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Abstract: Micromirror arrays are a very strong candidate for future energy saving applications. 

Within this work, the fabrication process for these micromirror arrays was optimized and some 

steps for the large area fabrication of micromirror modules were performed.  At first the surface 

roughness of the insulation layer of SiO2 was investigated. This SiO2 thin layer was deposited 

on silicon, glass and Polyethylene Naphthalate (PEN) substrates by using PECVD, PVD and 

IBSD techniques. The surface roughness was measured by Stylus Profilometry and Atomic 

Force Microscopy (AFM). It was found that the layer which was deposited by IBSD has got the 

minimum surface roughness value and the layer which was deposited by PECVD process has 

the highest surface roughness value. During the same investigation, it was found that the surface 

roughness keeps on increasing as the deposition temperature increases in the PECVD process. 

A new insulation layer system was proposed to minimize the dielectric breakdown effect in 

insulation layer for micromirror arrays. The conventional bilayer system was replaced by five 

layer system but the total thickness of insulation layer remains the same. It was found that 

during the actuation of micromirror arrays structure, the dielectric breakdown effect was 

reduced to approx. 50% as compared to the bilayer system. In a second step the fabrication 

process of the micromirror arrays were successfully adapted and transferred from glass 

substrates to the flexible PEN substrates. In the last section, a large module of micromirror 

arrays was fabricated by electrically interconnecting four 10cm×10cm micromirror modules on 

a glass pane.   

Key Words: MEMS, Surface roughness, Stylus profilometry, Atomic force microscope, 

Dielectric breakdown 
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Zusammenfassung: Mikrospiegelarrays sind sehr vielversprechende Kandidaten zur 

Anwendung in der zukünftigen Energieeinsparung. In dieser Arbeit wurde der 

Herstellungsprozess derartiger Mikrospiegelarrays optimiert und einige Schritte für die 

Übertragung zum großflächigen Herstellungsprozess vorbereitet. Zuerst wurde die 

Oberflächenrauhigkeit der Isolationsschicht aus Siliziumdioxid (SiO2) untersucht. Diese dünne 

SiO2-Schicht wurde zuvor auf drei verschiedene Substratarten: Silizium, Glas und 

Polyethylennaphthalat (PEN) aufgebracht. Die verwendeten Depositionsmethoden sind die 

PECVD, PVD und IBSD. Die SiO2-Schichtdicke wurde für jede Depositionsmethode bei       

150 nm konstant gehalten. Die Oberflächenrauhigkeit wurde mit Hilfe von Stylusprofilometrie 

und Rasterkraftmikroskopie bestimmt. Es konnte festgestellt werden, dass die mit IBSD 

aufgebrachte Schicht die geringste Oberflächenrauhigkeit besitzt, während die durch PECVD 

hergestellte Schicht die höchste Oberflächenrauhigkeit aufweist. Während der Untersuchung 

wurde die Substrattemperatur für die Deposition mittels PECVD zwischen 80°C und 300°C in 

40°C-Schritten variiert. Es konnte gezeigt werden, dass die Oberflächenrauhigkeit mit 

zunehmender Substrattemperatur während der Deposition steigt. Eine neue Isolationsschicht 

wurde zur Minimierung des dielektrischen Durchschlags vorgestellt. Das konventionelle 

Doppelschichtsystem wurde durch ein Fünfschichtsystem ersetzt, wobei die 

Gesamtschichtdicke beibehalten wurde. Durch dieses neue Schichtsystem konnte der 

dielektrische Durchschlag während der Aktuation der Mikrospiegelarraystrukturen gegenüber 

dem Doppelschichtsystem deutlich reduziert werden. Im zweiten Teil wurde der 

Herstellungsprozess der Mikrospiegelarrays erfolgreich angepasst und durch Optimierung des 

konventionellen Prozessrezepts von dem Glassubstrat auf das flexible PEN-Substrat 

übertragen. Im letzten Teil wurde ein großes Modul bestehend aus vier elektrisch verbundene 

10cm × 10cm Mikrospiegelarrays auf einer Glasfläche hergestellt mit einem Gesamtmaß von 

21cm × 21cm.  

Stichwörter: MEMS, Oberflächenrauhigkeit, Stylusprofilometrie, Rasterkraftmikroskopie, 

elektrischen Durchschlagfestigkeit  
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1. Introduction and Motivation 
 

f we look back into the history of the electronic devices, we will be amazed to see the 

progress in the size of the devices. For example, if we take an example of the Personal 

Computer (PC), it is a well-known fact that when the first PC was introduced it required 

several rooms for installation. But when the first “field effect transistor” was practically 

developed at Bell Labs by William Shockley [1], although it was first patented by Jullias Edgar 

Lilienfeld in 1926 [2], it brought a huge revolution in the field of electronics. With the passage 

of time, more research was carried out by scientists to reduce the size of the transistor. The main 

advantage of this work is being miniaturization, leading to reduction of costs and more lifetime 

stability [3]. 

Similarly, in the field of Micro Electro Mechanical System (MEMS), this miniaturization also 

plays a very important role. Important representatives for MEMS are micromirrors and 

micromirror arrays. These micromirror arrays are mainly mirrors but on a microscopic level. 

The first Digital Micromirror Device (DMD) was developed by Texas Instruments, in 1987 by 

Dr. Larry Hornbeck [4]. This DMD comprises arrays of micromirrors and the main purpose of 

this DMD was to modulate the light to produce high quality videos [5]. This type of MEMS 

technology, which uses micromirror devices is called Digital Light Processing (DLP), in which 

our eye receives a burst of digital pulses, which are interpreted as color, transmitted by these 

DMD devices when they receive a digital video [6]. Nowadays, this DLP is an essential part of 

several display devices such as multimedia projectors and even in a digital cinema and 

boardroom projectors [7]. Currently this DLP technology is used by Texas Instruments to 

manufacture full HD 1080p projectors, smart source 3D projectors [8] and even Pico Projectors 

which are installed in a smartphone [9]. Also there are micromirrors which can be used as 

optical switches as patented by Texas Instruments [10]. 

Beyond state of the art, there are the micromirror arrays which can be used for guiding and 

steering of daylight when installed in large windows of buildings, patented by Prof. Dr. Hillmer 

et. al.  [11]. According to the patent, these micromirror arrays can be installed in between two 

panes of windows on large areas, in the order of square centimeters and above. These modules 

of micromirrors can be controlled, segmentally or on the whole, from some specific place by 

some addressing network which consists of some logic design electronics. Also, these complete 

micromirror arrays can be fabricated over glass substrate including all addressing network lines, 

I 
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so there is no need to use expensive silicon based chip technology, hence making these 

micromirror arrays less expensive [11].  

This thesis work deals with the application of these micromirror arrays in active windows. In 

the Figure 1.1 below, the complete scenario of an active window which can be installed in 

future, is shown. A man is working in the direct sunlight and these micromirror arrays are 

controlled by a microprocessor in such a way that they can block the sunlight, which is annoying 

for the man but necessary for the plant [12]. 

 

Figure 1.1: Working principle of active windows original figure from [12] 

From the above figure, it can be realized that the micromirror arrays are controlled in three 

different positions, one position is completely closed position i.e. in the middle of the window 

where all the sunlight is blocked. Second position is tilted in such a way that the sunlight can 

be focused on the ceiling so that man can read the book in comfortable light and the third 

position is to tilt the micromirror in such a way that the light can be guided to the plant which 

is necessary for its growth.  

Another possible application of these micromirrors is to use them on building fronts as 

concentrator element to guide the sunlight for photovoltaic applications [13]. These 

micromirror arrays then will be controlled by a microprocessor unit, which continuously 

collects data from a sun position sensor and moves the micromirror arrays accordingly [3]. 
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1.1 Micromirror Arrays 

Micromirrors are the mirrors which are shortened to the micrometer range, hence named as 

micromirrors (MMs) [14].  There are a lot of applications of these micromirrors such as in 

multimedia projectors [5], projection television applications [15], optical switches [16], 

daylight guiding and steering [11]  and astronomical telescopes etc. The micromirrors which 

are used in astronomical telescope have typical dimensions of 100µm × 200µm and array size 

of 25mm × 22mm has been fabricated [17]. These micromirrors are actuated at the angle of 20° 

by applying approx. 90V [17, 18]. The following figure shows an arrangement of these MMs 

which can be used to guide the daylight. 

 

Figure 1.2: Micromirror arrays in half open (left) and in closed position (right) original figure from [13] 

In the above Figure 1.2, the micromirror arrays are shown. On the left side of the diagram 

micromirrors are shown which are in a half open position with Scanning Electron Microscope 

(SEM) image and on the right side, same micromirror arrays has been presented with a diagram 

and a SEM image. 

1.2 State of the Art of Shading Technologies  
 
According to the patent US007677742B2 [11], the main application of these micromirrors is to 

guide and steer the daylight having some key benefits, which are: 

 Low cost 
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 Can be controlled by some logic design and involves some addressing network 

 Can be implemented on large area in the order of square centimeters and above 

 Micromirror arrays can be controlled as whole module or in small groups 

While implementing this idea on a laboratory scale, a complete process flow was developed in 

which these micromirrors were successfully fabricated [19]. This process was developed on a 

glass substrate using five main deposition steps and three lithography steps [19]. The operating 

voltage was 80V at which the micromirrors were actuated from a 90ᵒ position to the in-plane 

position [13]. Subsequently, these five deposition steps and three lithography steps were 

reduced to three steps of deposition and two steps of photolithography [12].  

 
Figure 1.3: Process flow from patented to the state of the art of micromirror arrays. a) Basic idea of micromirror according 

to the patented. original figure from [11]  b) Implementation of micromirror arrays at INA with five deposition steps and 
three lithography steps, original figure from [13] c) Current process for fabrication of micromirrors at INA with three 

deposition steps and two lithography steps 

 

Currently, the transfer of the fabrication process of these micromirror arrays using NanoImprint 

is in progress at INA. The Figure 1.3 shows an overview of the process development with time 

of these micromirror arrays at INA. 

There are some other companies around the globe which are working on the same objective i.e. 

guiding and steering daylight to save energy, but with different technology. These are given as 

under: 
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 Electrochromics Technology: This technology is not using MEMS, but using ceramic 

thin film coatings on the panes of a window to block or minimize the light transmission 

[20]. When a voltage is applied across these coatings, the ions migrate from one layer 

to the other and make the glass tint and absorb light [20].  Also it takes 3 to 10 minutes 

to activate the window completely depending on the requirements [21]. SAGE 

Electrochromics, Inc. USA, is using this technology and their product is available in the 

market. There are some other companies which are offering the same technology. These 

include EControl-Glas GmbH & Co. KG Germany, GESIMAT GmbH Germany, 

ChromoGenics AB Sweden and others [22]. 

 

 Liquid Crystal Display (LCD) Technology: This technology also does not utilize 

MEMS but it uses a thin layer of NPD-LCD (Non-homogeneous Polymer Dispersed 

Liquid Crystal Display) in between the Transparent Conducting Oxide (TCO) and the 

glass pane [23]. When the electrical power is applied, this NPD-LCD changes its tint 

and shade to provide the desirable light in a room. This technology requires an 

operational power ranging from 3.5 mW/m2 to 15 mW/m2 [22]. Scienstry, Inc. USA is 

a company which is providing this solution to its customers in USA. The other 

companies include DreamGlass Spain, Saint-Gobain Glass France, LTI Smart Glass Inc. 

USA and others. 

This thesis work mainly deals with process optimization for micromirror arrays for daylight 

guiding and steering. A brief overview of the work in the thesis is given below: 

 Chapter 1 mainly includes the introduction and state of the art of micromirror 

arrays. 

 Chapter 2 focuses on miniaturization and its advantages with special respect to the 

technology of micromirror arrays. 

 Chapter 3 deals with the technological fundamentals involved in the micromirror 

fabrication.  

 Chapter 4 includes the complete process flow for the fabrication of the micromirror 

arrays including step by step figures. 

 Chapter 5 consists an in depth analysis of the surface roughness of the insulation 

layer. It deals with the Atomic Force Microscopic measurements and stylus 

profilometer readings and their comparison. Different methods of depositing 

insulation layer and their surface roughness are discussed in this chapter. 
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 Chapter 6 focuses on the development of the new process recipe for fabricating 

these micromirror arrays on flexible carrier. Polyethylene Naphthalate (PEN), which 

is used as flexible carrier, will be discussed in detail.  

 Chapter 7 deals with the building of a demonstrator of size 20cm x 20cm containing 

four micromirror modules. It also covers the electrical connection scheme and the 

challenges which were faced during the fabrication. 

 Chapter 8 consists of the conclusion of the results and outlook for the future work. 



 

  



 

2. Miniaturization and Micromirrors 
or the last few years, there is a strong demand in electrical industries for MEMS 

devices, especially in the field of sensors and displays [24]. These sensors and displays 

are mainly used in automobile industry and multimedia projectors, respectively. With 

the passage of time, the market of these MEMS is increasing in other industries as well. 

According to Yole, which is the most famous MEMS market research company, the forecast 

for total share for MEMS in the market will increase from $10 billion to $20 billion from 2011 

to 2020 [25].  

2.1 Scaling Behavior of Fundamental Forces 

Before coming to the advantages of miniaturization, it is very important to know about the 

scaling behavior of some important fundamental forces. Figure 2.1 shows a double logarithmic 

plot of four fundamental forces vs. a so called scaling factor. A scaling factor is the factor by 

which the volume of a physical body is increased or decreased in all three dimensions. So it can 

be seen, that on nano and micro scale level, the gravity and inertia forces become irrelevant and 

hence mechanical stability and lifetime increases. 

Now one question arises: What is the main advantage of miniaturization and how this 

miniaturization affects these MEMS? There is a very common example from our daily life. If 

we take one water glass and drop it to the ground, it will most probably break. But if you take 

one of the broken pieces and drop it, it will not break into smaller pieces from a certain size. As 

a result, the mechanical stability of that glass piece has increased when it miniaturized. The 

same rule applies on MEMS devices as well. 

The other fundamental forces play a very important role while miniaturizing any system as well. 

For example, if some system requires magnetic and electrostatic forces, then according to this 

diagram, that system can be miniaturized up to a certain level because at some certain point, 

the magnetic force will become ineffective, hence the system cannot function anymore. 

However, the electrostatic force dominates all other forces in the micro and nanoworld and can 

therefore be used for the actuation of MEMS devices very effectively. However, the inertia 

force which is mainly responsible for mechanical fatigue, on macro level, scale with a power 

of ‘-4’ (from Figure 2.1), is irrelevant during actuation [13]. Therefore the said micromirror 

arrays use the electrostatic force for actuation. 

F 
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  Figure 2.1: Scaling factor vs fundamental forces, original figure from [3] 

 

2.2  Micromirror Arrays for daylight guiding and steering 

Before understanding the complete operation of micromirror arrays for daylight guiding and 

steering, it is necessary to have a look onto the light intensity distribution scenario for a 

particular room.   

2.2.1 Light intensity distribution in a room 

The main purpose of the micromirror arrays described is to guide the daylight into the room. 

The light intensity distribution plays a vital role for the operation of the micromirror arrays. For 

understanding the phenomenon of the light intensity distribution, one very simple figure is 

shown below. 

 

Figure 2.2: Daylight distribution without artificial light, see [3] 
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In the Figure 2.2, the cross section of a room is shown. The figure shows a sunny day scenario, 

when the sun is shining and the illuminations on the ceilings are OFF. The daylight distribution 

is shown by a yellow line in the particular case when both the artificial lights are OFF. It is 

apparent from the figure that the daylight distribution is very high near the window, because at 

this position sunlight is easily penetrated through the window. But if we go away from the 

window, the light intensity decreases radically and hence we need to switch ON the 

illuminations.  

In the other scenario, when the two lights on the ceiling are turned ON, this distribution curve 

changes and remains almost constant throughout the room. This phenomenon can be clearly 

seen in the Figure 2.3. 

 
Figure 2.3: Daylight distribution with artificial light, see [3] 

This daylight intensity figure can be improved significantly with micromirror arrays installed 

in the windows so that energy for artificial lighting can be saved efficiently during the day.  

These micromirrors can be installed between the two panes of the window with a complete 

sensing network, in such a way that the system can sense the presence and the position of a 

person in the room and adjust these micromirror arrays accordingly [11, 13, 26]. The following 

figure shows all the possible scenarios of these micromirror arrays positions when installed in 

a room. 
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Figure 2.4: Cross section view of an active window with installed micromirror arrays, see [13] 

The Figure 2.4 shows four different scenarios,  

a. Summer season and there is no body present in the room. The sensing system senses 

this circumstance and closes all the micromirrors so that the light coming from the sun 

should not enter the room hence preventing against heat transfer. 

b. Again summer season but with the presence of a person. The sensing system senses the 

presence of the person and allows only the upper part of the window to open the 

micromirror arrays and closing the rest. The main advantage of this setup is to provide 

a comfortable amount of light in the room with no need for illumination. 

c. This scenario shows a winter season when nobody is present in the room. The sensing 

system sends instructions to all micromirror arrays to open up completely so that 

sunlight can enter entirely in the room, hence increasing the heat transfer to make the 

room warmer. 

d. Winter season with the presence of a person. Now the sensing system senses the 

presence of the person and instructs the lower portion of the window to tilt the 

micromirror arrays to a certain angle so that the sunlight should not disturb the person 

and directs it towards the ceiling. This provides maximum heat transfer in the room and 

no need for illumination. 

From the above system, which is shown in Figure 2.4, the following benefits can be achieved: 
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 Protection from heat during the summer season, hence reducing the energy consumption 

for cooling systems 

 Transferring the light to the ceiling so that the room becomes more bright, hence no 

need for illumination during the day time 

 Transfer of heat into the room during the winter season, to minimize the energy 

consumption for heating 

2.2.2 Active Windows using Micromirror arrays 

The following figure shows a cross section of a room which consists micromirror arrays 

installed in the windows and lamp reflectors, a microprocessor, sensors for temperature and 

illumination, sun position monitoring sensor and sensor for position of individuals. The sensor 

for sun position continuously monitors the position of sun and sends the data to the 

microprocessor. The microprocessor controls the micromirror arrays position accordingly. The 

sensor which senses the position of the personnel, sends its data to the microprocessor so that 

it controls the lamp reflectors accordingly. Temperature and illumination sensors give their 

feedback to the microprocessor so that it controls the amount of illumination and temperature 

accordingly. The complete setup is shown in Figure 2.5. 

