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Abstract 
In this project a new type of metal oxide semiconductor (MOS) sensor for biosensing was 

investigated. With the use of a porous gold film as an internal reference electrode, 

measurements of pH were performed in liquid. This new approach for liquid measurements 

demands new methods and studies to increase the conductivity and adhesion in liquid of the 

porous gold film. The films have been deposited, either by sputtering or evaporation. 

Extensive studies included the investigation of depositions parameters on film structure and 

investigating the film morphology. The surface structure was studied with a scanning electron 

microscope (SEM). pH measurements were preformed with promising results. The adhesion 

of the electrode was greatly improved by using grains of titanium underneath the gold film. 

This new approach could lead to new applications and devices for MOS sensors and its sensor 

relatives. 
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1 Introduction 

1.1 Aim 

The aim of this thesis is to investigate the potential of a new sensor structure of a MOS 

capacitive transducer for biosensing, with a new approach which utilise an internal reference 

electrode. The basic structure consists of a semiconductor substrate and a thick oxide layer. 

The layer has a well in the centre so it is thick at the edge with a thermal thin gate oxide, in 

the middle. There are several challenges which need to be addressed with liquid sensing; the 

adhesion of the metal film upon immersion in solution, and the parameters required to create a 

porous internal reference electrode film required study. The sensor response to pH was 

investigated as a standard for liquid phase measurements. The sensor structure has been 

processed at MC2 Chalmers. 

1.2 Background 

This project is a step in a serial of thesis [8, 9, 10] working towards the development of a 

stable and functional biosensor transducer based on wide band gap (WBG) materials. At the 

Department of Physics Chemistry and Biology (IFM) at Linköping University. 

Demonstrations of functionalisation of various biomolectules have been successfully shown 

on SiC and ZnO. This thesis is a first step in trying to create a MOS structure that can be used 

to measure charged biomolecules in liquid. The structure has been made at MC2 Chalmers 

designted by Prof. Anita Lloyd Spetz. To evaluate the structure, two wafers consisting of 

capacitive model devices were processed.  

Today external reference electrodes are mostly used in ion sensitive field effect transistors 

(ISFET). By developing a porous gold film as an internal reference electrode, there is no need 

of an external reference electrode in some liquid application that requires this today. It can 

also lead to smaller and cheaper devices that can be used in new environments. 
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2 Theory 
This chapter contains an overview of the theory of the sensor, manufacture of the thin film 

used in this study and some theory of characterization methods. All the sensor measurements 

in this thesis have been made with a MOS capacitor sensor manufactured at MC2 Chalmers. 

Capacitor sensors are often used as prototype structures instead of the more stable transistor 

sensor, because it is difficult and expensive to manufacture field effect transistor (FET) based 

sensors. The capacitor sensors require laboratory equipment for measurements. 

2.1 The device prototype structure 

MOS technology is based on the metal insulation semiconductor (MIS). The construction is 

similar, consisting of three parts forming a flat capacitance; substrate, oxide and gate, see 

Fig.1. The substrate works as one side of the capacitance and the oxide forms a 

dielectric/insulation section to the gate. 

 
Fig.1. The left structure displays a MOS sensor and the right structure displays a MIS sensor.  

By having a difference in potential between the two areas with a dielectric material in-

between, a capacitance is induced, the strength of the capacitance is based on potential and the 

quantity of charges (see Eq.1.1). 

dV

dQ
dC  (1.1) 

dQ is the number of charges per unit area and dV is the potential difference between the 

electrodes at the small area.  

Silicon is the most used semiconductor material today in sensor technology and in electronics. 

The reason for using silicon is based on the properties and price. Silicon has four electrons in 

the valence band. By sharing valence electrons with four other semiconductors atoms it forms 

strong bonds (covalent bonds) and stable structures. In this pure form silicon is not a good 

conductor. If silicon is doped with an element with three valence electrons e. g. Al or B (p-

doped) or an element with five valence electrons e. g. P or As (n-doped) it either gets a 

surplus of current carriers, electrons or holes. By doping the silicon with different elements, 

semiconductors with specific abilities can be manufactured. The silicon in this thesis is based 

on a p-doped silicon substrate and will be used as base in the explanation of the theory behind 

MOS sensors. 

2.1.1 Substrate 

The sensor substrate is made of a semiconductor material. Semiconductor materials have 

characteristics that make them suited for sensors of this type and for almost all electronics 

today. Based on the notation of band gaps, semiconductors have a much smaller gap between 
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its conduction and valence band than e.g. insulators, this is also referred to as the forbidden 

gap. The small forbidden gap makes it possible to make the material conductive by adding 

energy, usually thermal. If an electron has enough energy to break its bond, it jumps from the 

valence band to the conduction band. It can then be called a free charge carrier because it can 

conduct electricity. In the position where the electron emerged there forms a hole. The hole 

attracts nearby electrons which give additional conductivity. 

2.1.2 Oxide 

The oxide is located between the gate and the substrate. The purpose of the oxide is to create a 

non conductive barrier between the gate and the semiconductor. The oxide layer works as an 

insulator and ideally an oxide should have an infinite resistance and not contain any stray 

charges or impurities. In reality this is not possible to achieve, but the oxide material is 

selected aiming at these properties. 

2.1.3 Gate 

The gate consists of a layer of a conductive material e.g. Al or Au. By levelling any applied 

charges over the gate area, one side of a parallel plate capacitor is produced. The gate can also 

be created by an ionic solution and then the sensor is called a MIS or an ISFET, these devices 

requires an external reference electrode to measure the potential in the solution. The ions in 

the solutions contain charges that build up the potential in the gate area in these sensors. The 

external reference electrode measures the potential in the solution to get a reference to the 

current in the ISFET. 

2.2 Capacitive measurement 

A MOS sensor needs an external potential to create electric field inside the MOS structure. 

