nm tjock för att denna metod ska kunna användas. Vi 

ser också att proteinmolekylerna kan förflytta sig från lösningen ner i 

groparna i materialet. 
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Introduction 

 

 

These days many people talk about, and publish articles about, ways to 

fabricate surfaces where proteins will not stick. Protein adsorption is the 

first stage before cells adhere and start to grow when a surface is exposed to 

biomolecules. It is easy to understand why they are interested in non-

sticking surfaces since there are many applications throughout different 

fields in the society. One example is medical equipment that needs to stay in 

the human body for a longer time, e.g. pacemakers. Another is the hull of a 

boat, having problems with algae that stick to the surface. However, usually 

the approach is to manufacture a surface, and then determine how well it 

will work as a protein repellent material by measuring its wetting angle. 

This is an indirect method that relies on that the protein will behave as water 

when it comes to contact with the surface. That does not have to be the case, 

even if the protein is dissolved in water. The protein strings are still very 

small, about 5-10 nm, and can easily find ways to get into the pits formed in 

the surface. Therefore, we have used a more direct method to determine 

how much protein is adsorbed on a surface. The method of choice has been 

ellipsometry, because it should allow us to detect very thin layers of protein 

on the samples. That is however the aim of this thesis, to find out if one can 

use ellipsometry to determine how thick a protein layer is on a structured 

surface of silicone rubber. But also, as a secondary method, FTIR-

spectroscopy is used to try to get some more information about those 

protein layers. 
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Theory 

 

 

Embossing 

 

When a pattern of a mould is transferred to another material by warming the 

material and applying pressure, it is referred to as hot embossing. If the 

material for example is a polymer, it needs to be heated to, or above, its 

glass transition temperature (Tg). The polymer is then placed on top of the 

template and pressure is applied so that its pattern can be transferred to the 

polymer (Fig 1). Before the polymer is removed it is important to let it cool 

down below the Tg [1,2]. 

 
Fig 1. Hot embossing process 

 

 

Superhydrophobicity and Wetting angle 

 

To understand what a superhydrophobic material is, we first have to 

consider a hydrophobic one. A surface being hydrophobic means that it 

repels water, and has a contact angle >90 °. A superhydrophobic surface is 

therefore very hard to wet. To be able to designate a material as 

superhydrophobic it must show a contact angle with a water droplet that is 
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>150 °. If a surface is rough, instead of smooth, it will probably be more 

hydrophobic.  

 

If you place a droplet of a liquid onto a solid material and measure the 

contact angle, three different surface energies can be calculated, γSL, γLV and 

γSV (Fig 2). The equation can then be written: 

 

 SVYLVSL   )cos(  (1) 

or as: 

 

LV

SLSV
Y







)cos(  (2) 

 

 
Fig 2. Surface energies 

 

where θY is the contact angle. The atoms at the surface have higher energy 

because they have fewer bonds with surrounding atoms. Energy is used to 

break the bonds and create the surface [1]. 

 

According to Wenzel, the water on a sample sinks into every pit of the 

sample. His assumption was that it was the increase of the surface area that 

made the sample hydrophobic, and he introduced a surface roughness factor 

rs and derived an expression for the equilibrium condition: 

 

 YsW r  coscos   (3) 

 

θY is the same as in the figure above, and θW is the water contact angle that 

can be seen when the water fills up the pits of a sample(Fig 3), later known 

as the Wenzel state[3].  
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Fig 3. Wenzel state 

 

The Wenzel state generates quite a high surface energy due to the high 

surface area. To avoid that, one can instead look at the Cassie-Baxter 

model[3]. In that theory, it is assumed that there are air pockets trapped in 

the sample pits (Fig 4). This makes the surface area between the water and 

the sample heavily reduced and therefore also reduces the surface energy. 