 

Figure 2.5: Cross section of a modern room with micromirror arrays and sensors, original figure from [13] 

This system can be implemented in the building which has large glass faces. By implementing 

this sort of setup, the cost of air conditioning and heating can be reduced [26]. 

 



 



 

3. Technological Fundamentals of   
Micromirror Arrays 

n the previous chapters, only a short overview of micromirror arrays, their advantages and 

state of the art was discussed. In this chapter all the technologies which are involved to 

fabricate these micromirror arrays will be discussed. These technologies include thin film 

deposition using Plasma Enhanced Chemical Vapor Deposition, Physical Vapor Deposition and 

Ion Beam Sputtering as well as Photolithography and Etching.  

3.1 Plasma Enhanced Chemical Vapor Deposition 

PECVD process is an established technique to deposit thin films at low temperature as 

compared to conventional chemical vapor deposition [27, 28]. For example, a deposition 

temperature of 700ᵒ C to 900ᵒ C is required to deposit silicon nitride films by using the thermal 

chemical vapor deposition but by using PECVD this process can be achieved at a temperature 

range in between 200ᵒ C to 300ᵒ C typically [29]. This low temperature deposition is achieved 

by supporting the chemical vapor deposition process with a plasma process [30]. The other 

advantages of PECVD are high throughput, good uniformity and better thickness control [31]. 

The schematic diagram of a PECVD system is shown in Figure 3.1. 

The schematic diagram shows a complete process for the PECVD. In a vacuum chamber, there 

are two electrodes which can be driven by a Low Frequency (LF) of 130 kHz and a High 

Frequency (HF) of 13.56 MHz generators [32, 33]. The substrate holder can be heated from    

60° C up to 400° C. A Plasma can be formed by the strong electric field between the two 

electrodes, in the presence of active gases [34]. In the presence of the plasma, the chemical 

reaction takes place and the desired thin film is deposited over the wafer/substrate [35]. Mainly 

silicon nitride (Si3N4) and silicon dioxide (SiO2) layers are deposited by the PECVD process. 

The chemical process which is involved for both these processes is shown below: 

For silicon nitride: 

3 𝑆𝑖𝐻4 + 4𝑁𝐻3
                    
→       𝑆𝑖3𝑁4 + 12 𝐻2 

Similarly for silicon dioxide: 

𝑆𝑖𝐻4 + 4 𝑁2𝑂 
                       
→        𝑆𝑖𝑂2 + 4 𝑁2 + 2 𝐻2𝑂 

I 
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For silicon dioxide (SiO2), two gases are used: silane and nitrous oxide. Both these gases 

interact with each other in the presence of plasma to make silicon dioxide, nitrogen, hydrogen 

and water. The whole process is shown in the following schematic diagram. 

 

Figure 3.1: PECVD deposition for SiO2, original figure from [36]  

Figure 3.1, shows the process of deposition of SiO2 by PECVD. The two gases silane and nitrous 

oxide come from the gas shower. A chemical reaction takes place in the presence of plasma and 

a thin layer of SiO2 is deposited onto the substrate. The other parameters such as gas flow 

control, chamber pressure, substrate temperature etc. can be controlled by software by making 

a spate recipe for each program. The system which was used for the depositing SiO2 for this 

thesis work was Plasmalab 80 Plus by Oxford Instruments. The following table shows all the 

parameters which were used to deposit SiO2 from the above mentioned system. 

Parameter Value 

2% SiH4–N2 flow (sccm) 430 
N2O flow (sccm) 710 
HF power (W) 20 
LF power (W) 20 
Pressure (Torr) 1 

Temperature (◦C) 60° C - 300° C 
Duty cycle (ψ) Variable 

 
Table 3.1: Deposition parameters for SiO2 [37] 
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3.2 Physical Vapor Deposition (PVD) 

Physical Vapor Deposition (PVD) is a deposition technique for depositing thin films in which 

the material is vaporized and then condensed in a vacuum atmosphere to deposit on to the 

substrate [38]. The material which is to be deposited is first transformed into the 

vaporous/gaseous state, under vacuum conditions, then transported to the substrate, where it is 

condensed and deposited [39]. The process flow diagram is shown in the figure below. 

 

Figure 3.2: Process flow of the PVD process 

The main difference between the PVD process and PECVD is that, in the PVD process the 

material which is going to be deposited is in the solid form but in PECVD, the material is 

introduced in the gaseous form in the vacuum chamber where the chemical reaction takes place 

[40]. The main advantages of PVD techniques are [41]: 

 Thin film is harder and more resistive against corrosion 

 nearly any kind of inorganic solid material can be deposited 

 there is no chemical reaction involved in it 

The main disadvantages are [41]: 

 Low deposition rate 

 Very high vacuum required for deposition 

 Requires a water cooling system for heat dissipation 

 Expensive as compared to PECVD 

There are mainly two types of evaporation techniques used for this thesis work i.e. electron 

beam (E-beam) evaporation and thermal evaporation. 
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3.2.1 Electron beam (E-beam) Evaporation Method 

In E-beam evaporation method, a beam of electrons is focused towards the anode which 

possesses the target material. The bombardment of the electrons makes the material to change 

its state from solid to gaseous [42]. These vapors are then transferred to the substrate where 

they are condensed and deposited. The main setup of the system is shown in the figure below. 

 

Figure 3.3: Schematic diagram of E-Beam PVD process 

Above Figure 3.3 shows a schematic diagram of the E-beam process for thin film deposition. 

An electron beam is focused with the help of a magnet towards the crucible which holds the 

material which is to be deposited [43]. When this electron beam hits the material, large amount 

of energy is produced and hence the material gets vaporized [44]. These vapors travels towards 

the substrate and deposits on it after condensation in a high vacuum (approx. 10-6 mbar), hence 

producing a pure layer of source material [45].   

3.2.2 Thermal Evaporation Method 

In thermal evaporation method, the material which is to be deposited on the substrate is placed 

in a boat made of tungsten [46] or some other material. When the electrical current flows 

through the boat, it heats to the extent that the material gets melted and then vaporized [47]. All 

this process takes place inside a vacuum so that the vapors are transferred to the substrate 

effortlessly where they condense back to a solid state [48]. Also, the advantage of having 

vacuum is to get rid of all the impurities present inside the chamber. As a result, purity of the 
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deposited material increases and the material is melted at low temperature [49]. The schematic 

diagram of a thermal evaporation system is shown in figure below. 

 

Figure 3.4: Schematic diagram of thermal evaporation system 

In the above Figure 3.4, a simple thermal evaporation system is shown. The material which is 

to be deposited, is placed inside the boat. The boat is connected with an electrical setup which 

provides a high current. When the voltage is applied, the boat heats up, the material melts and 

starts vaporizing. These vapors travel inside a vacuum chamber towards the substrate where 

they are deposited after condensation. The typical values of current passing through the boat to 

melt the material are in the order of ~10-100A [50]. 

The system which was used for deposition of different thin layers through PVD process was 

Pfeiffer PLS 500 Evaporation System by which both, e-beam and thermal evaporation can be 

carried out. The following table shows the parameters which were used during the deposition. 

 
Parameters Values 

E-gun voltage 9KV 
Deposition rate 0.3 nm/sec 

Purity of Material 99.99% 
Temperature inside the chamber ~60° C 

Vacuum Pressure ~ 5.0 x 10-6 mbar 
 

Table 3.2: PVD parameters for deposition 

3.3 Ion Beam Sputtering 

Ion Beam Sputtering Deposition (IBSD) is also a physical vapor deposition in which sputtering 

is used to deposit thin films. In sputtering, the atoms are ejected from a target material by the 
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bombardment of high energetic particles to form a thin layer on the substrate [51]. In other 

words, atoms are ejected from the source i.e. target by high velocity particles and then deposited 

onto the substrate inside the vacuum chamber [52]. These highly energetic particles are mainly 

Argon ions (Ar+) [53]. The Ar+ ions are accelerated by applying hundreds of kilovolts voltage. 

This energy is absorbed by these ions as kinetic energy [54]. This energized beam is then 

bombard the target and the atoms of the target are removed and hence deposited on the substrate. 

The main advantages of IBSD are: films have higher density, film has less impurity level, very 

good adhesion to the substrate and there is no external heat required to substrate for deposition 

[55]. The main disadvantage of IBSD is its very slow deposition rate [55]. The schematic 

diagram of IBSD is shown in figure below. 

 

Figure 3.5: Schematic diagram of IBSD system 

The system which was used to deposit different thin layers by IBSD during this thesis work 

was Roth & Rau Ionsys 1000 IBSD. The following table shows the parameters which were used 

for the deposition of different thin layers. 

Parameter Value of Ion Source 1 Value of Ion Source 2 

Gas flow Ar 6sccm 
Xe 0sccm 

Ar 2sccm 
O2 11sccm 

Power 220W 200W 
Beam 800V (74mA) 100V (40mA) 

Voltage 100V (2.5mA) 100 V (1.1mA) 
Pulsing 1kHz (80%) 10kHz (60%) 

E-Current 0eV 100eV (80mA) 
 

Table 3.3: IBSD parameters for depostion 
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3.4 Thin Film Growth 

After the formation and transportation of the desired material by using different techniques i.e. 

PECVD, PVD or IBSD etc. it is important to analyze the formation of the thin film over the 

substrate. This thin film growth on the substrate strongly depends upon the interaction strength 

between the substrate and the atom or molecules which are going to be deposited onto the 

substrate. The following simple model for thin film growth shows the atomic process involves 

in thin film growth over solid substrate.  

 

Figure 3.6: Model for thin film growth over solid substrate, original figure from [56] 

Figure 3.6 shows the atomic processes which are involved in thin film growth. When the 

atom/molecule has condensed from the gaseous state, it either re-evaporate or diffused onto the 

surface. This diffusion onto the surface is known as surface diffusion and the distance it covers 

is called surface diffusion length. This surface diffusion length can be expressed as [57]: 

                                 𝑙 =  √𝐷𝜏                                 (3.1) 

where l represents the diffusion length, D is the diffusion constant which is a material dependent 

quantity and 𝜏 represents the time to deposit the equivalent of one monolayer. The diffused 

atom/molecule may re-evaporate or it may adsorbed at certain places like edges [56]. When 

atom/molecules combined with each other, nucleation occurs [56]. Also, inter-diffusion is the 

process in which substrate and film atoms/molecules exchange their places to smoothen the 

interface [56]. The area with the lines represents the deposited material in the above mentioned 

figure and the step height represents the thickness of the one monolayer.  

There are three different growth modes of thin film exists which are [56, 58]: 
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 Island Growth (Volmer-Weber): Island growth occurs when the nucleation process 

takes place onto the substrate and it grows in the three dimensions to forms the         

islands [58]. This is because of the fact that the deposit atoms/molecules are more 

strongly bound to each other as compared to the substrate [58]. The techniques which 

has been discussed earlier i.e. PECVD, PVD and IBSD follows the island growth 

(Volmer-Weber) mode. 

 Layer Growth (Frank-Van der Merwe): This growth mode occurs when the 

nucleation process takes place in two dimensions and resulting the formation of planner 

sheets of the deposited material [58]. In this case, the deposit atom/molecules are more 

strongly bound to the substrate as compared to each other [58]. The epitaxial growth 

methods like Molecular Beam Epitaxy (MBE) normally follows the layer growth mode. 

 Layer plus Island Growth (Stranski-Krastanov): This growth mode is the 

combination of the above two growth modes. In this mode, the growth follows the layer 

growth at the start and after one monolayer or more, growth mode changes to the island 

growth because of some unfavorable factors such as lattice mismatch between the 

substrate and the deposited layer [56, 58]. This mode has been observed in metal-metal 

and metal-semiconductor system [58]. 

The following Figure 3.7 shows all the three above mentioned growth modes. 

 

Figure 3.7: Different growth modes of thin films, original figure from [58] 

The above mentioned growth modes i.e. island or Volmer Weber growth, layer or Frank Van 

der Merwe growth and layer plus island or Stranski Krastanov growth are for crystal substrates. 
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But it has been found that similar growth modes are also observed during the investigation of 

deposition of thin films on amorphous substrate. For example while depositing Si on glass 

substrate by using Plasma Ion Assisted Deposition (PIAD), it has been observed that thin layer 

of silicon followed the island growth mode [59]. Similar trend has been also observed for the 

Frank Van der Merwe or layer by layer growth while depositing ITO layer on glass substrate 

by using Pulsed Laser Deposition (PLD) [60]. Also, Stranski Krastanov growth mode has been 

observed by depositing ZnO rods on glass substrate by using the PVD process [61]. So it can 

be concluded that the above mentioned three growth modes can be observed on both crystal 

and amorphous substrates. 

3.5 Photolithography 

Photolithography is a process in which a particular geometric pattern is transferred from a mask 

to a photosensitive material on the substrate with the help of ultra-violet (UV) light [43, 62, 63]. 

UV light is used for writing a structure onto a substrate. The photosensitive material which is 

used during the photolithography is known as photoresist. Under the exposure of the UV light, 

a chemical reaction takes place in the photoresist which changes the solubility properties of 

exposed regions of the photoresist [64]. Depending upon the nature of photoresist, it can be 

divided into two classes: 

 Positive Photoresist: When a positive photoresist is used, the exposed area under UV 

light becomes weaker and turns out to be easily soluble in the developer [65]. The 

common developers for positive photoresists are alkaline solutions such as KOH 

(potassium peroxide), ketones or acetates [66].  

 Negative Photoresist: When a negative photoresist is used, the exposed area under the 

UV light becomes stronger and insoluble in the developer [67] and the rest is soluble 

in the developer. The negative photoresist costs less as compared to the positive 

photoresist [68]. 

The Figure 3.8 shows a process of photolithography by using positive and negative photoresists. 

The photoresist is applied on the substrate and then it is exposed by UV light. In the case of a 

positive photoresist, the area which is exposed under UV light is wiped out and the area which 

is hidden under the mask remains unaffected. On the other hand, in the case of a negative 

photoresist, the area which is exposed under UV light remains unaffected and the area which is 

hidden under the photo mask vanishes. 
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Figure 3.8: Photolithography with positive and negative photoresists 

Photolithography is a step by step process which involves few steps. These steps are given 

below in short: 

 Substrate cleaning: This is the first step for photolithography in which the surface of 

the substrate is cleaned from all the impurities. These impurities may be some dust 

particles, some organic residuals during the wafer cleaning etc. To get rid of these 

impurities, first the substrate is washed by distilled water so that majority of the dust 

particles are removed. To remove all the organic residuals, the substrate is then treated 

with isopropyl alcohol and acetone, which dissolves the organic impurities and makes 

the surface of substrate clean [69, 70].  

 Resist Coating: This is the step in which the photoresist (positive or negative) is applied 

on the substrate. Then the substrate is spun at very high speed. Due to the centrifugal 

forces, the photoresist spreads all over the substrate in a uniform thin layer. This process 

is known as spin coating [71, 72]. The layer thickness depends upon two parameters: 

first the rotation speed and second the viscosity of the photoresist. If the viscosity of the 

photoresist is high and the speed of rotation is relatively low, then a thick layer of 

photoresist will be formed. Similarly, if the viscosity of the photoresist is low and the 

rotation speed is high then a thin layer of photoresist will be formed [73]. Hence, the 

thickness of the layer of the photoresist can be controlled by controlling these two 

parameters. 
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 Exposure: In this step, the wafer or substrate is exposed to UV light for photoresist 

pattering. A photo-mask is used in this step which contains certain patterns. This photo-

mask allows or blocks the UV light at certain points to transfer the pattern to the 

substrate. Exposure to UV light changes the chemical properties of the photoresist so 

that some of the photoresist can be dissolved in the developer. There are three different 

types of exposure techniques available which are shown in Figure 3.9. 

 

 
Figure 3.9: Contact, Proximity and Projection exposure in photolithography. See [74] 

 Contact exposure: In this type of exposure, the photo-mask is in direct contact with the 

substrate as shown in Figure 3.9. It is also known as hard contact. Since, the mask is in 

direct contact with the substrate, so it has to be cleaned after every lithography [75]. An 

advantage of contact exposure is that it gives a higher resolution and better line width 

because there are no diffraction effects [76]. The main disadvantage of this exposure is 

the short lifetime of the photo-mask as it comes in direct contact with the substrate. 

 Proximity exposure: In this type of exposure, the photo-mask has a few micrometers 

separation with the substrate as shown in Figure 3.9. It is also known as soft contact. 

The main advantage of proximity exposure is to have more lifetime for the mask as 

compared to the contact exposure. The main disadvantage as compared to the contact 

mode is that it gives a lower resolution [77]. 

 Projection exposure: In this type of exposure, the mask is placed near the UV light 

source. When light is passed through the photo-mask, it makes exactly the same pattern 

as that of the photo-mask. Then this pattern of light is transferred to the reducer lens 

which makes the replica of the photo-mask but in a small size as compared to the photo-
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mask. This replica is then focused on the substrate and makes patterns of the structures 

which are present on the photo-mask but in a smaller dimension [78]. This method 

involves a lot of optics and hence is very expensive and so is used only in industries. 

 

 Development: after the step of exposure, the substrate is then treated in a special 

solution which is known as developer because it develops the photoresist layers [79]. 

The most common developer is KOH (potassium hydroxide). Depending upon the 

nature of the photoresist, whether it is positive or negative, positive or negative 

structures will be formed.  

The machine which was used for photolithography was Karl Süss MA4 Mask Aligner which is 

made by Suess MicroTec. The mask aligner is capable of having a seven inch (square) photo-

mask for exposure but the size of photo-mask which is used during this thesis work is five 

inches. The wavelength for the UV lamp in the mask aligner is 365nm. 

3.6 Etching 

Etching is a very important process during micro fabrication. In this process, the uncovered 

area of a surface/substrate of the previously deposited thin film is removed to get the desired 

structure or pattern transfer [80]. One of the most important phenomenon in etching is 

selectivity, which is the degree to which etchant can differentiate between photoresist mask and 

substrate or thin film or in other words it is the ratio of the etching rate between two different 

materials i.e. the photoresist mask and substrate or thin film [81]. Because it is a simple ratio 

between two quantities, it can be described mathematically as:  

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝐸𝑡𝑐ℎ𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝐸𝑡𝑐ℎ𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑒𝑡𝑐ℎ𝑖𝑛𝑔 𝑚𝑎𝑠𝑘
 

The above relation describes the selectivity of a particular etchant against a particular etch mask 

and substrate. For example if an etchant etches 10 nm of a substrate in one minute and it etches 

2nm of the etch mask for the same time then the selectivity of that etchant for given etch mask 

and substrate will be 5:1. The schematic diagram of the etching process is shown in Figure 3.10. 