The contact is grounded and the gate potential (
GV ) (see Fig.2) governs the electric field; 

 

soxG VV  (1.2) 

 

oxV  and 
s
are the potential drops over the oxide and semiconductor, respectively. By using 

Gauss’ law over the oxide the electric field (
oxE ) is given by; 

 

ox

ox
ox

x

V
E   (1.3) 

 

oxx  is the thickness of the oxide. The field is uniform though the oxide. The direction of the 

field is given by the gate potential. Gauss’ law require that the field must be continuous. If it 

is continuous over the interface between the oxide and the semiconductor, the electric field 

must be equal in that region, giving; 

 

ssoxox EE **  (1.4) 

 

s
 is the dielectric constant for the semiconductor, 

ox
 is the dielectric constant for the oxide 

and 
sE  is the electric field in the semiconductor. 

With Gauss’ law the electric field inside the semiconductor is given by; 
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0s

s
s

Q
E   (1.5) 

sQ  is the charge per unit area inside the semiconductor. Eq. 1.1, 1.2 and 1.3 combined gives; 

 

ox

s

ox

sox
ox

C

QQx
V

0*

*
 (1.6) 

 

oxC  is the capacitance over the oxide. Eq.1.6 inserted in Eq. 1.1 gives an expression for 
GV  

 

s

ox

s
G

C

Q
V  (1.7) 

On measuring a small signal (a signal that will not change the system) capacitance, the 

capacitance in the MOS structure is; 

 

s

ox

s

s

G

s

d
C

dQ

dQ

dV

dQ
C  (1.8 

C can also be expressed as two capacitances connected in series; 

 

sox CC

C
11

1
 (1.9) 

where 
sC  is the capacitance in the semiconductor and can be expressed as; 

 

d

ox

s

s
s

xd

dQ
C 0*

 (2.0) 

dx  is the depth of the depletion region, the x-axis has its zero value at the interface between 

the oxide and substrate and is directed into the substrate, see Fig.2. The thermal equilibrium is 

sustained by the donor ions in the silicon. 
sC  is dependent on the length of the depletion and 

therefore varies with the electric field. The capacitance can be summarized as; 

sox

sox

CC

CC
C  (2.1) 
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Fig.2. The capacitances 

oxC  and 
sC  in the MOS structure. 

sC is illustrated as a variable capacitance because 

it changes with gate potential. x is defined from the interface between oxide and substrate. 

2.2.1 Semiconductor states 

The different electric states of a semiconductor are dependent on the gate potential (Vg) and 

the substrate doping. There are three different states a MOS sensor can be operated in; 

accumulation, depletion and inversion see Fig.3. Vg induces a mirror charge at the interface 

between the oxide and substrate. Accumulation occurs when Vg is negative, the negative 

potential generates an electric field that is directed from the substrate to the gate. Holes can be 

regarded as positive charges and the electric field force them in the direction of the field. This 

make the electric field accumulate holes in the semiconductor/oxide interface. Depletion and 

inversion emerges from a positive gate potential. With a positive potential the electric field is 

inversed from the case with a negative potential. By acting from the gate to the substrate the 

electric field repels the holes from the oxide/silicon interface. The charge per unit area within 

the semiconductor (Qs) is given by; 

 

dAs xNqQ **  (2.2) 

 

AN  is the average charge per unit area in the semiconductor. The area of the region depleted 

from holes is proportional to the acting gate potential. The region increase until a critical area 

is reached, after reaching this transition inversion occurs. The inversion state derives from that 

the electrons begin to accumulate at the oxide/substrate interface creating a narrow n-type 

region that neglect the increasing potential. After reaching the critical state all the increasing 

gate potential occurs as adding of electrons to the inversion layer in the oxide/silicon interface 

[1, 2, 3]. 

To further explain, a model using band bending is used, see Fig.3. A requirement for this 

approximation to be valid is that the MOS sensor must be in thermal equilibrium. This means 

that the Fermi energy (EF) has to be equal on both sides of the oxide and there is a balance of 

energy. The oxide has large band gap and does not allow the electrons to move between 

bands. This results in band bending which occurs in the silicon to equalize a change in Fermi 

energy by balancing the energy, see Fig.3. By applying a potential to the gate a shift of the 

energy levels occurs. The number of states are preserved but they are shifted either up in 
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energy or down (in eV). This bends the bands close to the oxide. This means that depending 

on the sign of the gate potential, either the conduction band or the valence band bends towards 

the Fermi level. When either band bends closer to the Fermi level the possibility that a free 

carrier or a hole posses that state increase, leading to a surplus of either electrons or holes at 

the oxide/silicon interface. When the Fermi energy is higher than intrinsic energy (Ei) 

electrons will start to flow forming an inversion layer [1, 2, 3]. 

 

Fig.3. Electric states displayed with band bending. [15] 

2.3 Capacitive-Voltage (CV) curves 

The appearance of the CV curve, see Fig.4, can be derived from the electric states theory. In 

Fig.4 the different regions are marked on different sections of the graph, this is valid for a p-

doped semiconductor measuring with high frequency >1 MHz.  

When a large negative potential is present at the gate, holes accumulate at the 

oxide/semiconductor interface and create a high capacitance. Since the substrate is p-doped a 

large quantity of holes are present. When the potential drops holes are repelled from the oxide 

interface and a depletion region is formed. This is shown in the graph by the decrease in 

capacitance. When depletion change to inversion the decrease is levelled out. Some drift 

occurs and the sudden increase of capacitance at the end of the measurements presented here 

is a measurement error [1]. 