The contact angle can be written: 

 

 )1(coscos sYsCD ff    (4) 

 

 
Fig 4. Cassie-Baxter state 
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Protein adsorption 

 

Wherever bio molecules come in contact with artificial materials and 

surfaces, protein adsorption occurs. It is the first step towards cellular 

growth. In some cases this is something one want to achieve (in moderate 

amounts), e.g. for hip implantations. Other times one want to prevent 

protein adsorption.  Again with the surgical aspect, we know that some parts 

of for example pacemakers needs to be changed. Then it is good if they do 

not get stuck in there because tissue grows around it. Another example is in 

the food industry, where it is desired to keep bacteria away from the food 

process. These are examples of areas in which protein adsorption studies are 

valuable. 

 

 

IR-spectroscopy 

 

IR stands for InfraRed and refers to the wavelength of the light used in the 

instrument. Light of a certain wavelength is sent out and interacts with the 

sample, depending on what one wants to measure the light is either 

measured in transmission or reflection mode. The light then goes into a 

detector which measures the amount of light, or energy, that is received. 

The reason why different amounts of light are detected for different 

wavelengths is because molecules absorb specific wavelengths due to their 

structure. In reality, a number of mirrors and prisms are needed to focus and 

direct the light to the sample (Fig 5). In the Fourier Transform IR 

spectrometer (FTIR-spectrometer), all wavelengths are emitted 

simultaneously, and the results need to be Fourier transformed before the 

spectrum is obtained[4]. This is an advantage as compared with 

spectrometers based on diffractive or refractive optics, which measure at 

each wavelength (interval) consecutively, in steps after each other. FTIR 

has a number of advantages over older spectroscopy. It is a non-destructive 

technique, it provides a precise measurement with no external calibration 

and it can add scans together to increase sensitivity[5]. 
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Fig 5..Basic IR-spectroscopy 

 

 

Ellipsometry 

 

Basically, ellipsometry is an optical method for measuring characteristics on 

the surface of a material, for example composition, doping concentration, 

roughness and crystallinity of thin films or interfaces, as well as electronic 

properties, such as band gap and dielectric constant. The technique is based 

on polarized light and measures the change in amplitude and phase 

difference of the incoming and the reflected light. The way the light 

interacts with the sample is different for different methods. Therefore one 

can make a difference between reflection-, transmission- and scattering 

ellipsometry. Because the reflection ellipsometry focuses on the top layers 

of the sample, it is chosen for these experiments [6,7]. 

 

In reflection ellipsometry, the light beam reflects off the sample and the 

change in polarization is measured [7]. The polarization state of the light is 

described by: 

 

s

p

E

E
  (5) 

 

for both the incident and reflected light. Ep and Es are the complex-valued 

representations of electric field in the p- and s-direction [6], (Fig 6). The 

complex reflectance ratio can then be written: 
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i

r




   (6) 

 
Fig 6. Principle of ellipsometry 

 

What the VASE-ellipsometer actually measures is the relation between the 

change in amplitude for the polarized light in the p- and s-directions, Ψ, and 

the relation between the change in phase difference for p- and s-direction, 

Δ.  
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Methods/Experimental 

 

 

Manufacturing of the templates 

 

The templates have not been made “on site” but were ordered from Acreo 

AB for a previous study. Photolithography was used to create the structure 

in the templates, which are made from silicon. On top of the templates, a 

plasma treatment was also done, to achieve an anti-stick layer, for easier 

removing of the sample after embossing.  

 

There are many templates with different structure to choose from, but 

because there is not time to investigate all of them, two templates are 

chosen, the ones that differentiate the most from one another. Because 

Acreo has chosen to call them template2 and template3, so shall we. The 

definition of the structure is presented in the figure (Fig 7) and table (Table 

1) below. 

 

 
Fig 7. Structure design. Red arrow representing diameter and green arrow distance. 

 

 

Template Diameter 

(µm) 

Distance 

(µm) 

Height 

(µm) 

Randomness Top 

surface 

area 

(%) 

2 30 10 5 0 44,2 

3 10 30 5 0 4,9 
Table 1. 