In Figure 3.10, a substrate is shown with a photoresist layer. The photoresist layer is patterned 

by the photolithography process. After development in the developer solution, this substrate 

with photoresist is then exposed to some etchant (dry or wet). The area which is not covered by 

the photoresist is removed by the etchant and the area which was protected by the photoresist 
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is left unaffected. The photoresist in most of the cases acts as a masking layer during the etching 

process because it shows resistantance against the etchant [82]. 

 

Figure 3.10: Schematic diagram of etching process 

Mainly there are two different types of etching techniques used i.e. wet chemical etching and 

plasma etching or dry etching. 

3.6.1 Wet Chemical Etching 

This etching technique is very simple and it utilizes an acid or a base for etching, known as 

etchant. This etchant is used to dissolve the area which is not protected by a photoresist etch 

mask during the lithography [83]. This technique is also known as isotropic etching because the 

etching rate is constant in all directions as liquid attacks whole substrate from all the directions. 

The etching rate in isotropic etching is usually faster than the dry etching and it can be varied 

by changing the temperature or increasing or decreasing the active ingredients of the etchant 

[84]. This type of etching is usually performed in two steps. In the first step, the etched material 

is converted into a higher oxidation state. The second step deals with the removal of the 

oxidation product [85]. The basic reaction in wet chemical etching is given by [86]: 

𝑠𝑜𝑙𝑖𝑑 + 𝑙𝑖𝑞𝑢𝑖𝑑 𝑒𝑡𝑐ℎ𝑎𝑛𝑡
                            
→          𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

Although the etch rate is independent of the direction during the etching but in case of silicon, 

it depends upon the crystal orientation (Miller indices). The plane {111} has the slowest etch 

rates and plane {100} and {110} have relatively faster etch rates [87]. If the silicon is etched 
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through {100} plane which has a faster etch rate, then a V shape groove will be formed with 

side walls having plane of {111} which has a slow etch rate. The angle of the side wall is          

54.7° [88]. Similarly, if the silicon is etched through {110} plane, the resultant shape will have 

very smooth vertical side walls [89]. These two structures are shown in the figure below.  

 

Figure 3.11: Silicon etching on different crystal plane 

3.6.2 Dry/Plasma Etching 

Dry etching is an etching process which does not utilize any liquid chemical. The problem with 

the wet etching is the isotropic behavior, which results in the undercutting of the mask material 

and hence alters the dimension of the structure [90]. Dry etching process is anisotropic in 

behavior which means that the etching rate in vertical direction is larger than the etch rate in 

horizontal direction [91]. This anisotropic etching behavior is very helpful to get vertical side 

walls something which is not possible in wet chemical etching except for the case of silicon as 

mentioned in previous section. This phenomenon can be clearly observed in the Figure 3.12 

which shows the difference between wet chemical etching and dry etching. In dry etching, the 

etching rate is higher in the vertical direction as compared to the horizontal direction which 

produces very smooth vertical side walls as shown in Figure 3.12. On the other hand, in wet 

chemical etching, the etch rate is constant in all directions, hence there is no chance for very 

smooth vertical side walls. 

 
 

Figure 3.12: Dry etching and wet chemical etching 
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The basic phenomenon which is involved in dry etching is the bombardment of ions to the 

substrate. When these ions, which possess very high energy, strike the surface of the substrate 

of thin films which is to be etched, they physically attack the atoms and molecules and separate 

them, hence carrying out the etching process [92].  There are different types of dry etching 

which includes physical sputtering, ion beam etching etc. 

3.6.2.1 Physical Sputtering (Sputter Etching) 

In this type of etching, atoms of some inert gas like argon are used to sputter the surface of the 

material/substrate. This whole process takes place inside a vacuum chamber where a strong 

electric field is applied with the help of two electrodes.  

 

Figure 3.13: Ion Etching (Sputtering etching), original figure from [93] 

The main purpose of the electric field is to accelerate the incoming argon atoms so that they 

can hit the surface with high acceleration. As a result, the atoms of the surface are removed by 

momentum transfer [85].  

The complete setup of the process is shown in Figure 3.13 which shows a closed chamber with 

a vacuum channel. There are two electrodes separated by a distance of 1 to 5cm. The smaller 

electrode also works as a substrate holder and is connected with an AC voltage source. The 

inert gas i.e. argon is inserted from one inlet to the chamber and when it comes between two 

electrodes, plasma is generated and the argon gas decomposes into ions and radicals. These ions 

and radicals are then accelerated towards the substrate holder with the help of a strong electric 

field. These ions and radicals attack the surface of the substrate and etch the substrate by 

momentum transfer. In this type of etching, the plasma is in contact with the substrate and the 

selectivity is small [93].   
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3.6.2.2 Ion Beam Etching 

In this technique of dry etching, plasma is generated to produce ions. There are different sets of 

grids which are used for confinement so that an ion beam can be formed. After the formation 

of ion beam, this beam is focused towards the substrate where ion beam etching takes             

place [94].  The basic setup of ion beam etching is shown in figure below. 

 

Figure 3.14: Schematic diagram of ion beam etching, original figure from [95] 

Figure 3.14 shows a setup for ion beam etching. It can be seen that substrate holder is separated 

from the plasma containing section hence reducing contamination. When the ions are produces 

inside the plasma, only 10% to 30% reach the extraction grid by thermal motion where they are 

extracted by high voltage (0.1 - 1kV). After extraction they are accelerated towards the substrate 

where etching process itself takes place. The neutralizer is used to neutralize ions so that beam 

spreading could be avoided [93]. The main difference between ion beam etching and physical 

sputtering is the plasma location. In ion beam etching the plasma is not in contact with the 

substrate but in physical sputtering the plasma is in contact with the substrate. Also, in ion beam 

etching, the substrate can be rotated up to a certain angle which can produce angled side walls 

but in physical sputtering no such facility exists [93].  

There are some other dry etching techniques which can be used to achieve certain structures. 

These includes Reactive Ion Etching (RIE), Barrel etching, Cryo etching etc. Some special 
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cases also involve the combination of both wet chemical etching and dry etching to improve 

the high aspect ratio, high etch rate and selectivity [96].  

3.7 Surface Roughness Measurements 

There are some widely used methods by which the surface roughness can be measured. Those 

methods includes stylus profilometry, Atomic Force Microscopy (AFM), White Light 

Interferometry (WLI) etc. The most common methods for determining the surface roughness 

are stylus profilometry and AFM and hence these two methods were used to determine the 

surface roughness during this thesis work. 

3.7.1 Stylus Profilometry 

The basic principle of a stylus profilometer is using a small diameter stylus moving along the 

surface [97]. This stylus is commonly made of some diamond tip but other materials can also 

be utilized in other cases. During a scan, the stylus is in direct contact with the surface, so this 

method is destructive. It records the data i.e. all the peaks and the valleys present on the surface, 

with high precision [97], but its precision is limited by the stylus tip diameter. The basic 

principle of operation of the stylus profilometer is shown in the figure below. 

 

Figure 3.15: Working principle of Stylus Profilometer, original figure from [98] 

Figure 3.15 shows the working principle of a stylus profilometer. The stylus moves horizontally 

on a surface and is attached to a transducer. The diameter of the stylus is typically in the range 

of 2µm and it can record each and every peak and valley present on the surface as shown in 
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Figure 3.15. The transducer converts the vertical and horizontal movements of the stylus into 

electrical signals and sends it towards an analog to digital converter where it is converted into 

a digital form and is then sent towards the PC for further processing [98]. During this thesis 

work a stylus profilometer “Ambios Technology XP-100 surface profilometer” was used. The 

software which was used to plot the data and to record the surface roughness values was XP 

Plus by Ambios and a typical surface profile which was recorded by using the software can be 

seen in the figure below. 

 

Figure 3.16: Surface profile by stylus profilometer 

On the horizontal axis, the total area is represented which was scanned and on the vertical axis, 

all the variations are shown which were recorded by stylus while scanning the surface.   

While recording the values of surface roughness with the help of stylus profilometer, there are 

some parameters which can alter the values of surface roughness, hence these parameters must 

be discussed. These parameters include: 

 Stylus Size: The stylus size plays an important role while recording the surface profile. 

If the stylus size is too big then it cannot detect the surface profile correctly, but misses 

some valleys and overstates some peaks.  

 Stylus Force: The stylus force is also a very important parameter. If the stylus force is 

set too large, then there is a risk that the structure present on the substrate will be 

damaged during the scanning process. In the other case, if the stylus force is too less, 

there will be no solid contact between the substrate surface and the stylus itself, 

producing a lot of noise in the scanning results. Hence an optimum level must be found 

for the stylus force. 
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 Filter Level: This parameter defines the number of data points which will be used to 

represent a surface profile [99]. In other words, it is the sampling points of the surface 

profile. If the data points are more, then the surface profile will represent the actual 

surface with very less noise and if the data points are less, then the resulting output of 

surface profile will contain a lot of noise. 

The interface of the software XP plus is shown in figure below and all the parameters are 

highlighted in the figure as well. 

 

Figure 3.17: Software interface of stylus profilometer 

3.7.2 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) is the leading technology for imaging, measuring and 

analyzing the matter at nanoscale level [100]. The first AFM was invented in 1986 by Gerd K. 

Bennig and is described in patent US 4724318 [100].  

The AFM differs from the stylus profilometer in such a way that the AFM uses a cantilever 

with a tip instead of a stylus. It is the combination of the principle of Scanning Tunnel 

https://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Gerd+K.+Bennig%22
https://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Gerd+K.+Bennig%22
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Microscope1 (STM) and the stylus profilometer [101]. The AFM detects the near field forces 

between the surface atoms and the sharp tip instead of a tunneling current [102]. The sharp tip 

is one unit attached with the cantilever and the typical radius of the tip’s top is typically a few 

nanometers. The function of the tip and the cantilever is same as the function of stylus itself in 

stylus profilometry i.e. to scan the surface. When a contact is made between the tip and the 

surface, then the surface is moved in lateral direction and the vertical position of the cantilever 

is monitored through the feedback setup. When the distance between the tip and the substrate 

is decreased or increased because of any peak or valley present on the substrate, the position of 

the substrate is changed accordingly via the feedback setup [103]. This change of position is 

noted optically and then translated to an electrical signal by a transducer. The tip which is fixed 

on the cantilever is made of silicon or silicon nitride [102] and is shown in Figure 3.18. 

 

Figure 3.18: SEM picture of AFM Cantilever, original from [104] 

The basic working principle is shown in the Figure 3.19 which shows a working principle of an 

AFM. The tip mounted on the cantilever is in contact with the surface through the atomic forces 

between the atoms of the surface and cantilever. This force generates a bending in the cantilever. 

A laser beam is focused on the cantilever as shown in Figure 3.19 and deflected towards the 

                                                 
1 It is an instrument which is used for imaging a surface at atomic level. When a sharp tip comes very close to 
the surface, then there is a very strong interaction between the electron cloud, which is present over the atoms of 
surface, and the tip atom. When a small voltage is applied, a small tunneling current is produced. This current 
increases as the distance between the tip and the surface decreases. If the tip is scanned through the surface, this 
tunneling current can be used for imaging.  
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position sensing photodiodes which are arranged in four quadrants [102]. Any little change in 

the position of the tip will change the position of the laser beam on the photodiode. 

 
Figure 3.19: AFM working principle, original from [105] 

The difference between the two halves of the four quadrant photodiode signals i.e. left/right and 

top/bottom, indicates the tip movement and is sent to the feedback control unit so that the 

motion in z direction can be controlled and hence force can be kept constant between the tip 

and the surface [102]. Also, the feedback controller sends the signal to the PC for processing 

the data so that a topographical image at atomic level can be generated.  

Depending upon the nature of the contact between the tip and the surface, there are three 

different modes of operation exists for AFM. Those modes of operation are: 

 Contact Mode: In contact mode, the tip is in physical contact with the surface. The 

force is kept constant while the height above the sample changes. It means that the z 

coordinate changes to keep the force constant [106]. This movement along z axis is 

recorded and plotted to get the surface topography. The main disadvantage of contact 

mode is that the tip can be broken easily while scanning large step size structures. 

 Non-Contact Mode: In non-contact mode, the tip is not in contact with the surface but 

the forces between the tip and the surface atoms are used for surface topography. The 

tip is oscillated at its resonance frequency. If there is any change in the surface profile, 
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this alters the resonance frequency of the tip. This change is detected by detector and 

hence surface profile is plotted in terms of change in the resonance frequency [107].  

 Tapping Mode: Tapping mode is also a non-contact mode but in tapping mode, the tip 

makes a soft contact with the surface on each oscillation [108]. The oscillation 

amplitude is kept constant at a certain value. Any change in oscillation amplitude is 

detected and on the basis of these changes, the surface profile is generated. 

During this thesis work, the AFM which was used for surface roughness measurements was 

AFM CP-II made by Veeco and has the following features: 

 STM, Contact and Non-Contact mode 

 Scan area: 100 µm 

 Sample dimensions: 50 mm x 50mm x 20mm 

During this thesis work, the software which was used for characterizing the AFM data and 

measuring the surface roughness was Gwyddion. The user interface of this software with all the 

controls for data analyzing and control is shown in Figure 3.20. 

 

 
Figure 3.20: Interface of Gwyddion software for AFM imaging 

The same surface profile which is shown in Figure 3.20, can be seen in the Figure 3.21 in 3D 

format by using the same software. 
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Figure 3.21: Typical AFM 3D image of a surface by using Gwyddion software 

From the image, it can be seen that the total scan area is 5.0µm×5.0µm and the highest point 

which is present on the surface is 85nm.  

3.8 Polyethylene Naphthalate (PEN) 

Polyethylene Naphthalate (PEN) is a material with good clarity, high temperature resistance 

and is cost effective. The glass transition temperature Tg2 for PEN is 120°C and the crystalline 

melting point is around 270°C [109]. It has a very close relation with the polyester family. 

When dimethyl-2, 6-naphthalene dicarboxylate chemically reacts with ethylene glycol, it forms 

polyethylene-2, 6-naphthalate [110]. The chemical structure of PEN is shown in the figure 

below. 

 

Figure 3.22: Chemical structure of PEN, original figure from [111] 

                                                 
2 The temperature at which amorphous solid becomes soft upon heating or brittle upon cooling. The glass 
transition temperature is always less than the melting point. 
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From the above chemical structure, the naphthalate group and ethylene group can be 

differentiated. The naphthalate group presented in the chemical structure of PEN provides good 

chemical and thermal resistance and excellent mechanical strength [112]. This material is 

becoming more popular in flexible electronics because of its excellent mechanical and optical 

properties. Also, it is very thin and light weight as compared to glass which makes it more 

suitable to use in electronics as a substrate. Currently MEMS structures, capacitors, Organic 

Light Emitting Diode (OLED) displays and other electronics are being fabricated on this 

substrate. The main properties of PEN are: 

 Physical Properties: PEN is very thin and light weight as compared to glass. It is 

completely transparent and the optical transmission at visible range is more than 85%. 

Also, it shows good resistance against UV radiation [113].  

 Thermal Properties: PEN possesses excellent thermal properties. The glass transition 

temperature of PEN is 120°C and melting point is about 270°C which makes it suitable 

to use in electronics. Thermal shrinkage is also very less i.e. 0.1 % at 150°C and 0.3% 

at 200°C for 30 minutes [113].  

  Chemical Properties: PEN shows very strong resistance against different chemicals. 

It shows good resistance against organic solvents like acetone and isopropyl alcohol. 

Also it is very good against dilute acids and chemical etchants.  

The other properties of PEN include high tensile strength, high Young’s modulus, good 

electrical insulation and excellent resistance against deformation in high vacuums. The PEN 

substrate/film which was used in this thesis was Teonex® Q65F and provided by DuPont Teiji 

Films.  

 

 



 



 

4. Fabrication for Micromirror Arrays 
n the previous chapter, all technological fundamentals necessary for the fabrication of 

micromirrors arrays have been discussed in detail. In this chapter, all the fabrication steps 

for micromirror arrays will be discussed step by step in detail. 

4.1 Substrate Cleaning 

The glass substrate which is used during this thesis work is Low Emissivity glass1 (E-glass) 

which has a transparent silver coating. This silver coating is used as a Transparent Conducting 

Oxide (TCO) electrode for micromirror arrays so it is very important to carefully clean this 

surface so that all the impurities and contaminations which are present on the surface should be 

removed to get a good conductive surface. The dimensions of this low e-glass substrate are 

10cm × 10cm. The schematic diagram of the substrate with TCO (in purple color) is shown 

below.  

 

Figure 4.1: Schematic diagram of substrate with TCO 

For cleaning the surface, two different procedures are used: 

 The substrate is first rinsed with distilled water to get rid of all the dust particles and 

impurities present and after that it is immersed in acetone and isopropyl alcohol 

respectively to dissolve all the organic impurities. After cleaning the substrate with 

chemicals and water it is dried by nitrogen so that no particle is left on the substrate. 

                                                 
1 Emissivity is the ability of a material to radiate energy.  

I 
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 After cleaning with acetone and isopropyl alcohol and drying with nitrogen, the 

substrate is then put into oxygen plasma so that the remaining organic residuals should 

be removed. In the oxygen plasma process, the oxygen gas in plasma state possesses a 

lot of free radicals which interact with organic impurities and remove them from the 

substrate. This process is very effective against grease and oil contaminations. The 

substrate was put under oxygen plasma process for 5 minutes and the power of plasma 

was 250W.   

After cleaning the substrate, the resistance was checked. In our case it was below 100Ω/square 

which is suitable for bottom electrode of micromirrors. Now the substrate is ready for the next 

step which is insulation layer deposition through PECVD process. 

4.2 Insulation Layer deposition 

After the cleaning process, the substrate is then put in the PECVD machine to deposit the Silicon 

dioxide (SiO2) layer (in yellow color), which serves as an insulation layer between the bottom 

electrode and the upper electrode as shown in the figure below. 