The interesting part of the graph is the depletion section. Depending on at what gate voltage 

the depletion occurs on an estimation of the solution (e.g. pH) can be made. The charged 

molecules that are present at the gate increase or decrease the strength of the electric field in 

the semiconductor resulting in a shift of the CV curve. By measuring this shift an estimation 

of the concentration of charged molecules at the gate can be made. 
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Fig.4. A CV curve with sections marked with region states. 

2.4 Sensor structure 

The sensor structure can be observed in Fig.5.  

 
Fig.5. To the left a top view over the sensor and to the right a cross section of the sensor showing the thickness 

of the different layers. 

The gold in the top of the structure build up the top contact area, the pad contact. The top 

contact is placed on top of a layer of thick oxide with a layer of chromium for adhesion. The 

oxide consists of a thick layer of SiO2 with a thinner layer of Al2O3 on top. This derives from 

the earlier work [8 9] since SiO2 does not perform very well in liquid environments and need a 

protective layer that prevent diffusion of ions from the solution into the insulator. The well is 

created by wet etching through the SiO2 and then thermal oxidation of Si which then oxidize 

to SiO2. The thermal oxidation gives a high quality SiO2. Thereafter a thin layer of Al was 

deposited. The Al undergoes an oxidation by heating it up to 500 °C in synthetic air creating 

an alumina layer on top of the SiO2.  
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The layout of the sensor structure was designed by Prof. Anita Lloyd Spetz and processed at 

MC2 Chalmers 

One difference in this diploma thesis as compared to [8, 9, 10] is that a thick oxide for the pad 

contact. This has the possibility to give a more stable measurement. 

2.5 Depositions of thin films 

There are many different techniques to make film depositions on a wafer. In this thesis the 

focus is on two common techniques, evaporation and sputtering. These techniques belong to 

physical vapour deposition (PVD) that uses physical methods to deposit films. Another often 

used group of depositions is chemical vapour depositions (CVD) those will not be covered 

here. 

2.5.1 Evaporation 

Evaporation is a PVD-technique that has been one of the most dominant ways of depositing 

thin films. Evaporation is the physical conversion when a material changes state from liquid 

to gas state. By heating up a target material in vacuum the atoms evaporate and flow out into 

the vacuum chamber from the target. The atoms condense when the energy decreases over the 

substrate (henceforth the substrate will include the oxide layer since the atoms condense on 

top of the oxide) [4, 5]. 

2.5.1.1 Evaporation theory 

A general equation for evaporation is given by Hertz-Knudsen. 

 

mkT

pp

dtA

dN v

e

e

2

)( *

 (2.4) 

 

dtA

dN

e

e  = Number of molecules evaporating from a surface area Ae in time dt [mol*m-2*s-1]. 

αv  = Evaporation coefficient [Mol]. 

p* = Equilibrium vapour pressure at the evaporated surface [N*m-2]. 

p = Hydrostatic pressure acting on the surface [N*m-2]. 

m = Molecule weight [kg]. 

k = Boltzmann’s constant [J*K-1]. 

T = Absolute temperature [K]. 

 

The equation gives a stochastic number of molecules that leave the evaporated area per time 

unit dt. 

The distance a particle statistically travels in vacuum, before colliding with another particle is 

called the particles mean free path (MFP). The MFP for evaporated particles in vacuum is in 

general 5*102 to 1*105 cm. If the MFP is higher than the distance between the source and the 

substrate, it gets point focused and the film becomes irregular. To receive a more uniformed 

film a gas is flowed in the vacuum chamber. The gas change the MFP of the evaporated atoms 

and make them collide multiplied times before reaching the substrate. This affects the 

formation of the atoms to get more uniformed distribution on the substrate. Another way to 

manufacture an even surface is to slowly rotate the sample in the vacuum chamber [4 5]. 
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2.5.1.2 Evaporation process 

There are three steps in the process of making a thin film with the evaporation method (many 

of the other deposition methods can be described with the same stepped process). 

1. Creation of deposition material 

2. Transport from the source to substrate 

3. Film growth on substrate 

Step 1: The process starts with heating of the source material. There are different heating 

methods for the source material e.g. resistance heating, induction heating, electron beam etc. 

After the temperature reach the evaporation point, the atoms starts to change state by the rate 

given in Eq.2.4. 

Step 2: The transport of the evaporated gold from the source to the substrate. The transport is 

dependent on the MFP, if the substrate is much bigger than the source the film will be 

irregular. As mentioned in chapter 2.5.1.1 there are ways to alter the MFP e.g. with collision 

gases or chamber pressure. One of the gases that are used for this purpose is argon (Ar). 

Step 3: The substrate is exposed to the evaporated source material. The source material 

particle condense on the substrates surface and form a layer of the source material. The 

growth rate of the film on the substrate is measured in Å/s. By using a shutter to cover the 

substrate, the time of exposure can be accurately controlled [4, 5]. 

2.5.2 Sputtering 

Sputtering is also a widely used PVD technique. The technique is based on colliding high 

energy particles onto a target causing the release of target atoms in vacuum. The atoms 

condense on the substrate and a film grows. Mostly ions of inert gases are used as 

bombarding particles, the choice of gas is based on the application. In the sputter system at 

Linköping University, Argon is used which is a frequently used gas for sputtering [5, 6]. 

2.5.2.1 Sputtering theory 

The setup of sputtering chamber is shown in Fig.6 The elevated pressure in the chamber range 

between 10-5 to 10-1 Torr. The pressure controls the MFP as in evaporation, see chapter 

2.5.1.1, the MPF ranges between 5*10-3 to 5*10-0m. By supplying high voltage to the system 

an electromagnetic field is formed between the anode (target) and the cathode (substrate). 

There are different ways of creating ions for bombardment; the one used at Linköping 

University is based on plasma. Ions caught in the electric fields accelerate toward the anode. 