 9 

Fabrication of silicone rubber samples 

 

To get the pattern from the template onto the polymer, silicone rubber, the 

polymer must first be cut into pieces with the right size for the experiments, 

around 2 x 2 cm. The pieces are then preheated in an oven at 170 °C for 

about 10 minutes. This needs to be done so the sample softens up a bit and 

easier shapes itself as a positive of the negative template. The temperature 

170 °C was chosen because it is close to the glass transition temperature 

(Tg) of the sample[1]. Meanwhile, the template is heated up to 175 °C using 

a hot plate. The polymer sample is placed on the template and pressure is 

applied on it in form of a bottle of water. This forces the polymer into the 

tiny pits of the template and the micro-structured pattern is transferred to the 

polymer. Only one minute is required to achieve this and then the hot plate 

is turned off to reduce the temperature. The pressure is kept constant while 

the temperature is lowered, and nitrogen gas is blown on the hot plate to 

accelerate the cooling. The polymer is then carefully removed from the 

template and the sample is checked for errors in a light microscope, to make 

sure that the pattern has been completely transferred. 

 

 

 

 
Fig 8. Left: Oven for preheating. Right: Hotplate, template, polymer and weight. 
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As stated previously, two different types of templates are used in this 

project. This means that the samples have got two different patterns (Fig 9). 

A non-treated sample is also used, for comparison, for every test carried 

out. This is called sample1. 

 

 
Fig 9. a, sample2. b. sample3. For size definition, see table 1. 

 

 

Wetting angle 

 

The instrument used for contact angle measurements is a CAM 200 Optical 

Contact Angle Meter and is made by KSV Instruments LTD. The 

measurements are quite easy to carry out. A sample is placed underneath a 

needle and a drop of liquid, in this case water, is gently placed on the 

surface of the sample. The instrument takes a picture and uses this to 

calculate the angle of wetting. This was done immediately after the hot 

embossing, because one does not want to wash the samples before contact 

angle measurements, but still prevent that any contamination occurs. 

 

 
Fig 10. CAM 200 
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IR-spectroscopy 

 

For IR-spectroscopy, a Bruker IFS 55 FTIR was used. Three different types 

of measurements were carried out in this work, ordinary transmission, and 

reflection and transmission with an integrating sphere, IS. Because the IS 

measures all light travelling through the sample, and the ordinary 

transmission only measures the light that makes it to the detector, 

comparing those two gives a good estimation of how much the structure 

spreads the light. 

 

 
Fig 11. IR-spectrometer Bruker IFS 55 FTIR 

 

When using IS, it is not the data itself which is of interest. To be able to 

interpret the data one need to use three different curves: 

The actual measurement, Ip, where the light is reflected off the sample and 

bounces around in the sphere. 

The Ip:s  reference, Ir, where the light also bounces around inside the sphere, 

but without being directed to the sample first. 

A zero reflection measurement, I0, where all light is absorbed, leaving just 

the background “noise” to be detected. 

 

 

r

p

I

II
DHR

0
  (7) 
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This gives us the ratio between a measurement where the sample is 

affecting and one where it is not, without the background disturbance, 

called Directed Hemispherical Reflectance, DHR. 

 

Of the two methods, the ordinary transmission is the most sensitive one, due 

to its Mercury-Cadmium-Tellurium, MCT, liquid nitrogen cooled detector. 

Therefore it is chosen for comparison to the ellipsometry measurements, 

with and without protein. 

 

 
Fig 12. Integrating sphere inside IR-spectrometer 

 

 

Ellipsometry 

 

The protein adsorption experiments are monitored using spectroscopic 

ellipsometry. The instrument used is a Variable Angle Spectroscopic 

Ellipsometer (VASE) from J.A. Woollam Co., Inc. The measurement 

procedure is as follows. The sample is mounted on a sample holder of the 

ellipsometer, and the silhouette of the sample is drawn on the sample 

holder, to make sure that once removed and reassembled, the same spot on 

the sample will be measured. A spectroscopic scan is then carried out, with 

the settings of the instrument shown in appendix A. The sample is removed 

from the ellipsometer and incubated in a protein solution, see further below. 