 

Figure 4.2: Schematic diagram of the substrate with an insulation layer 

During the PECVD process, two different layers of SiO2 were deposited i.e. first layer was 

deposited at 300°C and the second layer was deposited at 120°C. The reason behind different 

temperatures is to have a less electrical discharge as well as a good mechanical strength in the 

insulation layer. The layer at 300°C provides less electrical discharge during actuation of 

micromirrors and the layer at 120°C provides good mechanical strength to the insulation layer. 

The layer thickness for each layer is 500 nm, so that the total thickness for the insulation layer 
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is 1µm. Experiments were also conducted against the temperature and thickness of the 

insulation layer but the outcomes of those experiments will be discussed in later chapters. 

4.3 Sacrificial Layer 

Whenever there is a need of fabrication of some moveable parts in micro fabrication, a 

sacrificial layer is used. This sacrificial layer also mechanically separates and isolates the 

moving part from the substrate. One example of this moveable part is a suspended cantilever. 

The micromirror arrays also consist of moveable suspended parts. This sacrificial layer is often 

made of a photoresist. After all the fabrication process, this sacrificial layer is removed by using 

wet or dry etching. 

For deposition of the sacrificial layer, it is very important to remove all the moisture present on 

the surface of substrate. For this purpose, the substrate was put on a hotplate at 120°C for 10 

minutes so that all the moisture evaporates.  

In the next step, a thin layer of Ti-Prime was applied through spin coating. Ti-Prime is an 

adhesion promoter, which is often used to provide a good adhesion between the photoresist and 

substrate [114]. The process for spin coating was conducted at 6000 rev/min for 40 sec. 

After the deposition of the adhesion promoter, a layer of photoresist was applied through spin 

coating. The photoresist which was used during the fabrication of micromirror arrays for this 

thesis work was AZ 1505 which is a positive photoresist used in UV photolithography. The spin 

coating is done at 6000 rev/min for 40 sec. As described in chapter 3, the spin speed controls 

the thickness of the photoresist, so the thickness which was obtained on 6000 rev/min for 40 

sec for AZ 1505 was 0.41µm [115].  

After the process of spin coating of the photoresist, the substrate was then soft baked at 90°C 

for 5 minutes. Soft baking is used to eliminate the remaining solvent in the photoresist. The 

advantages of reducing the solvent are [116]: 

 Avoid mask contamination and sticking of the substrate on the mask during exposure  

 Improve the adhesion of the resist and substrate 

 Avoid bubbles in the resist layer in any thermal process afterwards  

After the process of spin coating of the photoresist, the substrate was then exposed under UV 

light to structure the photoresist layer. The Karl Süss MA4 Mask Aligner was used for exposure. 

The exposure time for UV light was set to 4.5 sec depending on the nature of the photoresist 

and the intensity of the UV lamp. The wavelength for the UV light was 365 nm. The photomask 
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which was used for the sacrificial layer structuring was mask set 7 which will be discussed later 

in this chapter.  

The last and final step of sacrificial layer deposition is development. In development, the 

exposed substrate was then immersed in the developer which is 0.8% diluted KOH2 (Potassium 

Hydroxide) in this thesis work. The development time was 10 sec so that the photoresist which 

is exposed by UV light vanishes and only the unexposed photoresist remains on the substrate. 

The figure below shows the two cases: in the first case, the substrate with photoresist (in brown 

color) is shown and in the second case, the substrate after development is shown. 

 

Figure 4.3: Schematic diagram of the substrate with a photoresist layer and sacrificial layer 

The following figure shows a microscopic image of a sacrificial layer during the fabrication 

step by using the AZ 1505 positive photoresist. 

 

Figure 4.4: Sacrificial layer with AZ 1505 positive photoresist 

                                                 
2 12 gm of KOH crystals were dissolved in 1.5l of distilled water to make the developer solution. 
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4.4 Mirror Layer Deposition 

After the structuring of the sacrificial layer, the mirror layer itself was deposited. This layer 

consists of pure aluminum metal. This layer is used as a pre-stressed carrier layer and as the 

reflective layer of micromirror arrays at the same time. This aluminum layer was deposited by 

PVD process, using Pfeiffer PLS 500 Evaporation System. In principle, two separate layers of 

aluminum were deposited having a standard thickness of 150 nm each. The first layer was 

deposited by means of electron beam deposition and the second layer was deposited by the 

thermal evaporation process. The reason behind the two separate aluminum layers deposition 

is to generate intrinsic stress between the layers during the deposition. This stress plays very 

important role because the amount of bending of the micromirror is directly related to the 

amount of stress, after the removal of sacrificial layer. A number of experiments were 

conducted by varying the thickness of these layers which will be discussed in detail in coming 

chapters. The diagram below shows the substrate after the deposition of mirror layer. 

 

Figure 4.5: Schematic diagram of the substrate after mirror layer deposition 

4.5 Structuring of Mirror Layer 

The structuring of the micromirror layer is identical to the structuring of the sacrificial layer. In 

the first step, the substrate was put on a hotplate to eliminate any moisture over the surface. The 

main difference at this step is the temperature. The temperature at this step is kept at 90°C 

instead of 120°C for avoiding any damage to the sacrificial layer because at a higher 

temperature, the sacrificial layer may crack and get damaged. The time for this process was 10 

minutes. Subsequently, the adhesion promoter Ti-prime was applied on the substrate by spin 
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coating and the parameters were: 6000 rev/min for 40 sec. After the layering of the adhesion 

promoter, the positive photoresist AZ 1505 was applied on the substrate by spin coating and the 

spin coating parameters were: 6000 rev/min for 40 sec. After the spin coating, the 

sample/substrate was ready for prebaking. The sample was put on a hotplate for 5 minutes at 

90°C for prebaking. After the step of prebaking the sample was ready for exposure under UV 

light and exposed by UV light by using mask aligner MA4 by Karl Süss for 4.5 sec. The final 

step for structuring the mirror layer was development. The same procedure, in the case of the 

sacrificial layer, is used to carry out the development process for the mirror layer. The standard 

KOH developer was used and the development time was also 10 sec. The section which was 

exposed by UV light vanishes and the rest remains on the substrate. The figure below shows 

the substrate with the photoresist after the development step.  

 

Figure 4.6: Schematic diagram of the substrate with structuring of mirror layer 

 

4.6 Aluminum Etching 

As the aluminum layer (Al) is deposited all over the sample, the layer has to be structured 

similar to the mirror shape. For this purpose, wet chemical etching for aluminum was used. The 

chemical etchant which was used for aluminum etching consists of 80% phosphoric acid H3PO4, 

5% acetic acid CH3COOH, 5% nitric acid HNO3 and 10% water. The chemistry which is 

involved in all this aluminum etching process is as follows: first HNO3 reacts with Al to form 

aluminum oxide Al2O3. This aluminum oxide then reacts with phosphorous acid and water to 

get dissolved [117]. One of the important parameter for this process is the etching rate. The 
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etching rate strongly depends on the temperature but the aluminum etching during this 

fabrication process was done at room temperature with an etch rate of 40 nm/min. The figure 

below shows the status of the substrate after the aluminum etching. 

 

Figure 4.7: Schematic diagram of the substrate after aluminum etching 

 

4.7 Release of Micromirror Arrays 

This is the final step for the fabrication. At this step, the under etching of sacrificial layer is 

carried out by using acetone or N-Methyl-2-pyrrolidone (NMP). As the sacrificial layer is 

deposited by using a photoresist which is an organic material, the NMP and acetone, both are 

very good solvents for any organic material. In case of acetone, the sample is completely 

immersed in acetone for a few minutes. The sacrificial layer, which is shown in red color is 

attacked by acetone. The photoresist completely dissolves in acetone so that no connection 

remains between the aluminum layer and the insulation layer. Due to the tensile stress present 

in the aluminum layer, the mirror layer bends up in a circular shape hence forming the final 

mirror structure. After the release process, the sample was immersed in the isopropyl alcohol 

for removing any remains of acetone. The main disadvantage of using acetone is its high vapor 

pressure. Due to its high vapor pressure, the acetone dries very fast and the residuals of the 

photoresist may stick to the structure, causing it to become dysfunctional.  

In case of NMP, the sample is immersed in the NMP solution and then the whole setup is heated 

up to 80°C for improved etching rate due to the high boiling point of NMP as compared to 

acetone [118]. NMP is a preferable choice as a photoresist removal because of its low vapor 
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pressure and physical properties. Since it is classified as toxic so it is recommended to use some 

alternative photoresist removal solution. After the under etching process, the sample can be 

washed in distilled water to remove the remaining NMP. The schematic diagram of the substrate 

after mirror release is shown in the figure below.  

 

Figure 4.8: Schematic diagram of the substrate after under etching 

 

4.8 Photomask 

The photomask which was used during the fabrication process during UV exposure is the 

Mikrospiegel mask set 7 designed at INA [119]. This photomask consists of two photomasks 

as shown in the figure below.  

 

Figure 4.9: Photo-mask set 7 sacrificial layer (left) mirror structure (right), original figure from [119] 



Fabrication of Micromirror Arrays  47 
 

Figure 4.9, shows an actual image of the photomask which was used during this thesis work. 

The image on the left side shows the structure of the sacrificial layer and on the right side, the 

actual mirror structure is shown. The mirror structure has dimensions of 400µm×150µm as 

shown in Figure 4.10. In the Figure 4.9, small lines are visible on the mirror structure. The 

purpose of these lines is to compensate the stress which is produced in the aluminum layer 

during the mirror release process so that the shape of the mirror can be controlled. These lines 

are hence called stress compensators. This structure is more visible in the Figure 4.10.  

 

Figure 4.10: Schematic diagram of mirror dimensions of the photomask 

 

The following figure shows the schematic diagram of the sacrificial layer and its dimension. 

The width of the sacrificial layer structure is 154µm and the separation between the two 

sacrificial layer structures is 39µm. 

 
Figure 4.11: Schematic diagram of sacrificial layer dimensions of the photomask 
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The dimensions of the sacrificial layer are always greater than the structure itself because during 

the under etching, it helps the etchant to remove the sacrificial layer or else it is impossible to 

under etch the sacrificial layer. The relationship between the dimensions of the sacrificial layer 

and micromirror structure itself is shown in the Figure 4.12. The green lines represent the 

sacrificial layer and the red line represents the mirror structure. It can be clearly seen that the 

sacrificial layer structure is greater than the mirror structure so that the under etching/mirror 

release process can take place.  

 

Figure 4.12: Schematic diagram for comparison of sacrificial layer and micromirror structure 

The following figure shows SEM images of the actual micromirror arrays after the complete 

fabrication process. From the Figure 4.13, it can be observed that the mirrors are completely 

released after the under etching process and due to stress in the aluminum layer, the 

micromirrors bend in the upwards direction, hence making the micromirrors in a complete open 

state. 

 

Figure 4.13: SEM image of micromirror arrays  



 



 

5. Surface Roughness Analysis of 
Silicon Dioxide Films 

 

EMS devices which are actuated electrostatically, normally need an insulating 

layer to insulate the two required electrodes from each other. The schematic 

diagram in Figure 5.1 shows a model of a MEMS structure with the insulation 

layer which is electrostatically actuated and shows the importance of the insulation layer. 

 

Figure 5.1: Schematic diagram of MEMS structure with insulation layer 

There are different materials which provide very good insulation for these MEMS, one of them 

being silicon nitride (Si3N4). This material is widely used as an insulation layer in (Radio 

Frequency) RF MEMS because of its low thermal conductivity and dielectric constant value of 

6.7 which is very stable at the 10 – 60 GHz frequency range [120]. As this thesis is mainly 

focused on micromirror arrays which are optical MEMS, and the function of these micromirror 

arrays is to guide the daylight, so the insulation layer in this case must be transparent. Silicon 

nitride has a yellowish color which makes it non transparent so it cannot be used as an insulation 

layer in the case of micromirror arrays. Silicon dioxide (SiO2), however, is highly transparent 

and provides a good electrical insulation.  

This SiO2 layer acts as the structural layer for all the MEMS fabrication as well, because all the 

following fabrication steps will be carried out over this layer [121] as can be seen from Figure 

5.1. There are number of methods which can be used to deposit the SiO2 layer for example 

Plasma Enhanced Chemical Vapor Deposition (PECVD), Physical Vapor Deposition (PVD), 

Ion Beam Sputter Deposition (IBSD) etc. Every method has its own advantages and 

disadvantages. The most common and fastest method for deposition of SiO2 is the PECVD 

process which is cheap, can be operated at low temperatures i.e. from 60° C to 300° C [37] and 

gives a good thickness control [31]. In the PVD process, the thin layer of SiO2 can be deposited 

M 
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by electron beam evaporation [122]. The IBSD is a sputtering process in which the target is 

sputtered and thin films of the sputtered material are deposited homogeneously over the 

substrate [123]. One of the most important parameter of the SiO2 insulation layer is its surface 

roughness, so this chapter will focus on the surface roughness investigations of SiO2 thin films 

deposited by different techniques and on different kind of substrates.  

5.1 Surface Roughness 

Surface roughness or surface morphology is an important parameter of any material. Surface 

roughness of thin films is associated with the atomic structure where the location of a single 

atom in nanoscale level is important [124]. 

Surface roughness can be defined based on the irregularities of the surface from a given mean 

line. In other words, it is the deviation in vertical direction from its ideal form. If these 

deviations or irregularities are high, then the surface is considered as rough and if these 

irregularities are small then the surface will be considered a smooth surface.  In engineering, 

there are two different types of surface roughness values commonly used: 

 Average (Avg) Surface Roughness: It is the simplest and most common parameter 

which is used to represent the surface roughness of any thin layer. It is an arithmetic 

average between the peaks and the valleys of the surface profile from the mean line. It 

gives a good idea of the height variations in the surface. It is represented by Ra and can 

be expressed mathematically as [125]: 

𝑅𝑎= 1
𝐿
∫ |𝑌(𝑥)|𝑑𝑥
𝐿

0
   (5.1) 

where  

Ra= average surface roughness  

Y = total area of scan 

L = scan length, total number of points which can be taken for 

calculation 

 Root Mean Square (rms) Surface Roughness: It is the square root of the sum of the 

square of the individual peaks and valleys in the surface profile from the mean line. It 

is represented by Rq and can be represented mathematically as [126]:  

𝑅𝑞 = √
1

𝐿
∫ {𝑌(𝑥)}2 𝑑𝑥
𝐿

0
  (5.2) 
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where  

Rq = rms surface roughness  

Y = total area of scan 

L = scan length, total number of points which can be taken for 

calculation 

The following figure shows a surface profile of a substrate in which surface roughness (both 

Avg and rms), the scan length can be seen. 

 

Figure 5.2: Surface profile showing surface roughness (Avg and rms) 

5.2 Optimization of the Stylus Profilometer 

While working on the stylus profilometer, there are a few parameters which should be selected 

carefully during the surface roughness measurement. These parameters are mainly stylus force 

and filter level. If these parameters are not selected carefully the surface roughness values are 

changed accordingly. During this thesis work, there were some tests which were performed to 

optimize the stylus profilometer by varying these parameters and then comparing those results 

with the AFM measurements.  



Surface Roughness Analysis of Silicon Dioxide Films  53 
 

5.2.1.1 Filter Level 

In the software XP Plus for Ambios Stylus Profilometer, there are six different filter levels which 

can be used to represent the surface profile. Each filter level presents the number of data points 

or sampling points which are used to represent or sample the surface profile. These filter levels 

are filter level 1, 2, 4, 8, 16 and 32. Filter level 1 represents the maximum number of data points 

while the filter level 32 represents the minimum number of data points. The exact number of 

data points depend on the scan length. If the scan length is large, the data points will be more 

and vice versa. These data points will be used by the software to represent the surface profile, 

so a larger number of data points should be selected to avoid the noise as there will be loss of 

information with a lesser number of data points. The following plot shows the relation between 

the surface roughness and the filter level. The sample used for the comparison was a thin film 

of SiO2 which was deposited by a PECVD process at 120°C. 

 

Plot 5.1: Filter Level vs Surface Roughness (Avg) 

In Plot 5.1, the relation between the surface roughness and the filter level is shown. On the 

horizontal axis, filter level is shown and on the vertical axis, the average value of surface 

roughness is shown. From the plot it can be seen that when the filter level is increased, which 

means the data points decrease, the surface roughness value also decreases. The value of the 

surface roughness of the same sample, measured using the AFM, is 4.6nm. From the plot it can 

be clearly seen that the value which is represented by filter level 1 is in relation with the AFM 

value and all other values deviate from the AFM values. Hence, it can be concluded that for the 

measurement of the surface roughness through stylus profilometer, the filter level must be 
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chosen with a maximum number of data points i.e. filter level 1. The same trend is recorded for 

the rms values which is shown below. The measurement with the filter level 1 is the closest to 

the AFM measured values. 

 

Plot 5.2: Filter Level vs Surface roughness (rms) 

5.2.1.2 Stylus Force 

The other important parameter which can be adjusted or must be taken into account is stylus 

force. The XP Plus software offers different levels of stylus force which are 0.03, 0.1, 0.2, 0.5, 

0.8, 1.0, 2.0, 5.0, 8.0 and 10.0 mg. The same sample as above is used for this measurement as 

well but with the filter level 4 for verifying the surface roughness values. During the 

measurement, the stylus force was varied from 0.8mg to 10.0mg for the same scan length and 

for the same location on the sample. The result is shown in the Plot 5.3.  

Plot 5.3 shows a relation between the stylus force and the surface roughness (Avg) of the 

PECVD sample of SiO2 which was deposited at 120°C. Plot 5.4 shows a similar relation for the 

rms values as well. From the Plot 5.3 and Plot 5.4, it can be seen that, at low stylus force i.e. 

from 0.03 mg to 1.0 mg, the surface roughness values are quite unstable. The reason behind this 

instability is that, the stylus does not have a firm connection with the substrate and during the 

scanning, any peak or valley interrupts the position of the stylus and it loses its contact with the 

substrate and hence recording the values which are varying. 
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Plot 5.3: Stylus Force vs Surface Roughness (Avg) 

When the stylus force is in between 1.0 mg to 10.0 mg, the plot shows that the surface roughness 

values are quite stable. It is because of the solid connection between the substrate and the stylus. 

The stylus, during the scan, records every peak and valley without any interruption. 