Depending on how high kinetic energy the ions have, the impact on the anode will cause 

different physical results. To create films for semiconductors, an energy range of 

50 to 1000 eV covers most practical uses, lower energy ions have less chance to sputter out an 

atom from the target. 
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Fig.6. A sputtering system showing how the argon ionizes and impacts with the target sputtering out gold atoms, 

atoms transports to the substrate either with a straight trajectory (ballistic transportation) or by colliding 

(diffuse transportation). 

Higher ion energies can penetrate the target and embed the ion without emitting any atoms. 

The higher and lower energies have other applications that will not be covered here [5, 6]. 

When an ion hits the target it collides with the surface atoms. After the first collision the 

surface atoms collide with the subsurface atoms and so forth. The effect of impacts can be 

simulated with Monte Carlo simulations [14]. In this ripple effect, an atom can be knocked out 

of its surface place. Higher energies give higher yields of atoms. 

The angle of incidence affects the yield of sputtered atoms. By lowering the incident angle 

(see Fig.7) more of the energy will be transferred into the surface layers and the greater the 

chance that a surface atom will receive enough energy to break out from the surface. Lower 

angles increased the chance that an atom reflects on the surface and no physical penetration 

occurs. Sputtered atoms have high kinetic energy. 
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Fig.7. Different angels of impact. The red fields indicate at what direction the energy in the impact distribute, 

that results in different yields of gold atoms. 

There are two ways for a sputtered atom to transport from the target to the substrate, diffuse 

and ballistic transportation. In diffuse transportation the atoms undergo a series of collisions 

and lose some of their energy. In ballistic transportation the atom hits the substrate in a 

straight trajectory. The difference between diffuse and ballistic transport is the condensation 

on the substrate. The diffuse transported atoms have very low kinetic energy when they 

condensate on the substrate, creating a less organised film, this gives the film properties 

similar to evaporated ones. The ballistic transported atoms have higher kinetic energy, 

therefore on impact the atoms have more energy to find a suitable position in the film, and 

this creates a denser film. There is also ways of combining ballistic and diffuse transportation 

[5, 6]. 

2.5.2.2 Sputtering process 

The process follows the three steps like evaporation.  

1. Creation of deposition species 

2. Transport from the source to substrate 

3. Film growth on substrate 

Step 1: To produce the yield of deposition particles, voltage, gas flow and angle of incidence 

are set. After the plasma has ionized the Ar atoms, the target is bombarded and particles 

sputter out. 

Step 2: To create porous films both diffuse transportation and ballistic transportation are 

applied. Porous film sputtering is made by using a high pressure and a high flow of Ar gas. 

Step 3: The particles that condense on the substrate have different kinetic energy. With 

different kinetic energy the atoms impact on the substrate is very different. The low energy 

atoms condense on arrival while high energy atoms condense slower and penetrate deeper into 

the substrate and film. A mixture of high and low energy atoms building up a film can render 

into a porous film [5, 6]. 
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2.6 Scanning electron microscope 

A Scanning electron microscope (SEM) is a microscope based on electron interaction on the 

surface of an object. An electron beam bombards a surface area under vacuum. The surface 

atoms interact with the electron in different ways: backscattered electrons, second electrons 

and other small high energy particles are reflected or emitted out from the surface. By using 

different detectors (modes) the SEM can display images based on different kinds of particles. 

Very high magnification and resolution can be obtained with SEM, with optimal conditions, 

resolutions down to 1-2 nm can be obtained [7].  
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3 Film properties and preparatory work 
This chapter covers film properties and preparatory work on the internal reference electrode. 

The internal reference electrode is a thin porous gold film on top of the oxide. 

3.1 Film thickness 

To use a thin film as a reference electrode requires that it is conductive. If the thickness of the 

film is too low, it will create isolated islands that do not have any contact with its 

surroundings. If large areas of the film are isolated it will not conduct and be useless as a 

reference electrode. 

If the film is too thick, the films porosity will decrease and if it covers the whole surface, no 

interaction will take part between the solution and the oxide. Based on earlier studies [8, 11] 

the film thickness for this study is focused around 200 Å. This thickness gives a porous and 

conductive film with few isolated islands. 

Johansson [10] indicated that his measurements did not show any correlation between 

thickness and adhesion. The films ranged from 100 to 500Å. 

3.2 Adhesion 

Adhesion between gold and an oxide is poor. To improve the adhesion of the gold films to an 

oxide, T. Cass et al [12] proposed that the use of a tiny layer of chromium or titanium 

underneath the gold film could improve the adhesion. As drawbacks with using an 

undercoating layer M.B. Ali et al [13] reported that chromium or titanium can interfere with 

thiol molecule covering which are used to immobilize biomolecules. This will not affect this 

project. Another disadvantage stated is the possibility that a galvanic cell forms. Titanium or 

chromium are used in many applications as a glue layer e.g. when creating backside contacts 

of sensors. A thin layer of titanium or chromium is of great importance to make the contact 

layer adhere to the substrate. Because the film has to be porous the idea was to deposit grains 

of chromium or titanium on the oxide surface to increase the adhesion of the gold film. [11] 

3.3 Annealing 

Annealing is a common process to strengthen a material. The material is heated to a specific 

temperature in a chamber, the temperature depends on the material, and the time for this 

process varies depending on the desired attributes. When depositing a thin film, the film can 

develop stress forces. These forces can strain the film. By annealing the film the atoms gets a 

higher level of freedom. If a systems energy is not in equilibrium, it works toward evening out 

the energy, reaching an equilibrium state. By raising the temperature, the energy of the 

particles allows the reduction of the systems energy by rearrangements. This evens out the 

stress forces in the film, making it more durable. Gold has a high surface tension and the 

rearranging of atoms form grains of gold when annealed. Grain formations increase the 

porosity of the film. [12] 

3.4 Cleaning procedure 

Before the metal films are deposited the substrates are cleaned. First they are immersed in 

Piranha solution containing 3:1, H2SO4, H2O2 for 10 min. Piranha is a strong acid that 

removes organic materials and makes the surface hydrophilic. After the acid treatment the 

samples are rinsed with bubbling water for 5 min. Finally the samples are blown dry with 

compressed air. 
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4 Method 
The methods used for processing the film and the tests preformed will be described in this 

chapter. 