After the incubation the sample is yet again placed on the holder, with as 

much precision as the human eye allows, and another, identical, 

measurement is carried out. This method gives us the possibility to, in the 

software programme WVASE [8], build a model with layers to calculate the 



 13 

thickness of the protein layer. We used an empiric model called Cauchy, 

which refractive index n calculated as follows: 

 

 
42

)(



CB

An   (8) 

 

with A, B and C being the changeable variables to fit the model to the 

experimental data. 

The first measurement (before protein adsorption) is used as a template of 

the material and a second layer is put on top to represent the protein. The 

Levenberg-Marquardt algorithm is used to fit the model parameters to the 

measured  and , by minimizing this weighted (biased) test function  
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 (9) 

  
Where N is the number of measured Ψ and Δ pairs and M is the total 

number of real valued fit parameters. The goal is to fit the parameters of our 

unknown protein layer so that the Mean Square Error (MSE) becomes as 

small as possible. 
 

As a comparison, measurements are also made on two silicon wafers. One 

treated chemically to be hydrophobic, and the other one to be hydrophilic.  

Both silicone samples were cleaned according to the RCA clean method 

with the SC-1 and SC-2 step[9], that made them hydrophilic. To get one of 

them hydrophobic, it was functionalized in ((H2N(CH2)3Si(OC2H5)3, 

Aldrich Chemical Company Inc., USA) at 6 mbar pressure and 60 °C during 

10 min. The temperature was increased to 150 °C during 60 min and the 

sample was rinsed in xylene and dried in nitrogen gas. These samples are 

not of any certain interest for our study, they are more of a control to make 

sure that we are measuring the things we want to. Because measurements 

have been performed on silicon before, we can use those results to check if 

our approach seems to be right.  
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Fig 13. Ellipsometer VASE 

 

 

Incubation 

 

To expose the samples to protein, they are incubated in a phosphate 

buffered saline (PBS) solution with protein (see below). The time chosen is 

30 minutes. That gives the sample time to be fully saturated with protein. 

The concentration of the protein is 1 mg/ml, and the protein of choice is 

Albumin from human serum, or HSA. Since denatured proteins float to the 

surface of a solution and it is not desirable that those proteins stick to the 

surface of the sample, the sample is first put in a container and then the 

protein solution is poured into it. Not the other way around. When the 

incubation is done, the sample is removed from the solution and gently 

washed with Milli-Q water to remove the PBS, and also proteins that has 

not attached to the surface. 
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PBS 

 

PBS, phosphate buffered saline, is made to be used for the protein 

incubation of the samples. The composition used can be seen in table 2 

below. 

NaCl 8,8 g 

Na2HPO4x12H2O 3,6 g 

KH2PO4 1,4 g 

NaN3 4 ml 0,4 % 

NaOH 5 ml 1 M 
Table 2. Composition for PBS 

 

The mixture of salts was diluted with 1 litre of water. This gave a PBS with 

a pH of 7.4, which is the average pH in the healthy human body. 
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Results/Discussion 
 

 

Wetting angle 

 

When the wetting angle is measured it is not always a perfectly symmetric 

drop, possibly due to surface tensions and surface roughness, therefore the 

angles of both sides are presented, plus the mean value (Table 3).  

 

Sample Left Right Mean 

1 105,078° 105,248° 105,163° 

2 125,152° 126,167° 125,835° 

3 112,409° 112,286° 112,347° 

Table 3. Wetting angle measurements 

 

From the table we can tell that the samples we have are not 

superhydrophobic. They are all, however, hydrophobic, even the sample 

without structure. An interesting matter to notice is that the sample with the 

highest wetting angle is nr.2. According to the theory of Cassle-Baxter, nr.3 

should be the most hydrophobic one, because it provides the least surface 

area. An explanation to this could be that the surface area is too small, and 

we get a combination of the Wenzel and Cassie-Baxter states. We can also 

see that sample nr.1 has the lowest wetting angle, which indicates that 

adding the structure to the silicone rubber makes it more hydrophobic than 

it is in its groundstate. 