 

Plot 5.4: Stylus Force vs Surface Roughness (rms) 

One disadvantage for using a strong force during the scan is that the delicate structure can be 

destroyed by the stylus. So the stylus force should be kept at the minimum stable value                

i.e. 2.0 mg. 
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In conclusion, while measuring the surface roughness by using stylus profilometer, the stylus 

force should be at least 2.0 mg and the filter level 1 must be used. By using these parameters, 

the obtained surface roughness values will be reliable and comparable to the AFM values. 

5.3 Sample Preparation for Surface Roughness Analysis 

For the surface roughness analysis of SiO2 insulation layers, the samples were prepared by 

depositing only the insulation layer i.e. SiO2 on them using three different techniques, namely 

PECVD, PVD and IBSD. The total thickness of the SiO2 in all three techniques was kept at   

150 nm. Three different types of substrates were used during this investigation which are glass, 

Polyethylene Naphthalate (PEN) and silicon. Currently, the micromirror samples are being 

fabricated on glass substrates, so it was important to investigate the insulation layer over glass 

substrate. PEN substrate was used because there is a plan to replace the glass substrate with 

some flexible substrate like PEN because it is light weight, transparent and cost effective as 

well. Silicon wafers were used during this investigation because silicon has a very smooth 

surface and it is good idea to investigate the surface roughness of SiO2 over a very smooth 

surface like silicon as a kind of reference.   

5.3.1 Preparation of Glass Substrates 

It is very important to clean the substrate before depositing any thin film over it. For this 

intention, the glass substrate was first cut in to a small size of about 2.5cm×2.5cm. After cutting, 

the samples were cleaned by rinsing them with distilled water so that impurities or dust should 

be washed away. After the treatment of rinsing, they were immersed in acetone, a well-known 

organic solvent, so that all the organic impurities should be dissolved. After immersing in 

acetone, the samples were then rinsed in isopropyl alcohol so that all the residual acetone, which 

appears as oil traces on the surface, should be removed and that the surface of the sample 

becomes completely free of all kind of organic impurities and dust particles. 

After the completion of the cleaning process, the surface roughness of the glass substrate 

without any deposition of thin layer of SiO2 was measured using Stylus Profilometry and AFM. 

It is very important to measure the surface roughness before the deposition, because the initial 

surface roughness i.e. the surface roughness before the thin layer deposition can affect the 

surface roughness of the final thin layer deposition. 

The average surface roughness values, which are recorded for glass substrate without the 

deposition of SiO2 layer, by using the stylus profilometer and the AFM are 2.3 nm and 2.4 nm, 
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respectively. Similarly, the rms surface roughness values of the same layer, by using the stylus 

profilometer and AFM are 2.9nm for both. 

The 3D image of the glass surface without the SiO2 deposition measured using AFM is shown 

in the figure below.  

 

Figure 5.3: 3D image of glass substrate without SiO2 deposition 

Figure 5.3 shows a 3D image of the glass substrate without the deposition of SiO2 layer. It can 

be seen that the total scan area is 1.0µm×1.0µm and the highest point present on the surface has 

a height of 28nm. After this stage the sample is ready for the deposition of SiO2 layer. 

5.3.2 Preparation of PEN Substrates 

The preparation of the PEN substrates starts with the cutting of the respective substrate into a 

suitable size as the PEN comes from the company in the dimensions of an A4-sized paper. As 

this sheet is flexible and easily amended, it was cut by using a normal scissor. The sample size 

was roughly 2.5cm×2.5cm. After cutting, the samples were cleaned by washing with distilled 

water, so that the dust particles should be washed away. After washing in distilled water, the 

samples were then cleaned by rinsing them with acetone so that all the organic impurities 

vanished. After cleaning them in acetone, the samples were then cleaned by isopropyl alcohol 

so that the acetone residuals i.e. oil traces should be removed.  

After the completion of the cleaning process, the PEN sample was measured for surface 

roughness without the deposition of SiO2 layer like in the case of the glass substrate. The 

average surface roughness for the PEN substrate, using Stylus Profilometry and AFM are 3.1 
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nm and 1.9 nm, respectively. Similarly, the values of rms surface roughness, by using the Stylus 

Profilometer and AFM is found to be 3.9nm and 2.3nm respectively.  

The 3D image of the surface of PEN substrate is shown in Figure 5.4. 

 

Figure 5.4: 3D image of PEN substrate without SiO2 deposition 

Figure 5.4 shows a 3D image of a surface of PEN substrate without the deposition of SiO2 layer. 

From the figure, it can be seen that the maximum height which was recorded by AFM during 

the scan is 31nm while the total area which was scanned was 1.0µm×1.0µm. 

5.3.3 Preparation of Silicon Substrates 

The third type of substrate which was used during this investigation was silicon. The 

dimensions of the silicon substrate which was used during this work was 1.5cm×1.5cm roughly. 

These samples were cleaned in the same way as glass and PEN substrates were cleaned i.e. first 

washed with water to eliminate the dust and other impurities and then rinsed with acetone and 

isopropyl alcohol to remove the organic impurities and acetone residuals.  

After cleaning, the surface roughness of the silicon substrate was measured by using Stylus 

Profilometer and AFM. The value of the average surface roughness, by Stylus Profilometer and 

AFM was 0.8nm and 0.7nm, respectively. Similarly, the rms values for surface roughness, by 

Stylus Profilometer and AFM was 1.0nm and 0.9nm, respectively. 

The 3D image of the surface of silicon substrate without the deposition of SiO2 layer is shown 

in Figure 5.5. It can be seen that the highest point which was recorded by AFM, during the 

scanning is 13nm. The total area which was scanned by AFM is 1.0µm×1.0µm. 
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Figure 5.5: 3D image of silicon substrate without SiO2 deposition 

In summary, glass substrate shows the highest surface roughness amongst all the substrates 

while silicon substrate has the smoothest surface of all the three substrates. The values of 

surface roughness, both average and rms, for all the three substrates are given in the table below. 

 Glass PEN Silicon 

 Avg rms Avg rms Avg rms 

Profilometer 2.3 2.9 3.1 3.9 0.8 1.0 

AFM 2.4 2.9 1.9 2.3 0.7 0.9 
 

Table 5.1: Avg and rms surface roughness values (in nm) of substrates without SiO2 deposition 

5.4 PECVD Layer Deposition and Analysis 

During the investigation of surface roughness of the SiO2 thin layer, three different techniques 

were used for deposition of the SiO2 thin layer. PECVD deposition is one of them and the other 

two are PVD and IBSD. In PECVD, there is the possibility to vary the temperature of the 

substrate holder. During this investigation, the PECVD deposition was carried with the 

substrate holder being at temperatures of 120°C, 200°C and 300°C. The other parameters are 

given in the following table. 

Parameter Value 

2% SiH4–N2 flow (sccm) 430 
N2O flow (sccm) 710 
HF power (W) 20 
LF power (W) 20 
Pressure (Torr) 1 
Temperature 120°C, 200°C & 300°C 

 
Table 5.2: PECVD parameters for deposition of SiO2 
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The thickness of the SiO2 layer is kept constant i.e. 150 nm for all temperature and substrates. 

The following figure shows a surface profile of the SiO2 thin layer, which was recorded by the 

Ambios Stylus Profilometer deposited with a temperature of 120°C. 

 

Figure 5.6: Surface profile of SiO2 layer over glass substrate by Stylus Profilometer at 120°C by PECVD process 

 

Figure 5.6 shows a surface profile of a SiO2 thin layer which was recorded by stylus 

profilometer. It can be seen from the figure that the total scan area is 5mm. There are some long 

bars present on the surface profile which shows some particles or impurities present on the 

surface. The values of average and rms surface roughness were 2.3nm and 4.0nm, respectively. 

The 3D image of the same SiO2 thin layer is shown in the figure below. 

 

Figure 5.7: 3D image by AFM of SiO2 layer over glass substrate at 120°C by PECVD process 
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Figure 5.7 shows a 3D image which was recorded by using AFM in tapping mode. The total 

scan area was 1µm×1µm and the scan speed was 0.75Hz at 256 lines. From the image it can be 

noticed that the surface is very rough and the maximum height in the SiO2 thin layer is approx. 

45nm. The values of the average and rms surface roughness were 4.0nm and 4.9nm, 

respectively. During this investigation work, it has been perceived that the PECVD layer is 

almost three times higher than the other two techniques. The main reason behind this is the 

PECVD process itself. PECVD is fast as compared to PVD and IBSD processes. For example 

in 10 minutes, by using the parameters which were mentioned in Table 5.2, approximately 

500nm thin layer of SiO2 can be deposited. On the other hand, in 10 minutes, by using the PVD 

process, approximately 100nm can be deposited and by using IBSD it is even less. During the 

PECVD process, a chemical action takes place between two gases in the presence of plasma, 

the clusters of SiO2 are formed. The surface diffusion length of these clusters (defined in chapter 

3, Eq. 3.1) increases at high temperatures [57]. Also, another possible reason is the increase in 

the initial cluster size due to the coalescence process of clusters in which two or more clusters 

collide with each other to form a big cluster when they are in a random motion which is 

proportional to the substrate temperature [58]. The SEM image of the SiO2 thin layer is shown 

in Figure 5.8. The SEM image was taken by a Raith eLine Electron Beam Lithography.  

 
Figure 5.8: SEM image of SiO2 by PECVD deposition at 120°C over glass substrate 

Figure 5.8 shows an SEM image of PECVD deposited SiO2 thin layer at 120°C in which the 

grain size can be easily observed. The surface looks quite rough because of the big grain size 
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which has a size of roughly 20nm to 40nm. The dark shadow is because of the charging effect 

of SEM because the surface is non-conducting that causes electron accumulation on the surface. 

This static charge strongly affects the electron signals which are used to capture the surface 

image and hence deteriorate the image quality. 

5.4.1 Effect of Deposition Temperature on Surface Roughness 

While depositing SiO2 thin layer through PECVD process, there is an option to change the 

substrate temperature from about 20°C to 300°C. So investigation were carried out during this 

thesis work regarding the relationship between the substrate temperature and the surface 

roughness of SiO2 thin layer. Since the substrate holder’s temperature can be varied from 20°C 

to 300°C, so some glass samples were prepared for this experiment as PEN substrates cannot 

tolerate temperatures above 150°C. During the experiment, the substrate holder temperature 

was varied from 80°C to 300°C with different intervals and all the parameters remain the same 

as mentioned in Table 5.2. While measuring the surface roughness from stylus profilometer and 

the AFM, it has been perceived that the surface roughness of the SiO2 thin layer keeps on 

increasing with the increase in temperature.  

 

Plot 5.5: Temperature (°C) vs Avg. Surface Roughness (nm) of SiO2 

Plot 5.5 shows a relationship between the temperature and the average surface roughness values 

and it can be observed that surface roughness keeps on increasing as the temperature is 

increased. It nearly shows a linear trend and hence, it can be assumed that, in the PECVD 
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process, when the temperature increases, the surface roughness also increases. The main reason 

of increase in the surface roughness with increase in substrate temperature is the surface 

diffusion length. When the substrate holder temperature increases, the surface diffusion length 

“l” also increases [57] as the diffusion coefficient “D” increases which depends upon 

temperature and can be expressed as [58]: 

𝐷 = 𝐷𝑜𝑒𝑥𝑝 −
𝐸𝐷

𝑘𝐵𝑇
                                    (5.3) 

Where Do is constant, ED is the activation energy for diffusion, kB is Boltzmann constant and T 

represents temperature. This phenomenon has been also verified by some computer simulations 

which implement solid on solid model by using the Monte Carlo Simulations [57]. It has been 

found in the same computer simulation that, as the surface diffusion length increases, the 

uniformity of the grown layer decreases. Another possible reason for increase in surface 

roughness with substrate temperature is the cluster coalescence process. The PECVD process 

can be considered as island growth (Volmer-Weber) [127] in which cluster size increases with 

increase in substrate temperature [128]. At higher temperatures, the clusters are moved 

randomly and collide with other and form a big cluster [58]. This phenomenon is known as 

cluster coalescence and it depends upon temperature because the random movement of cluster 

increases as the substrate temperature increases [58]. This causes increase in the surface 

roughness of the SiO2 thin layer at high temperatures as the cluster size increases because of 

coalescence of clusters.  However this trend is not true for all the techniques and the materials 

which are going to be deposited. Studies shows that this trend is opposite and depends on the 

material which is going to be deposited and the technique which is used for deposition. For 

example while depositing amorphous ZnO/Al2O3 on silicon substrate by using atomic layer 

deposition, it has been found that surface roughness decreases with increase in temperature 

[129]. Similar trend for surface roughness and temperature has been also noticed while 

investigating the MBE and metalorganic chemical phase epitaxy [130]. A very good example 

of these detailed study is the work of Morkoç et. al [131]. 

5.4.2 Surface Roughness Analysis of SiO2 for PEN and Silicon Substrates 

The figure below shows a surface profile, which was recorded by stylus profilometry, for the 

SiO2 thin layer on a PEN substrate. From the Figure 5.9, it can be noticed that the total scan 

length used during the scan is 1 mm. There are some long bars present on the surface but they 

are only impurities present over the surface.  
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The 3D image from the AFM of the same layer is shown in Figure 5.10. The total scan area is 

1.0µm×1.0µm and the highest point on the profile is approx. 48nm which is comparable to the 

pure glass substrate. 

 

Figure 5.9: Surface profile of SiO2 for PEN substrate by PECVD process 

The profile also looks very much similar to the profile of glass substrate which is shown in 

Figure 5.7. The average surface roughness values, which were recorded by stylus profilometer 

and AFM are 2.3nm and 3.6nm, respectively. Similarly, the rms surface roughness values for 

stylus profilometer and AFM are 3.1nm and 4.4nm, respectively. 

 

Figure 5.10: 3D image by AFM of SiO2 on PEN substrate by PECVD process 
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The following figure shows a SEM image of the SiO2 layer on PEN substrate deposited by 

PECVD. 

 

Figure 5.11: SEM image of SiO2 on PEN substrate by PECVD process 

The surface profile which was recorded by stylus profilometry with the SiO2 thin layer over 

silicon substrate is shown in the Figure 5.12. 

 

Figure 5.12: Surface profile for SiO2 layer on silicon substrate by PECVD process 

Figure 5.13 shows a 3D image by AFM of SiO2 layer on silicon substrate by PECVD process. 
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Figure 5.13: 3D image by AFM of SiO2 on silicon substrate by PECVD process 

The surface profile in Figure 5.13 looks similar to the glass and PEN substrate. The total scan 

length was 1.0µm×1.0µm and the highest point on the profile is 39nm which is in the range of 

the glass and PEN profiles. The SEM image of the SiO2 which was deposited over silicon 

substrate by PECVD process is shown in Figure 5.14. 

 

Figure 5.14: SEM image of SiO2 on silicon substrate by PECVD process 

The SEM image which is shown in Figure 5.14, seems very similar to the glass and PEN 

substrate’s SEM image. The average surface roughness values, which were recorded for the 

SiO2 layer over silicon substrate, by stylus profilometer and AFM are 1.3nm and 3.7nm, 

respectively. Similarly, the rms surface roughness values for stylus profilometer and AFM are 

1.6nm and 4.6nm, respectively.  



Surface Roughness Analysis of Silicon Dioxide Films  67 
 

The following plot shows a general overview of the average surface roughness values on all the 

three substrates i.e. glass, PEN and silicon. The values in black color represent the AFM values 

while the values in white represent the stylus profilometer values. 

 

Figure 5.15: Substrate vs Avg. surface roughness (nm)  

While observing the Figure 5.15 and the AFM and SEM images, it is observed that the deposited 

layer of the SiO2 by PECVD process on the three different substrates are similar to each other. 

The surface roughness values vary between 3.6nm to 4.0nm for AFM measurements, but the 

layer itself, is similar on all three substrates. Hence, by observing the Figure 5.15 and the AFM 

and SEM images of all the substrates, it can be assumed that for the PECVD process, the nature 

of the substrate does not play any important role in the surface roughness of the deposited layer 

and it cannot affect the value of surface roughness considerably.     

5.5  PVD Layer Deposition and Analysis 

During the investigation of surface roughness of the SiO2 thin layer, the second deposition 

technique which was used, was PVD deposition. The PVD process differs from the PECVD 

deposition is such a way that, there is no chemical reaction involved in the process but the 

material which is going to be deposited is evaporated by a high current or by an electron gun. 

Also, the deposition process takes place in very high vacuum i.e. below 1×10-6 mbar. The 

temperature inside the chamber is approx. 40°C which is far below that in the PECVD process. 

The total thickness of the deposited SiO2 layer was 150nm for all the substrates. The other 

parameters which were used during the PVD deposition technique are given in Table 5.3. 
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Parameter Value 

E-gun Voltage 9kV 

Deposition Rate 0.3 nm/sec 

Purity of SiO2 99.99% 
 

Table 5.3: PVD parameters for the deposition on SiO2 layer 

After the deposition of the SiO2 layer, the surface roughness was measured by using the stylus 

profilometer and AFM. The image shown in Figure 5.16 is a surface profile of the SiO2 layer 

which was recorded by the stylus profilometer. It can be observed that the total scan area is 

5mm and the surface itself looks quite smooth as compared to the PECVD surface. There are 

some long bar lines present on the surface profile but these long bar lines are not the part of the 

deposited SiO2 layer, rather they are just impurities which were present on the surface and were 

recorded during the surface scan by the stylus profilometer. 

 

Figure 5.16: Surface profile of SiO2 layer on glass substrate by PVD process 

The same layer is shown in 3D format which was recorded by the AFM, in Figure 5.17. The 

total scan area is 1.0µm×1.0µm and the highest point which was recorded on the surface is 

approx. 16nm.  
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Figure 5.17: 3D iamge by AFM of SiO2 layer on glass substrate by PVD process 

The surface looks very smooth as compared to the PECVD process. As mentioned earlier, the 

PECVD process is very fast as compared to the PVD process and the process takes place at a 

higher temperature, hence it forms a rough surface causing higher surface roughness value. On 

the other hand, the PVD process is slow i.e. deposition rate is 0.3 nm/sec and the temperature 

is also approx. 40°C whereas in PECVD it varies from 120°C to 300°C. Hence, during the PVD 

process, because of low temperature and low deposition rate, these conditions prevent the larger 

initial cluster size and low surface mobility of atoms. As a result the surface roughness is low 

as compared to the PECVD process [128]. Also, there is no chemical reaction involved in PVD 

process, which produces a smooth surface as shown in Figure 5.17.  