4.1 Substrate 

A SiO2 wafer was provided by Jeanette Nilsson (clean room technician). To create an alumina 

wafer, 1000Å of Al was deposited by evaporation onto a silicon wafer. The wafer was cleaned 

by a sonic bath (distilled water) in a Bandelin Sonorex Rk100 for ten min, followed by ten 

min, of ozone treatment in an UVO-cleaner model 42-220. After the cleaning procedure the 

wafer was heated in a Velstar VTCF6 at 500°C for 30 min in a oxygen environment. This 

process completely oxidises the top Al layer forming a smooth flat surface. This alumina will 

henceforth be referred as smooth alumina. This compared to the rough alumina on the 

Chalmers processed sensors.  

The label smooth derive from the surface of this alumina which is smoother than the surface 

of the Chalmers produced alumina. This effects the structure of the film that is deposited onto 

these substrates and the process of creating the thin porous film. 

4.2 Deposition of films 

Before depositing the films the substrates were cleaned using piranha solution (see chapter 

3.1.4). Depositions have been made in two systems at Linköping University. The evaporation 

system is named Valfrid. At this system all the evaporated depositions were made. The first 

film depositions were made with Valfrid. The power supply was set to 10 V and vacuum was 

pumped down to 4-6*10
-6torr. Both gold and titanium films were deposited with Valfrid. New 

backside contacts had to be deposited with evaporation on sensors that was lost their backside 

contacts when annealed. 

The sputtering system is located in the Device Physics lab at Linköping University. In this 

system the majority of the films were deposited. To create the films an elevated pressure at 

5mtorr and an argon gas flow of 26ml/s was used. The magnetron power was set at 400V and 

400mA for the deposition of the titanium and 380V and 160mA for the gold. This setup creates 

an environment suitable for a mixture of ballistic and diffuse transportation creating porous 

films. The system does not include any thickness measurements but based on standard logs at 

the system three minutes sputtering deposits a 200Å thick gold film. The sputter deposit times 

investigated for the titanium ranged from 30-60s. 

4.3 SEM 

SEM was conducted with LEO1550 at Linköping University. Samples was mounted on metal 

stubs and adhered with silver glue or conductive carbon tape. The energy in the electron gun 

ranged from 5-15 eV and in lens mode was used to create the images. The measurements were 

performed at room temperature.  

4.4 Annealing of films 

For annealing a Heraeus instruments M104 was used. Annealing temperatures were varied 

between 150-300 °C and annealing time have ranged from 1-24 h. Samples was scribed into 

small pieces and placed in glass beakers that were placed in the furnace and brought out at 

pre-set times. 
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4.5 pH test of sensors 

The sensors were mounted on a circuit board and bonded to the backside and top contact by 

Anders Evaldsson (technician in charge of wire bonding at IFM). CV measurement was 

preformed with a Multi capacitance meter (MCM) computer program controlling a Boonton 

7200 capacitor meter sweeping voltage from -5 to 5 V which created a CV curve by logging 

the voltage and capacitance against each other forming a XY-graph. 

4.6 Adhesion test of films 

Liquid adhesion tests were carried out with a static test and with a voltage current test in 

liquid. The static test was performed by putting samples of different characteristics into 100 

ml test tubes filled with 20 ml pH 7 buffer solutions. The test results were logged on daily 

bases during one week. The CV in liquid test overlapped with the pH test by running several 

voltage sweep sequences with droplets of pH 7, pH 9 and pH 4 buffers on the sensor in that 

sequence. The peel off effects was studied visually and SEM inspection was performed. 
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5 Internal reference electrode development 
Development of the porous Au/Ti film has been the most time consuming part of this project, 

this chapter illustrates the work done with the film and how the film parameters where 

retrieved. 

5.1 Overview 

 
Fig.8. Flowchart of the process involved in making the internal reference electrode. 

Fig.8 displays the development process with the internal reference electrode for the liquid 

measurements. The process includes a number of key parts that will be explained further in 

this chapter. Some process steps have been iterated in loops e.g. annealing. SEM and porosity 

studies have generated a lot of sample images and data. A selection of data and images has 

been picked to represent the results. 
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Table 1 shows the different sets of film that have been deposited in the project. A number has 

been assigned to each film in order to simplify the report. 

Table 1 

Snr Substrate Metals deposited Method of deposition 
1 SiO2 Au 200Å Evaporation 
2 Al2O3 (smooth) Au 200Å/Ti 

grains 

Evaporation 

3 Al2O3 (smooth) Au 200Å Sputtering 

4 Al2O3 (smooth) Au 200Å/Ti 45s Sputtering 

5 Al2O3 (smooth) Ti 45sek Sputtering 

6 Al2O3 (rough) Au 200Å Sputtering 

7 Al2O3 (rough) Au 200Å/Ti 30s Sputtering 

8 Al2O3 (rough) Au 200Å/Ti 45s Sputtering 

9 Al2O3 (rough) Au 200Å/Ti 60s Sputtering 

10 Al2O3 (rough) Au 200Å/Ti 

grains 

Evaporation 

Table 1. Variation of films deposited during the project. 

5.2 Film parameters and deposition 

The fundamental film parameters that can be altered are gold thickness and titanium 

thickness. The 200Å gold thickness produces a semi porous film which becomes more porous 

upon annealing. The gold thickness have not been altered during the process time, it has been 

the fixed parameter that the other parameters have been based upon. 