 

 

IR-spectroscopy 

 

As mentioned before, transmission IR-spectroscopy was performed with 

and without an integrating sphere. The results of those measurements can be 

seen in Fig 14. Not very much can be said when looking at the large range, 

but focusing on near IR, below 2500 nm, we can see that there is not much 

difference for sample1, while a huge difference can bee noted for sample2, 

almost twice as high signal with the IS as without it. Sample3 is somewhere 

in between the other two, with some difference, but not as much as sample2.  
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Fig 14. IR-spectroscopy measurement. Blue curve, transmission using integrating 

sphere and pink curve, ordinary transmission. a. sample1, b. sample2 and c. 

sample3 
 

We can see (Fig 14) that the surface structure in sample2 and sample3 

disturbs the light from travelling straight through, and it is diffracted from 

the surface. Most diffraction occurs for sample2, which is to be expected, 

because the area on which the light can be diffracted is much larger. By 

looking at Fig 14a, we can say that it is not because of the difference in the 

two measurement methods the loss in signal occurs. Therefore it is, in my 

opinion, safe to say that it is due to the structure change. 
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To be able to say anything about the comparison with and without protein, 

we need to take the ratio between the two measurements. Nothing in 

particular stands out for almost all the spectra, but between the 

wavenumbers 4500-6300 cm
-1

 a dip can be seen that tells us that a 

absorbance takes place in that area (Fig 15). 

 

 
Fig 15. Absorbance curvature for the three samples. Sample1:blue, sample2:pink, 

sample3:yellow. 

 

An absorption around 5200 cm
-1

 (1920 nm) is quite close to the wavelength 

where vibration due to hydroxyl bonds occur (1930 nm)[9]. We can, from 

Fig 15, therefore say that we have got some OH groups on our samples after 

the incubation that was not there before, probably OH groups from the 

proteins, or possibly water remnants in the protein layer. The reason for 

why the curves look as they do is discussed later. 

 

As suspected, not enough light made it into the detector when measuring 

reflection with the IS. Therefore the curves were very noisy and did not 

provide any reliable information. This is because the detector in the IS, a 

Deuterated Triglycine Sulfate detector, DTGS, is only air cooled and not 

sensitive enough. Because of this, no results measuring reflection with and 

without protein in the IR-spectrometer can be shown. 
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Ellipsometry 

 

The raw data from the ellipsometer is difficult to interpret, and must be 

analysed in order to obtain the thickness of the adsorbed protein. But even 

then it can be difficult to get an exact result of the thickness of the protein 

layer (Fig 16-18). That is because it is too thin to be measured and 

calculated properly, and because the refractive indices of silicone rubber 

and protein are too equal, the instrument can not really detect where one 

material ends and another begins. However, by simulating different 

thicknesses of protein in the VASE programme, we can tell how much 

protein there needs to be on the surface in order to get a reliable result. If we 

assume that one degree is the minimum for how small a difference can be 

accepted, and still be a proper difference, it is calculated that a layer of 

protein must be at least 1,5-2 nm thick. That goes for all three samples, no 

direct difference can be seen between them. 

 

 
Fig 16. Difference between experimental data for Δ, sample1, with and without 

protein. 
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Fig 17. Experimental data for Ψ, sample1. 

 

Another way to be able to measure the adsorbed protein layer would be to 

use another silicone rubber substrate material, with a refractive index not as 

close as the refractive index of proteins. Just by changing the refractive 

index about 0,01 units, the received data changes by several degrees, 

making it possible to tell the difference between silicone rubber and protein. 

 

On the silicon wafers, the layer of protein can actually be measured. The 

layer on the hydrophobic one is about 10 nm, whereas it is about 2 nm for 

the hydrophilic Si. 