Figure 5.17 shows a 3D image of the SiO2 layer on glass substrate by PVD process. The SEM 

image of the same layer is shown in Figure 5.18 and from the image it can be observed that the 

grain size which was very much visible in the PECVD layer case in Figure 5.8, is almost 

invisible in the SEM image in the case of PVD. It can be seen from the SEM and 3D image of 

AFM, that, the surface is very smooth compared to the PECVD process shown in Figure 5.7 

and Figure 5.8, where the highest point on the surface is 45nm approx. and in the PVD process 

it was only 16nm. The average surface roughness values which was recorded by stylus 

profilometer and AFM are 2.1nm and 1.5nm, respectively. Similarly, the rms surface roughness 

values for stylus profilometer and AFM are 3.2nm and 1.8nm, respectively. 
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Figure 5.18: SEM image of SiO2 layer on glass substrate by PVD process 

5.5.1 Surface Roughness Analysis on PEN Substrates 

As mentioned before, three different types of substrate which are to be used during the 

investigation i.e. glass, PEN and silicon. In this section, PEN and silicon substrates will be 

discussed. The following figure shows a surface profile of the SiO2 layer over PEN substrate by 

PVD process. 

 

Figure 5.19: Surface profile of SiO2 layer on PEN substrate by PVD process 
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Figure 5.19 shows a surface profile of SiO2 layer on PEN substrate by PVD deposition process. 

From the surface profile, it can be observed that the surface looks quite similar to the surface 

profile of glass substrate. The same surface is shown in 3D format by an AFM image in        

Figure 5.20 .  

 

Figure 5.20: 3D image of SiO2 layer on PEN substrate by PVD process 

From the 3D image, it can be seen that the surface is very smooth and looks almost similar to 

that of glass substrate. The total scan area is 1.0µm×1.0µm and the highest point on the surface 

is approx. 16nm. The average surface roughness values which were recorded by stylus 

profilometer and AFM are 1.9nm and 1.3nm, respectively. Similarly, the rms surface roughness 

values which were recorded by stylus profilometer and AFM are 2.5nm and 1.7nm, 

respectively. In comparison with PECVD layer on PEN substrate, the PVD layer on the same 

substrate possesses a very smooth surface as compared to the PECVD process because of the 

low temperature and low deposition rate of PVD process. As a result, the average surface 

roughness values of the SiO2 layer for the PEN substrate reduced by almost 50%.  

Figure 5.21 shows an SEM image of the same layer i.e. SiO2 layer on PEN substrate by PVD 

process. From the figure, it can be seen that the grain size, which was very visible in the PECVD 

process has reduced and is nearly invisible in the SEM image in the case of PVD.  
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Figure 5.21: SEM image of SiO2 layer on PEN substrate by PVD process 

5.5.2 Surface Roughness Analysis on Silicon Substrates 

Similarly, on the silicon substrate, the surface profile looks very much similar to those of glass 

and PEN substrate.  

 

Figure 5.22: Surface profile of SiO2 layer on silicon substrate by PVD process 



Surface Roughness Analysis of Silicon Dioxide Films  73 
 

Figure 5.22 shows a surface profile of SiO2 layer which was deposited on silicon substrate by 

PVD process. From Figure 5.22, it can be observed that the total scan length is 1mm and the 

surface looks smooth in general. There are some long bars present on the surface profile which 

represent impurities or some particles which are not part of the SiO2 thin layer. 

Figure 5.22 shows a surface profile of the SiO2 layer which is deposited by PVD process on 

silicon substrate. The surface profile looks similar to the surface profile of glass and PEN 

substrates. The 3D image which is recorded by AFM is shown in the figure below. 

 

Figure 5.23: 3D image of SiO2 layer on silicon substrate by PVD process 

Figure 5.23 shows an AFM image of the SiO2 layer which is deposited by PVD process on 

silicon substrate. The surface overall looks quite smooth and resembles with the surface of glass 

and PEN substrates. The scan area is 1.0µm×1.0µm and the highest point on the surface is 

approx. 25nm which is because of the one large dust particle present over the surface. This 

particle may arise during the deposition or during the scan but it is not part of the deposited 

layer. The average surface roughness values which were recorded by stylus profilometer and 

AFM are 1.1nm and 1.4nm, respectively. Similarly, the rms values for the stylus profilometer 

and AFM are 1.3nm and 2.0nm, respectively.  

The SEM image of the SiO2 layer which was deposited by PVD process on silicon substrate is 

shown in the figure below. Figure 5.24 shows an SEM image of the SiO2 layer which was 

deposited on silicon substrate by PVD process. From the figure, it can be observed that the 

surface looks almost identical to the surface of glass and PEN substrates which were also 

deposited by the PVD process. 
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Figure 5.24: SEM image of the SiO2 layer on silicon substrate by PVD process 

The following plot shows a comparison of average surface roughness on three different 

substrates.  

 

Figure 5.25: Substrate vs Avg. Surface Roughness (nm) for PVD process  

Figure 5.25 shows the relation between the substrate and the average surface roughness values 

for PVD process. The values in black color represent the AFM values while the values in white 

represent the stylus profilometer values. While observing the Figure 5.25 it can be assumed that 
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the surface of the substrate itself does not play any important role on the surface roughness of 

the deposited layer because the surface roughness values (AFM) do not vary considerably (they 

range from 1.3nm to 1.5nm). Also, while observing the SEM and AFM images, it is perceived 

that the initial cluster size, which was very promising in the PECVD layer is almost invisible 

for the PVD process. As a result, the surface roughness has reduced to a factor of more than 

50% as compared to the PECVD process. 

5.6 IBSD layer Deposition and Analysis 

The third and final technique which was investigated on different substrates for surface 

roughness was IBSD. IBSD totally differs from the PECVD and PVD process. In the IBSD 

process, the target material is sputtered by the ion bombardment so that the material comes out 

from the target and deposits on the substrate (as already discussed in section 3.3). The 

temperature inside the chamber is approx. between 30°C to 60°C. The process also takes place 

in high vacuum. The total thickness for the layers is 150nm. The other parameters are described 

in the following table. 

Parameter Ion Source 1 Ion Source 2 

Gas flow Ar 6sccm, Xe 0sccm Ar 2sccm, O2 11sccm 

Power 220W 200W 

Beam 800V (74mA) 100V (40mA) 

Voltage 100V (2.5mA) 100V (1.1mA) 

Pulsing 1kHz (80%) 10kHz (60%) 

E-Current 0eV 100eV (80mA) 

 

Table 5.4: IBSD parameters for deposition on SiO2 layer 

After the deposition of SiO2 layer, the surface roughness was measured by the stylus 

profilometer and AFM. The following figure shows a surface profile of a glass substrate having 

SiO2 layer deposited by IBSD process. From Figure 5.26, it can be seen that the total scan length 

for this sample is 5mm and there are some impurities which have settled on the substrate and 

are recorded during the scan. 
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Figure 5.26: Surface profile of SiO2 layer on glass substrate by IBSD process 

The same layer is shown in the figure below in a 3D image by AFM. Figure 5.27 shows an 

AFM 3D image of the SiO2 layer which was deposited by IBSD process. From the figure, it can 

be observed that the surface is much smoother as compared to the previous two techniques i.e. 

PECVD and PVD. 

 

Figure 5.27: 3D image of SiO2 layer on glass substrate by IBSD process 

The main reason behind the smoother surface is the IBSD process itself which is slower as 

compared to the PECVD and PVD processes and is also carried out at very low temperatures. 
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This makes the surface smoother as compared to the PECVD and PVD processes. The SEM 

image of the same profile is shown in the figure below. 

 

Figure 5.28: SEM image of SiO2 layer on glass substrate by IBSD process 

Figure 5.28 shows an SEM image of the surface of the SiO2 layer on glass substrate by IBSD 

process. From the figure, it can be observed that the surface looks very smooth and the grain 

size, which was very visible in PECVD layer and hardly visible in PVD layer, cannot be seen 

in the case of IBSD. There are some bumps existing on the surface but they are only impurities 

or some particles which have settled down on the surface and are not the part of the SiO2 layer. 

Since the SiO2 surface is non-conducting, it produces a charge effect in SEM which is strongly 

visible in the picture as a black shadow.  

The average surface roughness values, which were recorded by stylus profilometer and AFM 

are 2.3nm and 1.1nm, respectively. Similarly, the rms values for the stylus profilometer and 

AFM are 3.2nm and 1.5nm, respectively. 

5.6.1 IBSD Layer Analysis on PEN Substrates 

The other two substrates, which were used for this investigation besides the glass substrate, are 

PEN and silicon substrates. The following figure shows a surface profile of SiO2 layer on PEN 

substrate, from stylus profilometer. 
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Figure 5.29: Surface profile of SiO2 layer on PEN substrate by IBSD process 

From the Figure 5.29, it can be seen that the total scan length is 1mm and the surface profile is 

curved. This curve comes from the PEN substrate, which due to its flexibility, has a natural 

bend in shape. Moreover, the scan area is large, so the bend becomes more prominent as the 

scan area increases. The AFM image of the same surface is shown in the figure below. 

 

Figure 5.30: 3D image of SiO2 layer on PEN substrate by IBSD process 

Figure 5.30 shows an AFM image of SiO2 layer which was deposited by IBSD process on PEN 

substrate. It shows that the total scanned area is 1.0µm×1.0µm and the highest point on surface 

is approx. 25nm. Generally the surface looks quite smooth as compared to the PECVD and 

PVD process surface profiles. The natural bend in the PEN substrate is also visible in the 3D 
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image. The average surface roughness values which were measured by stylus profilometer and 

AFM are 1.8nm and 0.9nm, respectively. Similarly, the rms values which were recorded by 

stylus profilometer and AFM are 2.3nm and 1.3nm, respectively. The SEM image of the same 

surface of the SiO2 layer is shown in the figure below. 

 

Figure 5.31: SEM image of SiO2 layer on PEN substrate by IBSD process 

Figure 5.31 shows an SEM image of the SiO2 layer which was deposited by IBSD process on 

PEN substrate. From the figure, it can be seen that the surface is quite smooth as compared to 

the other two techniques. Some impurities and particles can also be seen in the image. The 

circular lines are also present in the SEM image which are the polymer chains and are part of 

any polymer. The grain size/cluster size is almost invisible in the image as it was very prominent 

in the PECVD image.  

5.6.2 IBSD Layer Analysis on Silicon Substrates 

Similarly, the silicon substrate has shown almost the same trend for the IBSD layer. The 

following Figure 5.32 shows a surface profile for the SiO2 layer on silicon substrate with IBSD. 

The surface profile was recorded for the scan length of 1mm. In Figure 5.32, it can be observed 

that the surface is quite smooth and has only one large vertical line which is because of some 

impurity or some particle.  

Figure 5.33 shows an AFM image of the SiO2 layer which was deposited by IBSD process on 

silicon substrate. The total scan area is 1.0µm×1.0µm and the highest point which was recorded 
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during the scan is only 2.3nm which shows the smoothness in the surface itself. The surface 

itself looks very smooth as compared to all other substrates and all other techniques. 

 

Figure 5.32: Surface profile of SiO2 layer on silicon substrate by IBSD process 

The reason behind the surface smoothness is the IBSD process and the initial surface profile of 

silicon, as silicon has the minimum surface roughness values as compared to the glass and PEN 

substrates. 

 

Figure 5.33: 3D image of SiO2 layer on PEN substrate by IBSD process 

The average surface roughness values which were recorded by the surface profilometer and 

AFM are 1.1nm and 0.2nm, respectively. Similarly, the rms surface roughness values for stylus 
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profilometer and AFM are 1.3nm and 0.3nm, respectively. The SEM image of the same profile 

is shown in Figure 5.34. 

 

Figure 5.34: SEM image of SiO2 layer on silicon substrate by IBSD process 

It can be seen from the figure that, the surface is very smooth as compared to the other two 

techniques and the grain size/cluster size is almost invisible in the SEM image which shows the 

smoothness of the surface. 

In summary, by the comparing surface roughness values of all the substrates i.e. glass, PEN and 

silicon, it can be observed that the surface roughness values for the glass and PEN substrates 

remains approx. the same i.e. 1.1nm and 1.0nm. This shows that the substrates do not play an 

important role in the final values of surface roughness. But observing the silicon substrate 

values, there is a huge difference between the surface roughness values as compared to the glass 

and PEN substrates. From Table 5.1, it can be seen that there is a reasonable difference in the 

values of the silicon substrate and the other two substrates. This difference plays an important 

role while determining the surface roughness value of the silicon substrate after depositing the 

SiO2 layer. So it can be assumed that if the initial surface roughness value is very small then it 

can play an important role on the final surface roughness values, while depositing through IBSD 

process.  

Figure 5.35 shows a comparison of the substrates against the average surface roughness values. 

The black color represents the AFM values and white color represents the stylus profilometer 

readings. 
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Figure 5.35: Substrate vs Avg. Surface Roughness (nm)  

5.7 Overview of surface roughness on different materials and processes 

The investigation of surface roughness has been also carried out during the last few years which 

involves different process and different materials. These investigations also showed the similar 

results for example one study has been carried out in which 100nm thick SiOx thin film was 

deposited by PECVD process on flexible polyether-sulfone (PES) substrate at different 

temperatures ranging from 80° C to 170° C. During the study it was found that surface 

roughness increased from 2.55nm to 3.23nm as the temperature increases from 80° C to         

170° C [132]. This is probably due to the fact that increase in substrate temperature increases 

the deposition rate which causes higher surface roughness values [132]. Another study involves 

the deposition of 25nm thick strontium titanate (SrTiO3) by using IBSD on silicon substrate at 

different temperature. It has been found that the surface roughness increased from approx. 1nm 

to 4nm as the substrate temperature increased from 600° C to 850° C [133]. It was observed 

that as the substrate temperature increases, the grain size of SrTiO3 also increases which causes 

increase in surface roughness [133]. Another study which also involve IBSD deposition 

technique shows a similar trend. In this study 15nm thick aluminum layer was deposited and it 

has been found that as the sputtering rate increase from 0.02 nm/sec to 0.3 nm/sec, the grain 

size and surface roughness also increases from 35nm to 60nm and 0.4nm to 0.95nm  

respectively [134]. Increase in the sputtering rate provides more energy to the grains to coalesce 

which produces large grains, however surface roughness increases due to the increased number 

2.3

1.8

1.11.1

0.9

0.2

0

0.5

1

1.5

2

2.5

Glass PEN Silicon

A
vg

. S
u

rf
ac

e 
R

o
u

gh
n

es
s 

(n
m

)

Substrates

Substrate vs Avg. Surface Roughness (nm)

Profilometer

AFM



Surface Roughness Analysis of Silicon Dioxide Films  83 
 

of adatoms on a smaller time which rises the height of grains, as a result surface roughness 

increases [134]. During the same investigation, the substrate temperature is varied from 50° C 

to 400° C and it has been found that the surface roughness and grain size increased from 1.5nm 

to 3.9nm and 30nm to 140nm respectively [134]. As the temperature increases, it also increases 

the surface mobility of the atoms on the surface which produces larger grains and as a result 

surface roughness also increases [134]. Another study involves the deposition of aluminum by 

using physical vapor deposition on three different substrates i.e. glass, silicon and mica. In this 

work, 100nm thick aluminum layer was deposited by e-beam deposition method by varying the 

deposition rate. It has been observed that when the deposition rate varied from 0.5nm/sec to 

2.0nm/sec the grain size increased from 15nm to 100nm respectively and surface roughness 

(rms) also increases from 1.12nm to 4.1nm respectively (glass substrate) [135]. The grain size 

increases with the high deposition rate because the arriving aluminum atom on to the surface 

per unit time increases which enhances the coalescence process of aluminum clusters and hence 

grain size increases which also causes the increased surface roughness [135].  

The investigation of surface roughness, which has been carried out in this thesis work satisfy 

the results which has been mentioned above. For example, in the work of Wuu et. al. [132], the 

surface roughness increases with increase in the substrate temperature during the PECVD 

process. Similar trend was also observed during this thesis work while investigating the surface 

roughness of SiO2 on glass substrate in PECVD process. As the substrate temperature increases, 

the surface roughness also increases because of the coalescence of the clusters and increase in 

the surface diffusion length of the clusters. The other studies i.e. the study of Panomsuwan et. 

al. [133] and Paul et. al [134] also shows the similar trends regarding the substrate temperature 

and surface roughness but for the IBSD process. In the research work of Bordo et. al. [135], 

there are three different substrates which are investigated and it has been found that the surface 

roughness keeps on increasing as the deposition rate increases in PVD process regardless of the 

nature of the substrate. This result has been also satisfied during this thesis work when three 

different substrates were investigated for surface roughness investigation for three different 

techniques i.e. PECVD, PVD and IBSD and it was found that the surface roughness does not 

depend on the nature of the substrate. The above mentioned studies did not discuss the surface 

growth modes (details are in chapter 3) during the deposition of the materials on different 

substrates. But in this thesis work, it was observed that during the deposition of SiO2 thin film 

by using PECVD, PVD and IBSD on glass, silicon and PEN substrate, all the deposition 

techniques follows the Vollmer Weber growth mode (island growth) regardless of the nature of 

the substrate.     
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5.8 Reformed Insulation Layer Scheme 

During the fabrication of micromirror arrays, the insulation layer SiO2 which is deposited by 

the PECVD process, is a bi-layer system i.e. two separate layers of SiO2 are deposited every 

time during the fabrication process. This insulation layer works as an electrical insulator 

between two electrodes (as discussed in chapter 4). The thickness of these layers are 500 nm 

each, resulting in a 1µm thick insulation layer. The micromirror structure model with a voltage 

source, is shown in Figure 5.36 below with the bi-layer insulation system.  

 

Figure 5.36: Micromirror model with insulation layer setup 

Figure 5.36 shows a model having a substrate, bottom electrode which is made of low e-glass 

or Indium Tin Oxide (ITO) layer, the insulation layer which is deposited by PECVD process at 

300°C and 120°C having thickness of 500nm each and the micromirror structure over the 

insulation layer. This setup of the micromirror is then attached with a voltage source which is 

used for the actuation of the micromirrors. 