The structure of the film can vary with the same gold thickness depending on mainly two 

factors. The first factor is in what way the films are deposited, in this thesis evaporation and 

sputter depositions has been used. Evaporation has only been used in the start of this project 

to create some test samples and get a simple structure to start and work with.  

The second factor depends on the structure of the substrate material on which the film is 

deposit. Silicon dioxide has a very smooth surface where the gold atoms have difficulties to 

settle. The alumina has a rougher surface where the gold can find more anchor points to 

adhere to. This produces a film that has better adhesion. The silicon dioxide was used initially 

to test and find some basic parameters for annealing. Fig.9 show how two films with the same 

gold thickness can vary depending on these parameters. 

  
Fig.9. To the left: Snr1 unannealed. To the right: Snr6 unannealed. 
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Titanium was added below the gold layer to increase the adhesion of the film. The amount of 

titanium underneath influences the structure. This parameter was challenging to control 

because of the difficulties in investigating the incomplete titanium layer underneath the gold 

layer. Too much titanium will result in a film that is impossible to anneal porous without 

implications to the capacitance measurements, too little will affect the adhesion of the film. 

5.3 Annealing 

Annealing was performed on all samples. The main purpose of annealing is to increase the 

porosity and strengthen the film. The parameters that can be varied with each set are 

annealing time and temperature. Both parameters have a huge impact on the annealing effect. 

Annealing temperatures which have been investigated are 200°C, 250°C and 300°C. 150°C 

was also tested but the progress rate in that temperature was not satisfying. The time 

parameter ranged from 1 to 24h. After each annealing the samples were investigated with 

SEM and depending on the characteristics of the film the annealing parameters adjusted. 

Fig.10 shows how porosity can vary depending on process and substrate. The top left image 

shows a film that is not porous. The top right image shows a film with porosity consisting of 

small holes covering the whole surface. The bottom left image shows porosity which consists 

of fewer but bigger holes and the bottom right image shows a film that consisting of isolated 

islands that occur when a film is heavily annealed. 

  

  
Fig.10. Images of different porosity structures.. Top left: Snr9 annealed for 16h at 250°C. Top right: Snr1 

unannealed, showing traditional porosity, Bottom left: Snr7 annealed for 17h at 250°C. Bottom right: Snr9 

annealed for 5h at 300°C. 

5.3.1 Titanium 

To increase the adhesion of the film a layer of titanium grains was deposited between the 

alumina and the gold film. This was preformed with both the evaporation and sputter systems. 

The influence of the titanium was hard to predict and the amount needed to increase the 
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performance of the sensor was unknown. To get an estimation of how much titanium that was 

deposited underneath the film, a deposition with a layer consisting of 60s titanium was 

preformed. Fig.11 shows the distribution of the titanium grains. The right image indicates that 

the titanium grains do not cover the film uniformed. 

  

Fig.11. To the left: The light parts are grains of titanium on an alumina (smooth) substrate. To the right: An 

overview of the uneven scattering of titanium grains. 

To display the effect of the titanium a series of comparative images will be displayed and 

commented upon. Fig.12 show how three different sets of films looked before any annealing. 

The images in Fig.12, display the films from a sets with no titanium, 30s and 60s, the structure 

of the film show a little too non difference. This indicates that the titanium does not interfere 

with the film porosity during deposition. 
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Fig.12. Unannealed films of different parameter sets. Top left: Snr6. Top right: Snr7. Bottom left: Snr9.The 

edge in the middle is the lower edge of the sensor, see Fig.5. 

The images in Fig.13 display how the titanium influences the film adhesion. The images show 

a significant change in annealing time to achieve the same porosity. Both films were 

deposited on the same substrate and have the same gold thickness. The left film does not have 

any titanium underneath and shows the same porosity after only 6 h annealing at 250°C as the 

right film which has been annealed for 17h at 250°C. 

 

 
Fig.13. To the left: Snr6 annealed for 6h at 250°C. To the right: Snr7 annealed for 17h at 250°C. The line in 

the middle is an edge of the sensor, the light foggy part is elevated and not in focus. 

Fig.14 shows how an excessive amount of titanium affects the film. The left image contains 

higher amounts of titanium and not possible to deliver a porous film with the annealing 

procedure carried out in this thesis. The right one contains half the amount of titanium and 

displays a much higher porosity. 
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Fig.14. To the left: Snr9 annealed for 16h at 250°C. To the right: Snr7 annealed for 17h at 250°C.  

5.3.2 Evaporated films 

Table 2 shows annealed films from the first set of sample, 200Å gold deposited on a SiO2 

substrate (Snr1). The unannealed (UA) sample in the first row shows how the film looked 

before annealing. The unannealed film is porous but the film is not very stable as is displayed 

during the annealing. During the first hour some rearranging of the holes occurs but the 

porosity is intact. 
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Table 1 
h/°C 1  2  4  
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Table 2. Snr1 with different annealing times and temperatures. 
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The unannealed evaporated AuTi film (Al2O3 smooth evaporated) in Fig.15 shows that the 

substrate has changed the morphology of the film. The alumina film is not porous and has an 

increased grain formation. The decrease in porosity may be explained by the rough surface of 

the alumina giving a larger area exposed to the condensation gold atoms, compared to the 

smaller surface area of a smooth surface.  

 
Fig.15. To the left: Snr2 unannealed, the big bright object is a surface artefact. To the right: Snr1 Unannealed. 

The annealing of gold or titanium/gold films on an alumina substrate differs from that on a 

silicon dioxide substrate. Fig.16 shows an image of an evaporated AuTi film on a smooth 

alumina substrate that has been annealed for 4h at 300°C and even with the titanium 

underneath the reconstruction time of the film is lower compared to the SiO2 substrate. This 

may be due to the roughness of the surface creating valleys and hills, which increase the 

adhesion on the rougher surface, making it less likely to become porous at low annealing 

times and temperatures. 