 

 
Fig 18. Experimental and modelled data for Δ, sample1.  
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The three following figures, Fig 19-21, have all simulated values for 

different thicknesses, t, and refractive indices, n, for the protein. Ideally the 

refractive index of the samples and not the protein should be simulated. But 

that is not possible with our approach, and the results would be basically the 

same. 

 

 
Fig.19. Simulated and experimental data for Δ, sample1. t = 2 nm, n = 1,465 

 

 

 

 
Fig.20. Simulated and experimental data for Δ, sample1. t = 5 nm, n = 1,465 
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Fig.21. Simulated and experimental data for Δ, sample1. t= 5 nm, n= 1,6 

 

Even though we can not make an exact reading of the thickness of the 

protein layer, due to the reason that it is too thin and that the refractive 

indices are too similar, by means of the simulated data we can say that the 

protein layer is thinner than 1,5 nm. If thicker, it would be seen in the 

measured data. We can also conclude that we do not know whether the 

structure makes any difference or not, but we can say that if a structure 

makes the protein layer thinner, or thicker, it is by less than 1,5 nm. This is 

quite logical, because the proteins are about 3-8 nm in size[7], and the 

smallest “holes” in the samples are about 10 µm, making it quite easy for 

the proteins to find their way into those “holes”. This is also a probable 

explanation why the absorption for the IR-spectroscopy curves (Fig 15) 

have their shape, with the smallest dip for sample1, and quite a lot larger for 

the other two. It is likely that the proteins have attached to the sides of the 

columns of sample2 and 3, and therefore seem to form a thicker layer of 

absorbing OH groups than for sample1. 

 

The fact that we are able to see a protein layer on the silicon wafers 

supports the theory that we need a thicker layer than the one on the silicone 

rubber to be able to measure it. But it also tells us that the incubation 

experiment works and that the protein solution actually contains enough 

proteins that can stick to the surface.  

 

At a first try of measuring protein on the surface using ellipsometry, PBS 

and not water were used for the washing of the samples described in 

Methods: Incubation. Because of this, a layer of salts from the PBS stayed 
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on the surface of the samples and they had to be thrown away and the tests 

redone once this was discovered. 
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Conclusion 

 

 

The aim of this work was to find out if it is possible to use ellipsometry to 

measure the thickness of a protein layer on a surface. We have not been able 

to determine an exact thickness. But by using our results and simulating 

different thicknesses, we can say that a protein layer needs to be thicker 

than 1,5 nm for an ellipsometer to be able to pick up its specifics. It is, 

however, important to point out that this is only when the material at which 

surface the proteins attach, has the same refractive index as our material, 

about 1,5. This is due to the fact that the refractive index of the material is 

too close to the one of the protein, making it hard for the ellipsometer to 

detect the boundary at which the protein ends and the sample begins. With a 

material with a higher refractive index it would therefore be possible to 

measure an even thinner layer of protein. 

 

 

 

 

 

Suggestions for further work 

 

 

For future work, I would recommend to redo the IR-spectroscopic 

measurements. But instead of protein, one should just use water, to see if 

the OH groups observed in Fig 15 could be remnants from the water, or 

really are from the attached proteins. 

 

It would also be nice to find a polymer with a different refractive index to 

check if that, as suggested in this thesis, makes it easier for the ellipsometer 

to see the difference between the sample and the protein layer. 
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Appendix A 

 

 

Ellipsometer settings 

 

Angles measured  55, 57, 65, 75° 

Wavelength  350-1100 nm, by 5 nm 

Track polarizer ON (Dynamic) 

Zone average polarizer ON 

Isotropic sample ON 

Auto retarder OFF 

Dynamic averaging OFF 

 

 

The angles were chosen because we wanted to see what happened over a 

big range of angles. 57 ° was chosen because it was discovered, during a 

quick scan over all angles, to be the one closest to the Brewster angle, and 

would therefore give us the largest amount of useful data. 