5.8.1 Problems in bi-layer system 

During the actuation, when a voltage is applied across the two electrodes i.e. the bottom 

electrode and the mirror layer itself, the insulation layer acts as an electrical insulator and it 

prevents the electrical current to flow through it. The optimum operating voltage for this 

micromirror structure is 40V and the distance between two electrodes is 1µm. So by using 

simple calculation methods, the electric field intensity comes out to be 4×107 V/m. This high 

electric field intensity can give rise to leakage currents [136].  

Also, while actuating the micromirror arrays, the most common phenomenon which is observed 

is the dielectric breakdown. Since the SiO2 layer is a dielectric layer and acts as an insulation 
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layer between two metal plates, so the micromirror model can be treated as a capacitor. 

Dielectric breakdown occurs when the voltage across the electrodes is increased and it exceeds 

the breakdown voltage1 of the insulation layer. The resistance of the insulating layer is 

decreased rapidly. The portion of the insulating layer, where the resistance decreases acts like 

a conductor and a rapid current flows through that portion. This phenomenon is very common 

in the actuation of the micromirror arrays and can be observed by the naked eye. When the 

applied voltage across the two electrodes of the micromirror sample is increased then suddenly 

an electrical spark can be observed for a very short period of time with a typical sound. This 

phenomenon is actually dielectric breakdown in micromirrors. This phenomenon can destroy 

the insulation layer of micromirrors permanently and it has to be eliminated or reduced. The 

typical model of a bi-layer insulation system with dielectric breakdown effect is shown in   

Figure 5.37. When the voltage is applied across the electrodes then some charges are trapped 

in the insulation layer. Since, this is a bi-layer system and has only one interface and the quality 

of the PECVD layer is also not very good, the trapped charges find the path to travel to the 

bottom electrode through the insulation layer hence making a short circuit producing a 

breakdown effect for this insulation layer [137, 138]. This phenomenon also increases the 

leakage current in the system. 

 

Figure 5.37: Bi-layer insulation system with dielectric breakdown 

5.8.2 Reformed Insulation Layer Scheme 

To eliminate/reduce this problem, a reformed design of insulation is proposed in which the bi-

layer system of the SiO2 layer is replaced by a system which has five layers of the SiO2 instead 

of two layers. The thickness of the insulation layer is kept the same i.e. 1µm. Each layer is 200 

nm thick and it can be deposited at different temperatures so that the surface roughness should 

                                                 
1 It is the minimum voltage of an insulator which causes a portion of a material to become electrically 
conductive. 
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be different for each layer. This change in surface roughness also provides a good blockage 

against the trap charges and does allow them to travel towards the bottom electrode. The main 

reason to have this five layer model is to have multiple interfaces between the SiO2 insulation 

layers. This provides a path blockage for the trap charges so that they cannot travel towards the 

bottom electrode, hence improving the dielectric strength of the SiO2 layer. This also improves 

the quality of the PECVD layer.  

Studies have shown that there are very tiny pinholes present when a low quality SiO2 layer is 

deposited [137]. These pinholes provide a path for the trap charges to enhance the dielectric 

breakdown effect, resulting in permanent damage of the insulation layer. Also, these pinholes 

can enhance the leakage current and sometimes provide a permanent short circuit in 

micromirrors. The mirror layer which consists of aluminum, can also be deposited in these 

pinholes and the bottom electrode is in contact with the upper electrode through this pinhole. 

This five layer model structure is shown in the Figure 5.38. 

This new scheme was applied and tested successfully while fabricating the micromirror 

samples. The micromirror samples were fabricated in a conventional way i.e. the bi-layer 

system of the insulation layer of SiO2 and this five layer structure. After fabricating the 

micromirror array samples, the samples were actuated and the results were very satisfactory for 

the five layer scheme. 

 

Figure 5.38: Reformed five layer insulation of SiO2 for micromirror arrays 

The two micromirror array samples, which only differ in the insulation layer scheme, show 

completely different behavior while actuating. The micromirror array sample, which was 

fabricated by using the bi-layer model, shows a high leakage current value and also there was 

sparking effect due to the dielectric breakdown. The micromirror sample which was fabricated 

by using the five layer scheme shows less leakage current and the sparking effect due to 

dielectric breakdown has reduced by 50% approx. So it can be proposed that, the five layer 
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scheme shows promising results so in future the bi-layer system of insulation layer can be 

replaced by the five layer scheme. However, there must be more investigations in order to 

optimize this scheme.  



 



 

6. Transfer of Micromirror Arrays on 

Flexible Substrates 
lexible electronics has a long history and scientists have spent much effort to fabricate 

different electronics on a flexible substrate. These electronics include solar cells, Thin 

Film Transistor (TFT), Liquid Crystal Displays (LCDs), MEMS structures etc. Interest 

in flexible electronics started in the 1960s when the first solar cell was made on a flexible 

substrate. The first TFT was fabricated on a flexible substrate in 1968 by Brody’s group [139]. 

In later years, they were successful to fabricate TFT on different flexible carriers such as 

polyethylene, Mylar etc. [139]. Later, in the 1980s and 1990s, a lot of progress was made in the 

field of flexible TFT and LCDs. 

There are three different types of substrates available which can be treated as flexible. These 

are [139]: 

 Thin glass: Glass substrates which have a thickness of several 100µm become flexible. 

These flexible glass substrates have all the physical and chemical properties of glass 

but, when flexible, they become quite fragile and can break easily during handling. To 

avoid the breakage, these thin glass substrates are treated with different types of 

coatings. Also, they are quite expensive compared to normal glass substrates. 

 Plastic Foils: Plastic foils are very light weight, cheap and have very high flexibility. 

They also have very good chemical stability during the fabrication process. The main 

disadvantage of using these plastic foils is due to their thermal properties. The average 

glass transition temperature (Tg) of a polymer film is in between 120°C and 150°C, 

which means that during the fabrication process, the process temperature should not 

reach the Tg of a polymer. Polyimide (PI), Polyethylene Terephthalate (PET) and 

Polyethylene naphthalate (PEN) are widely used flexible plastic foils because of their 

good chemical and optical properties. 

 Metal Foil: Metal foils are flexible when their thickness is less than 125 µm and 

become very attractive where the substrate is not required to be transparent. Stainless 

steel is widely used as a flexible metal foil because of its high resistivity towards 

chemicals and high temperature tolerance i.e. approx. 1000°C. In general they are more 

stable than plastic and thin glass foils. 

F 
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There has been plenty of research so far and more is being carried out to fabricate different 

electronics on flexible substrates. Mainly, plastic flexible substrate are more common substrates 

for flexible electronics such as TFTs, solar cells, LEDs etc. which are shown in the figure below. 

 

Figure 6.1: Flexible electronics a) organic TFT, original figure from [140] b) Organic LED, original figure from [141]         
c) organic solar cell, original figure from [142] d) Bendable inorganic thin film battery, original figure from [143] 

For micromirror arrays, it is necessary to have a transparent substrate, so the metal foil cannot 

be used as it is not transparent. Also, the glass substrates are already in use and micromirror 

arrays have been successfully fabricated over it. So, the main focus of the work is to transfer 

the existing micromirror arrays from glass substrates to plastic flexible substrates as they are 

thin, light weight and cost effective compared to flexible glass substrates. 
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6.1 Suitable Substrate Selection 

While choosing a correct flexible plastic substrate for micromirror arrays, there are different 

properties that have to be offered by the flexible substrate. These properties are: 

 Optical Properties: For fabrication of micromirror arrays, the substrate has to be 

transparent, as the micromirror arrays will work to guide the daylight. So, it has to be 

as transparent as glass and have a transparency of approx. more than 80%. 

 Thermal Properties: The substrate must have very good thermal properties and must 

tolerate the uppermost temperature during the fabrication process of micromirror arrays. 

The glass transition temperature of the substrate must be above the uppermost 

temperature during the process recipe. 

 Chemical Properties: The flexible substrate has to be very resistive against all kind of 

chemicals which will be used during fabrication. These can be acids, alkaline and 

organic solvents etc. The flexible substrate has to resist against these chemicals and 

should not deform during the exposure to these chemicals as some plastics dissolve in 

organic solvents or deform when they make contact with each other. 

 Vacuum Compatibility: The flexible substrate has to be compatible in vacuum as well 

because most of the polymer materials emit chemicals into the vacuum. So the flexible 

substrate should not emit chemicals when it is operated in the vacuum environment. 

Hence, a suitable flexible substrate must be chosen which fulfills all the above mentioned 

properties. There was a very extensive market survey carried out for this purpose and different 

companies were contacted for the possible solution. There were two strong contenders for 

flexible plastic substrates i.e. PET and PEN which possess all the above mentioned properties 

and can be used as flexible substrates for micromirror arrays. Both PET and PEN possess almost 

identical properties but they differ in the glass transition temperature which is 78°C for PET 

and 120°C for PEN [144]. This advantage of PEN makes it more suitable for the fabrication of 

micromirror arrays as the uppermost temperature during the fabrication is in the PECVD 

process which can be adjusted below 120°C. So, for the final selection, PEN substrate by 

Dupont Teijin Films was selected whose complete brand name is Teonex® Q65F PEN Film 

with a thickness of 125µm. 

Before the start of fabrication process of micromirror arrays on the flexible plastic substrate of 

PEN film, it was very important to check this film under various tests, namely optical test, 
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chemical stability test and thermal test. For this intention, small pieces of PEN film were cut 

and undergo for various tests whose details are given below. 

6.2 Optical Tests 

The basic function of micromirror arrays is to guide daylight inside the room when installed in 

windows. Because of this reason, the substrate should be completely transparent. According to 

the data sheet, which was supplied by the company Dupont, the percentage of the light 

transmission for PEN film is 87% and it looks completely transparent. The test which was done 

in the optics lab at INA, provides a transmission of approx. 80% which is fair enough for the 

fabrication of micromirror arrays on the flexible substrate of PEN. The test results are shown 

in the figure below. 

 

Figure 6.2: Optical Transmission for PEN substrate 

Figure 6.2 shows an optical transmission test for the PEN substrate. The horizontal axis 

represents the wavelength and the vertical axis represents the percentage of transmission. From 

the figure it can be observed that from the wavelengths of 400nm till 700nm, which is the visible 

spectrum, the percentage of transmission is nearly 80% which is quite satisfactory for the 

micromirror arrays operation. From Figure 6.2, it can also be observed that there is very strong 

noise present in the range of 400 nm till 470 nm which is actually a shot nose and coming from 

the spectrometer which is used for the detection of the transmission. The sample goes for the 

reflection test which is given below in Figure 6.3. 
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Figure 6.3: Optical reflection test for PEN substrate 

Figure 6.3 shows an optical reflection test for the PEN substrate and shows the spectrum of 

PEN substrate against the visible light. From the Figure 6.3, it can be observed that the reflection 

is approx. 18% and 80% of the light is transmitted through the PEN substrate. If we calculate 

the absorption of the PEN substrate for a specific range of wavelength i.e. 490nm to 750nm, it 

turns out to be 2.13% (100% total - 79.81% transmission + 18.06% reflection = 2.13% 

absorption). 

After the assessment of these optical tests, the PEN substrate was approved for the fabrication 

of micromirror arrays based on its optical properties. 

6.3 Chemical Stability Tests 

During the fabrication of micromirror arrays, the substrate is treated with several types of 

chemicals which can be very harmful for the PEN substrate. So it is necessary to test each 

chemical on the PEN substrate which will be used during fabrication. 

 Acetone/Isopropyl Alcohol: Acetone and isopropyl alcohol are very good organic 

solvents which are commonly used in the cleanroom for cleaning substrates from any 

organic impurities. Organic impurities that have settled on the surface of the substrate 

are very hard to remove only by washing distilled water. Also, during the fabrication 

process of micromirror arrays, when under etching is required for the mirror release 

process, acetone is used to dissolve all the photoresist (detail in chapter 4). So it was 
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very important to check the resistance of the PEN substrate against acetone and 

isopropyl alcohol. The following Figure 6.4 shows a comparison between the state of 

the PEN substrate before and after immersion in acetone and isopropyl alcohol. 

 

Figure 6.4: Comparison of the PEN substrate before and after acetone and isopropyl alcohol immersion 

For this purpose, small pieces of PEN substrate were prepared and immersed in acetone 

and isopropyl alcohol for approx. one hour. After one hour, the samples were taken out 

from the organic solvent and it was noticed that the PEN samples were completely 

unaffected by these two organic solvents. The flexible substrate has passed this test as 

well. 

 KOH Developer: In the fabrication of micromirror arrays, KOH developer is used for 

the development of the photoresist in the photolithography step. It is a very strong base 

and can be very harmful for the PEN substrate. During the fabrication process, 0.8% 

KOH is used for the development of the photoresist. So the test was necessary for the 

PEN substrate against this base. For this intention, small pieces of PEN substrate were 

immersed in the KOH solution for 10 minutes, although the normal time for the 

development is only 10 sec. After 10 minutes, the PEN substrate was taken out from the 

KOH solution and it was found that the PEN substrate was unaffected in the KOH 

solution. The Figure 6.5 shows a comparison between the PEN substrate before and 

after the KOH test. 
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Figure 6.5: Comparison of the PEN substrate before and after of KOH test 

 Aluminum Etchant: During the fabrication process of micromirror arrays, the 

aluminum etchant is used to etch the unnecessary aluminum after the second lithography 

step (details in chapter 4). This aluminum etchant is a mixture of HNO3, H3PO4 and 

CH3COOH which are acids that can be very harmful for the PEN substrate so it was 

necessary to test the resistance of the PEN substrate against the aluminum etchant. For 

this purpose, the PEN substrate was cut into small pieces and then immersed in the 

aluminum etchant for one hour. The normal process time for etching the aluminum 

during the micromirror fabrication process is approx. 12 to 15 minutes but to be on the 

safe side the PEN substrate was immersed for approx. one hour to observe any 

change/deformation. After one hour the samples of PEN substrate were taken out and it 

was observed that the PEN substrate remains unaffected for this whole time period. 

Figure 6.6 shows the test results for the aluminum etchant. 

 

Figure 6.6: Comparison of the PEN substrate before and after the aluminum etchant test 
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After conducting all the chemical stability tests, it was found that the PEN substrate shows a 

good resistance against all the chemicals which are used during the fabrication of micromirror 

arrays. So it can be assumed, on the basis of the chemical stability tests, that the PEN substrate 

will withstand all chemicals during the fabrication process of micromirror arrays and it will not 

be affected by any chemical during the process. 

6.4 Thermal Tests 

During the fabrication of micromirror arrays process, the highest temperature which is normally 

reached in the PECVD process is 300°C. According to the data sheet of Teonex ® Q65F 

substrate, the melting point of the PEN substrate is 269°C so it was not possible to use the PEN 

substrate at 300°C. But in the PECVD system, the substrate holder temperature can be 

controlled from 60°C to 300°C however, leading to some compromise over the quality of 

PECVD insulation layer. For the thermal test, the PEN substrate was again cut into suitable 

sizes which were heated on a hotplate from 80°C to 250°C with step sizes of 40°C for 15 

minutes each.  

Figure 6.7 shows the results of the thermal tests for the PEN substrate at various temperatures. 

From the figure, it can be noticed that the PEN substrate shows a good resistance against the 

temperature from 80°C to 200°C and it does not deform or change its shape. The original 

substrate sustains its shape at this temperature range. But when the substrate was heated at 

250°C, the PEN substrate deforms and bends. This phenomenon can be seen in the Figure 6.7 

where the temperature tolerance test is shown. 
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Figure 6.7: Thermal tests of PEN at various temperatures 
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6.5 Fabrication Process on a Flexible Substrate 

The fabrication process of micromirror arrays on a glass substrate starts with the deposition of 

a SiO2 insulation layer as the substrate has the bottom electrode already deposited in the form 

of low-e coating which includes a silver layer. Hence, there is no coating on the flexible PEN 

substrate which can serve as a bottom electrode for micromirror arrays. For this purpose, the 

fabrication process starts from the deposition of a bottom electrode. 

6.5.1 Deposition of Bottom Electrode 

For a glass substrate, silver is used for the bottom electrode as it is a metal and has got a very 

good conductivity. Therefore, it was important to choose a material which is a very good 

conductor and also must be transparent so that the micromirror arrays can be used for daylight 

guiding. Indium Tin Oxide (ITO) is a very good transparent conducting oxide and is popular 

choice in the applications where a transparent conducting layer is required. Also, in INA there 

is a possibility to deposit the ITO thin films by IBSD so the use of ITO as the bottom electrode 

is a logical choice. For the deposition, first the samples were cut into the desired size i.e.        

10cm ×10cm and then the ITO layer was deposited. The process parameters are given in the 

table below. 

Parameter Ion Source 1 Ion Source 2 

Gas Flow Ar 0sccm, Xe 03sccm Ar 0sccm, O2 09sccm 

Power 240W - 

Beam 1000V (65mA) - 

Voltage 100V (2.5mA) - 

Pulse 1kHz (40%) - 

 

Table 6.1: IBSD parameters for ITO deposition 

The machine which is used for the deposition of IBSD is Roth & Rau Ionsys 1000 IBSD. The 

total layer thickness which was deposited is 100nm which is quite enough for the bottom 

electrode for micromirror arrays. 

After the deposition of ITO, it was necessary to test its different electrical and optical properties. 

The main concern in the electrical properties of ITO lies in its electrical conductivity. The 

electrical conductivity of ITO, which was deposited exclusively for the purpose of micromirror 
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fabrication process, is found out to be in the range of 104 S/cm which is fair enough for the 

operation of the bottom electrode. 

For the optical properties, the ITO deposited samples were examined under the spectrometer 

setup in the optics lab, the result of which is shown in the figure below. 

 

Figure 6.8: Transmission spectrum for ITO deposited PEN substrate 

Figure 6.8 shows a spectrum for the transmission of visible range wavelengths through the ITO 

deposited PEN substrate. From the figure, it can be observed that the transmission is approx. 