 
Fig.16. To the left Snr2 annealed for 4h in 300°C. To the right Snr1 annealed for 4h in 300°C. 

5.3.3 Sputtered films 

Sputtered films and evaporated films were investigated in [8, 10] with the conclusion that the 

sputtered films adhered better than the evaporated films. Based on this result, the work 

concentrated on sputtered films. In Table 3 an overview of the work undertaken to develop the 

final parameters is shown. The annealing temperature was set to 250°C after annealing at 

300°C proved less controllable. The reconstructing of the film morphology at 300°C can be 

overviewed in Fig.17 there the whole film and the top contacts disintegrated into isolated 

islands after just 5h. 250°C was found to be a good temperature for maintaining control over 

the film reconstruction. 
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After annealing at 16h the film morphology starts to open up and create hole-porosity but it 

was not porous enough for the intended application. To increase the porosity the amount 

deposit time of titanium was decreased to half. The lower Ti films were annealed for 17 and 

20h, this film is displayed in Fig.18. Snr7 annealed for 17 h show the right porosity and was 

used for all liquid testing. 

Table 3 
h/°C UA  2  4  
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Table 3. Annealing work done on Snr9. 
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Fig.17. To the left: Snr7 annealed for 17h at 250°C. To the right: Snr7 annealed for 20h at 250°C. 

5.4 CV and pH measurement 

In Fig.18 the effect of the metal film on the CV-curve is displayed. The curve with no 

film (pink) shows that without a film the sensor does not give any capacitance difference in 

the voltage sweep. While with the evaporated AuTi film (Snr10) the step in the CV curve is 

present around -2 V. 

 
Fig.18. A graph with CV curves from Snr10 and a sensor with no film. 

By measuring the gate potential, the charged solution present at the gate will affect the CV 

curve that is produced with the voltage sweep, see chapter 2.3. Since pH is a measure of the 

concentration of hydrogen ions in the solution by a negative logarithmic scale, the gate 

potential will change with different pH buffers and produce a voltage shift in the CV curve. 

The result of this can be viewed in Fig.19 where the step around -2.5 to -1.5 is used to measure 

the voltage shift in the CV-curve. The voltage shift occurring with different pH-buffer 

indicates that that the sensors capacitance is sensitive to the concentration of ions in the 

different solutions. The pH 9 (blue) curve is the first to drop in capacitance at a lower voltage. 

The pH 7 (green) line is next in the graph to enter inversion and the pH 4 (pink) line enters the 

inversion state at -1 V. 
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Fig.19. Graph over pH-measurements done with Snr7 annealed for 17h at 250°C. 

5.5 Adhesion 

One of the aims in this project was to try and increase the adhesion of the films in a liquid 

environment. All the different films managed to endure a week in the pH 7 buffer solution. 

The results from the current test gave a greater difference, between the films with Ti and those 

without. Fig.20 shows two films that have undergone the test. They had the same porosity 

before the test, see Fig.17. 

 
Fig.20. Two film after the adhesion test. To the left: Snr6 annealed for 6h at 250°C. To the right: Snr7 annealed 

for 17h at 250°C. 

The left image shows a pure gold film (Snr6) that has suffered severe peeling off effects. The 

gold on the film has begun to peel off and the structure of the film has decomposed leaving a 

structure with little or no gold, the remaining gold forms isolated regions. The right image 

shows a titanium gold film subjected to the same treatment. The structure is solid and no 

indications on peeling off had occurred. 
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6 Discussion and summary 
In this chapter the results will be summarized and discussed. Starting with the deposition then 

continuing with how annealing and adhesion alters with time and temperature. This chapter 

ends with a short discussion about the results from the measurements. 

6.1 Deposition of film 

The earlier studies [8] done with evaporated films indicated that evaporated films have less 

adhesion than sputtered films in liquid measurements and the aim of this project is to conduct 

liquid measurements. This ruled out the evaporated films and they were not used.  

Evaporation was used to deposit backside contacts for the 17-20h annealed Snr7 films, 

because through the annealing of those films the backside contact was destroyed. The new 

backside contacts consisted of 50Å chromium and 2000Å gold. 

The absence of a thickness monitor in the sputter system, made the thickness of the films hard 

to predict. Based on earlier depositions preformed at the system, a deposition time of three 

minutes gives a 200Å thick gold film. The same parameters have been used for all the gold 

films sputtered in this system. 

6.1.1 Characteristics of substrate 

At the start of the project the effects of different substrates were not considered. After the first 

test with SiO2 the work moved toward alumina, because alumina was used as the active layer 

on which the films would be deposited on the MOS structure. The differences in the substrate 

created problems; the parameters achieved in the work with SiO2 where not applicable on the 

new substrate due to the morphology of the surface. The comparison between the different 

substrates made in Fig.15 shows one of the biggest differences between the substrates, the 

rougher surface of the alumina makes it easier for the gold atoms to adhere to the surface 

making the coverage of the film more even. This also affects both the annealing parameters 

(temperature and time). 

The same procedure as between SiO2 and smooth alumina turned out when changing from 

smooth alumina to rough alumina. The difference of the rough and smooth alumina was 

unknown before the work with the rough alumina was undertaken. The difference in 

roughness is likely to derive from the different ways of fabricating the alumina. 

6.1.2 Annealing 

Finding the right parameters of annealing is an iterative process. The porous structures are not 

visible with a light microscope, which means that after each new set of annealed films the 

structures had to be investigated with SEM. There is no good way to know in advance how to 

set the annealing parameters and how they affect the film since each substrate and each film is 

individual. 

With the deposition of titanium the films adhesion increased, which made annealing to create 

more porous structure even more challenging. The films with 60s of sputtered titanium 

adhered too well and proved to be very challenging to achieve a porous structure by 

annealing, without destroying all the edges around the well structure of the sensors structure 

see Table 3.  

The roughness of the substrate renders the film more sensitive to temperature. The annealing 

done on SiO2 (see 24h 300°C in Table 2) compared to the rough alumina film (See the bottom 

right image in Fig.10) gives a good indication about the effects of annealing between different 
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substrates with the same temperature. This difference may derive from the increased surface 

area on the rough alumina increasing the effect of heat.  

The temperature did not affect the films that were deposited on the SiO2 substrate in the same 

degree as it reconstructed the films deposited on the alumina substrate. After annealing the 

alumina films at 200°C and 300°C with very different results the temperature was set to 

250°C, this temperature gave a better control of the annealing than 300°C but lower annealing 

times than at 200°C. The trade off between those effects suited the pace of developing a good 

porous film. 

The work with the time parameter was more straightforward, the basic testing consisted of 

annealing a number of samples, usually around three, in a time window that is believed to 

include a possible good annealing time. The time window can be increased to the annealing 

times depending on the information from the last investigated film. This can end up in very 

long series as showed in Table 3. 

6.1.3 Film porosity 

The film porosity described in chapters 5.3.2, 5.3.3 indicates that morphology of different 

substrates affects the film porosity differently. The smooth silicon dioxide gave high porosity 

with small holes, while the rough alumina developed less but bigger hole structures. The 

porosity displayed in the alumina (both types) was initially thought to derive from the 

titanium, but after the same type of porosity appeared in the films without titanium, this leads 

the thoughts to the surface morphology of the substrate.  

The pH tests of the Snr7 films show that the porosity of the film is enough to allow the 

solution to interact with the oxide and influence the capacitance. The titanium layer did not 

directly affect the porosity of the film, see chapter 5.3.1. 

6.1.4 Adhesion 

The earlier work in the field with gold films for liquid MOS sensors [8, 9, 10], all had 

difficulties with adhesion in liquid measurements. The thought was that by using a non-

covering layer of titanium underneath the porous gold film, the adhesion would increase and 

counter the peeling off effect. The results in chapter 5.5 support this hypothesis. An 

observation done with the Snr6 films during the current liquid adhesion test indicated that the 

peeling effect increased with lower pH. Why a more acid solution has an increased peeling of 

effect could come from the increase of internal forces derived from the increase of hydrogen 

ions in the environment. 

6.1.5 CV and pH measurements 

The effect of a gold film on the CV characteristics of the sensor is displayed in Fig.18. The 

flat line curve from the sensor without a film indicates the capacitance over the thick oxide. 

After adding a conductive film, connecting the top contact with the thin oxide area (the well), 

the capacitance from the thin part is added to the rest of the capacitance giving an increase in 

the total capacitance. The total area of the thin oxide in the well is much smaller than of the 

area of the thick oxide forming the pad contact. The effect of the small oxide area inside the 

well can be explained by Eq.1.3 which shows that the electric field is dependent of the 

distance between the contacts. This generates a higher and more sensitive contribution from 

the well on the total capacitance. A small area with a thin oxide gives a lager effect on the 

capacitance than a big area with a thick oxide. In the thick part of the sensor, the electric 

states in the semiconductor are not affected by the gate potential, which can be seen in the 

graph line (see Fig.18) with no film. The sensor with no film does not give any indications on 
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accumulation, depletion or inversion in its CV curve. The CV curve in the sensors with an 

deposited porous gold film derives from the changes in electric states in the silicon in the well 

when a gate potential is applied. The result shown in Fig.19 gives an indication that the MOS 

structure works and can be used to measure pH. The shifts are not large but it is a significant 

difference between them and they shift in the right direction according to theory. Higher 

concentrations of hydrogen ions will shift the curve to higher voltages because the ions make 

the gate potential more positive. This measurement has been preformed several times with the 

same result. 
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7 Conclusions and future work 
This chapter will include the conclusions about the project and what can be further 

investigated in this field to create a stable sensor for measuring charged particles in liquid 

solutions.  

The aim of this project was to investigate a new MOS device for liquid sensing. This device 

was based on a silicon/silicon dioxide/aluminium oxside structre and equipped with a gold 

film to use as an internal reference electrode for measuring in liquid solutions. The pH 

measurements preformed indicates that the sensor can measure different pH. The adhesion of 

the AuTi films was excellent and the concept of using titanium grains as anchor points to 

increase the adhesion was investigated and confirmed. A lot of data surrounding annealing of 

different films has been produced and displayed. The work with the different parameters can 

be of use for further work in this field but the individualism in each set of film indicates that 

much work has to be undertaken to select appropriate annealing parameters. 

The alumina substrate seems to be a good oxide for this application; it adheres well to the 

AuTi and is stable in a liquid environment. Earlier work in this field has indicated that there 

might be worth to continue to investigate different oxides to improve the properties of the 

film [9,10]. 

Further work on finding better parameters of titanium, to increase the adhesion could be 

performed. 

The annealing parameters of the films varied with each deposition and the work to find the 

new parameters is very time consuming. To speed this up a schedule of each deposition, 

annealing and SEM session can be created. By organizing booking of the machines, work 

stations and in advance with a closer time schedule, time can be saved. 

Something that was intended in this project was to run continues measurements with different 

pH tests of the sensor using a flow cell to change pH over the sensor. This would have given a 

better understanding about the durability and selectivity of the sensor. This was left out 

because there was no flow cell and no time to construct one or a similar structure. Also there 

was no good way to isolate the top contact without covering the gate area of the sensor. 

The testing with the DNA molecules was never performed but nothing in this project indicates 

why it would not work to measure charged particles other than hydrogen ions. The size and 

the mobility of the particles could give problems with drift and stability of the result. 
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