70% to 75% in the desired wavelength range and there is only a very little difference from the 

values that were seen before the ITO deposition which is shown in Figure 6.2. So the 

transmission is acceptable for the operation of micromirror arrays. Similarly, the reflection 

spectrum of the same ITO deposited film on PEN substrate is shown in Figure 6.9. From the 

figure, it can be observed that the reflection is in between 20% to 25% which can be tolerated 

in the operation of micromirror arrays. Similarly, if we calculate the absorption for the ITO 

deposited PEN substrate for a certain wavelength i.e. 490 nm to 750 nm, a stable data range, it 

is found to be 2.84% (100% total - 70.87% transmission - 26.29% reflection = 2.84% 

absorption) which is approx. the same as compared to the PEN substrate without an ITO layer. 
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Figure 6.9: Reflection Spectrum for the ITO deposited PEN substrate 

6.5.2 Insulation Layer Deposition 

After the deposition of the ITO layer, the PEN samples are ready for the deposition of the SiO2 

insulation layer. The SiO2 insulation layer was deposited by the PECVD process. The normal 

process of depositing the insulation layer for the fabrication of micromirror arrays on a glass 

substrate requires a high temperature i.e. 300°C and 120°C. Since the melting point of the PEN 

substrate according to the data sheet is 269°C, so it was not possible to deposit the SiO2 

insulation layer at 300°C. Also, the glass transition temperature of PEN substrate is approx. 

120°C, so some optimization was necessary for the deposition of the insulation layer. There are 

different combinations of temperatures which were tried out during the PECVD process for 

example, the bi-layer system of the insulation layer was deposited at 120°C and 110°C but it 

shows a very strong dielectric breakdown in the form of little sparks in between the mirrors and 

the substrate during the actuation of the micromirror arrays sample. The next attempt was 

depositing whole 1µm layer at 100°C and 110°C but it showed the same behavior. Later, by 

using the new five layer system design, the SiO2 insulation layer was deposited at different 

temperatures but not exceeding the glass transition temperature. The five different layers of 

200nm each were deposited from 70°C to 110°C with a step size of 10°C each and in reverse 

order also i.e. from 110°C to 70°C. This five-layer based insulation layer shows a very good 

resistance against the dielectric breakdowns. The process parameters which were used during 

the PECVD deposition process are given in Table 6.2. 
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 Parameter Value 

2% SiH4–N2 flow (sccm) 430 
N2O flow (sccm) 710 
HF power (W) 20 
LF power (W) 20 
Pressure (Torr) 1 

Temperature (◦C) 70° C - 110° C 
 

Table 6.2: PECVD deposition parameters for SiO2 

The process parameters of the deposition of SiO2 layer are given in the Table 6.2 where the 

temperature is varied from 70°C to 110°C and not more. This is due to the fact that the glass 

transition temperature of PEN substrate is 120°C approx., so to be on a safe side the temperature 

was not increased above 110°C. If the temperature is increased or reaches the glass transition 

temperature of the PEN substrate, the PEN substrate becomes hard and brittle like glass, 

resulting in less bending and lower life expectancy. 

6.5.3 Photolithography and Challenges for PEN substrate 

After the process of depositing the SiO2 insulation layer, the PEN flexible samples were ready 

for the photolithography process. The first step of the photolithography process was to heat the 

samples at 120°C but due to the glass transition temperature of the PEN substrate, the samples 

were heated at 110°C for 10 minutes. The process of heating is only for removing the moisture 

from the surface of the substrate so 110°C is considered to be enough for eliminating the 

moisture from the surface.  

In the second step, the PEN samples go through the process of spin coating in which the 

sacrificial layer is deposited. For the deposition of the sacrificial layer, first the Ti-prime which 

is an adhesion promoter for the photoresist, is applied by spin coating. After the Ti-prime layer, 

a positive photoresist AZ 1505 is applied by using the spin coating process at a rotation speed 

of 6000 rpm for 40 sec. After the spin coating process, the PEN samples were soft baked at a 

temperature of 90°C for 5 minutes so that the photoresist should get hardened and the adhesion 

to the substrate should increase.  

After the process of spin coating, the photoresist is exposed under UV light so that it can be 

patterned according to the design of the photomask. This process is known as exposure of the 

photoresist. The main challenge which arises during the exposure of the photoresist is to get a 

uniform structure all over the sample. It was observed during the fabrication of micromirror 

arrays on PEN substrates that the PEN substrate is not as flat as a glass substrate but it has a 
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curved surface. So it was very challenging to expose this curved surface of the PEN substrate, 

although a vacuum was applied during the exposure but that was not optimum to eliminate the 

curve from the PEN substrate.  

After the exposure by the UV light, the PEN substrate was developed in the KOH solution so 

that the area of the PEN substrate, which is exposed by the UV light, vanishes and the desired 

structure of the sacrificial layer, as designed in the photomask should develops. After this 

process, the sacrificial layer is patterned, the images of which are shown in the following figure. 

The images show a comparison of the glass substrate to the PEN substrate. 

 

Figure 6.10: Comparison of glass and PEN substrate alignment marks after lithography 

Figure 6.10 shows a comparison between the alignment marks on both substrates i.e. glass and 

PEN, which are present on the photo-mask at different places, after photolithography. From the 

figure, it can be observed that the glass substrate has very sharp and clear alignment marks and 

on the other hand, the alignment marks on PEN substrate are very dull and very soft. They are 

in good shape at the edges but in the middle of the sample they become dull and soft. This is 

because the PEN substrate is not as flat and hard as the glass substrate and also because the 

exposure technique which is used is in soft contact mode in which there is a slight gap between 

the photomask and the substrate. Therefore, in the case of a glass substrate, the gap between the 

photomask and the substrate remains constant all over the surface of the substrate. In the case 

of a PEN substrate, this gap does not remain constant as the PEN substrate is soft and due to its 

flexibility, it has a curved shape. Also, there might be some diffraction or reflections from the 

transparent substrate which cure the photoresist from its backside. There might be some other 

reasons for these soft and dull alignment marks which are: 
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 Exposure Time: This might be one of the reason for the soft and dull structures, 

therefore some investigation was carried out by changing the exposure time. For the 

glass substrate the exposure time is optimized at 4.5 sec. For PEN substrate the exposure 

time was varied from 4.0 sec to 5.0 sec with a step size of 0.1 sec. After the development 

process (10 sec for each), it was found that at 4.2 sec of exposure time, the alignment 

marks are in best shape as compared to other exposure times. So for the PEN samples, 

the exposure time was optimized at 4.2 sec instead of 4.5 sec (glass). 

 Development Time: Development time can also play an important role in the quality 

of final structures because if the development time is too high then the developer 

solution can destroy the photoresist and the structures are over developed. On the other 

hand if the development time is too short, the exposed photoresist will not vanish 

completely and the structures will be under developed. Hence, for getting good quality 

structures, it is very important to have an optimum development time. For this intention, 

some investigations were carried out for the development time as well. For the glass 

substrate, the development time is optimized at 10 sec but for this investigation, the 

development time was varied from 8 seconds to 15 seconds with intervals of 1 sec (the 

exposure time is fixed at 4.2 sec for each sample). It has been found that the 

development time does not have any considerable effect on the final structures and it 

was ascertained that for the PEN substrate, 8 sec to 10 sec can be used for the 

development time with an exposure time of 4.2 sec. 

The optimization of exposure time and development time produces good results in the final 

shape of the structure but still it is not at a satisfactory level. In the next step, the gap between 

the photomask and the substrate was considered where it was decided that the hard contact 

mode for the exposure is to be used so that the gap between the photomask and the substrate 

should be eliminated. Moreover, by a small force from the photomask, the curve of PEN 

substrate can be reduced. The machine which was used for the exposure is Karl Süss MA4 

Maskaligner which has the capability to expose the substrate by using the hard contact mode, 

in which the photo-mask is in physical contact with the substrate. So, the hard contact mode 

was used with an exposure time of 4.2 sec and development time of 10 sec. It was observed that 

by using the hard contact mode, the alignment marks became sharp and clear like in the case of 

a glass substrate which shows very good quality structures. These alignment marks can be seen 

in the Figure 6.11. 
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Figure 6.11: Alignment marks after hard contact mode 

Figure 6.11 shows the alignment marks on a PEN substrate after the hard contact mode. These 

alignment marks are after the second lithography and it can be seen from the figure that the 

alignment marks are sharp and very clear and are comparable to those of the glass substrate. 

The scratches, which are visible in the above figure are present on the substrate from the 

beginning of the process. 

In summary, the photolithography step for the fabrication of micromirror arrays on PEN 

substrates is optimized with following modifications: 

 Exposure time is reduced from 4.5 sec to 4.2 sec 

 Development time can be used from 8 sec to 10 sec 

 Hard contact mode must be used instead of soft contact to minimize the curve of the 

PEN substrate 

6.5.4 Mirror Layer Deposition 

As per the process recipe which is discussed in detail in chapter 4, the next step after the 

photolithography is mirror layer deposition. It is carried out by PVD process in which two 

separate layers of aluminum are deposited by e-gun and thermal evaporation methods. This 

aluminum layer acts as the mirror release when it is released by the under etching process. The 

amount of stress which is produced during the deposition helps the mirrors to bend in the 

upwards direction. The amount of stress, which can alter the mirror shape, depends upon the 
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thickness of the aluminum layer and the vacuum quality. Hence, to get the optimum mirror 

shape it is very important to have the optimum thickness and a good quality of vacuum.  

While depositing the aluminum layer for micromirror structures, the optimum thickness and the 

vacuum pressure, at which the deposition takes place, play an important role in the final shape 

of the mirror. The optimum values for the glass substrate are the deposition of a 150nm layer 

for each of the e-gun and thermal boat process at a vacuum level of approx. 3.0×10-6 mbar (can 

be achieved after approx. 3.5 hour vacuum). So, for PEN substrates these two parameter were 

investigated and some findings are given below. 

 Vacuum Pressure: Vacuum pressure can be critical in some cases as high vacuum 

pressure produces good quality layers and it enhances the stress level in the aluminum 

film. So the vacuum pressure was varied from approx. 5.0×10-6 mbar (3 hour vacuum 

time for pump) to approx. 6.0×10-7 mbar (this value is achieved after overnight process) 

with the same layer thickness and it was found that the high vacuum pressure produces 

higher stress in the layer and there will be more bending in the mirror layer. So, it was 

decide to set the pressure of vacuum at approx. 3.5×10-6 mbar (approx. 4 hour vacuum 

time) and then to focus on the thickness of the aluminum layer because varying the 

vacuum pressure is a very lengthy and time consuming process. 

 Thickness of the Aluminum Layer: After fixing the vacuum pressure at approx. 

3.5×10-6 mbar, the thickness of the aluminum layer was varied and different 

combinations were used on the PEN substrate. The layer combinations which were used 

are 150nm/150nm (e-gun/thermal boat), 190nm/190nm (e-gun/thermal boat), 

225nm/225 nm (e-gun/thermal boat) and 240nm/290nm (e-gun/thermal boat). Figure 

6.12 shows some results of different combinations which were used during this stress 

investigation. It was observed from the results that the layer thickness of 150nm/150nm 

produces micromirrors which are very strongly curled in the upward direction and it 

was not possible to actuate them. This is also true for the combination of 190nm/190nm 

and 240nm/290nm but for these combinations the curving of the mirrors are less than 

that of the 150nm combination. So it can be concluded that the thinner layers possess 

more stress as compared to the thicker layers as can be observed in the Figure 6.12. This 

observation is also true because the amount of stress, which is produced at the interface 

of the two aluminum layers, is the same but when the thickness is increased, the stiffness 

of the layer also increases which in turn increases the amount of stress. For the 

combination of 225nm/225nm, the micromirrors are released and they are in a position 
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where they can be actuated and it can be concluded that this combination is the optimum 

layer thickness which can be used on a PEN substrate. 

 

Figure 6.12: Aluminum layer combinations for micromirror layer 

For the combination of 240 nm/290 nm, the micromirrors are still in a curled position 

and they cannot be actuated. This is because there is a difference between the thickness 

of the two layers and the deposition process was also different. As a result the stress is 

quite high in the layers because of the stiffness of the layer, and the micromirrors are 

rolled so much that they cannot be actuated. Also, if the micromirrors are in a good 

curvature but with a thicker aluminum layer, they cannot be actuated because when the 

layer thickness increases, it also increases the power which is required to actuate the 

micromirrors, hence damaging the whole micromirror arrays sample.  

The SEM images of the layer combinations of these micromirrors are shown in the 

Figure 6.13. It can also be observed from the SEM images that the layer combination of 

150nm/150nm has the maximum stress in the layer and the micromirrors are curled in 

the upward direction. The same phenomenon can be observed for the layer combinations 

of 190nm/190nm and 240nm/290nm. But for the layer combination of 225nm/225nm, 

the micromirrors are curled in a position in which they can be actuated electrically.  
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Figure 6.13: SEM images of different layer combinations for mirror layer 

6.5.5 Mirror Structuring and Release Process 

After deposition of the micromirror layer by PVD process, the process of micromirror 

structuring was carried out with the help of a second photolithography process. During this 

process, the mask 7-II is used (details are in chapter 4). The photolithography parameter which 

are optimized in the first photolithography process are used i.e. hard contact was used during 

the exposure, the exposure time is set to 4.2 sec and the development time which can be used 

for development is 8 to 10 sec.  

After the patterning of the micromirror layer by photolithography process, the PEN samples 

were ready for aluminum etching. During the chemical test, it was found that the aluminum 

etchant does not affect the PEN substrate so the aluminum etching process is almost identical 

to the glass substrate process. The aluminum etching was carried out by using the aluminum 

etchant (described in chapter 4) whose etch rate is approx. 40 nm/sec and depending on the total 

thickness of the aluminum layer deposition, the timing for the etching process was calculated. 

After the aluminum etching process, the PEN samples were examined under a microscope and 

it was found that they are almost identical to the glass substrate samples. 
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After the aluminum etching process, the sample were ready for the micromirror release process. 

For the micromirror release process, acetone is used for the under etching process, in which all 

the photoresist is dissolved in the acetone and afterwards, the samples are immersed in 

isopropyl alcohol so that all the residual of acetone is removed. During the chemical tests of the 

PEN substrate, it was seen that the PEN substrate is not affected by acetone and isopropyl 

alcohol, so the PEN samples were immersed in these two solutions. In the first step, the PEN 

samples were immersed in acetone for the under etching process and after a few minutes the 

PEN samples were immersed in isopropyl alcohol to remove all the residuals of acetone. 

Afterwards, the samples were kept for overnight at normal room temperature for drying. After 

the drying process, the PEN samples are ready for actuation. 

6.6 Electrostatic Actuation of Micromirror arrays  

For actuation of micromirror arrays, a setup is used whose schematic diagram is shown in the 

figure below.  

 

Figure 6.14: Schematic diagram of electrostatic actuation of micromirror arrays 

The actuation setup consists of a function generator which can produce AC signals with 

different waveform i.e. sinusoidal, triangular, square and saw-tooth waveforms. It is important 

to actuate micromirror arrays on AC signals so that the effects of wear can been realized at high 

frequencies [26]. During the actuation AC signal has been used with sinusoidal waveform and 

the frequency has been varied from 0.5Hz to 20Hz. The output of that function generator 

directly goes to the amplifier which amplifies the amplitude of the signal. The function 

generator can produce a maximum of a 30V amplitude and the amplifier amplifies that signal 

up to 150V. The output of the amplifier is connected to the micromirror sample via an ampere 
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meter so that the leakage current can be measured. A voltmeter is connected across the output 

of amplifier so that the voltage provided to the micromirror arrays sample can be measured. 

After the successful fabrication of micromirror arrays on a PEN substrate, these micromirror 

arrays are then electrostatically actuated. The micromirror arrays were successfully actuated 

and the operating voltage was approx. 90V (AC with frequency varying from 0.5Hz to 20Hz) 

for a PEN substrate whose dimensions are 10cm×10cm. The PEN sample has been actuated by 

using the DC voltage and the operating DC voltage was also 90V and the value of leakage 

current which has been recorded is 3.5mA. For a glass substrate the typical operating DC 

voltage for micromirror arrays are 40V and the leakage current value is in between approx. 

0.2mA to 1.8mA for the same dimensions. For a PEN substrate, the bottom electrode is 

deposited by the ITO layer whose resistance is approx. 16Ω but for the glass substrate the silver 

layer in a low-e glass substrate acts as the bottom electrode whose resistance is approx. 4Ω. 

This difference also affects the operating voltage which naturally increases in the case of a PEN 

substrate. Also the insulation layer was deposited from 70°C to 110°C which changes the 

characteristics of insulation layer in comparison with glass substrate. 

Since the micromirror arrays are basically capacitive MEMS structures, so we can calculate the 

value of capacitance of these micromirror arrays. The capacitance of a capacitor is given              

as [145]: 

𝐶 =  ℇ𝑟ℇ0 
𝐴

𝑑
 

where  

 C is capacitance in Farads 

ℇr is the permittivity of the material between two plates, PECVD SiO2 has a value of 

4.1 [146] 

 ℇ0 is the vacuum permittivity 

 A is the area between the two plates 

 d is the distance between the two plates 

In micromirror arrays we have the following values 

 ℇr = 4.1 

 ℇ0 ≈ 8.854 × 10−12 F/m 

 A = 100 cm2 = 0.01 m2 

 d = 1.00 × 10−6 m 
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so that the final values of capacitance will be: 

 C = 8.854 × 10−12 × 4.1 × (0.01/1.00 × 10−6) 

 C = 0.363µF 

Similarly, the operating power can be calculated by using the power formula and using the 

values of the operating voltage and leakage current. 

P = (V × I)/A 

where  
 P is Power 

 V is DC operating voltage 

 I is the leakage current 

 A is the area 
Hence 
 P = (90 × 3.5 × 10-3) / (10 cm × 10 cm) 

 P = 31.5 W/m2 

Similarly, power/m2 for a glass substrate can be calculated by using the same formula. The 

typical values which has been obtained during this thesis work for glass substrate are V = 40V, 

I = 0.2 mA (typical value) and A is same as PEN substrate. After the calculation, the value of 

power for the glass substrate is P = 0.8 W/m2 which is 2.5% of the power which is required to 

actuate the PEN micromirror sample. The main reason behind this low operating power of glass 

substrate is the conductivity of the bottom electrode which is almost 3 times greater than the 

ITO layer. Also the insulation layer on PEN substrate was deposited from 70°C to 110°C which 

changes the characteristics of insulation layer in comparison with glass substrate. The lowest 

power consumption values measured on micromirror arrays on glass substrates fabricated at 

INA are 0.1 mW/m2 at the operating voltage of 80V [147]. In this case, there are five deposition 

steps and three photolithography steps involves during the fabrication process which makes this 

process costly and complicated. The micromirror layer itself has been fabricated by using a 

stress dielectric bilayer of 120nm SiOx and 300nm SiyNz at 120°C by PECVD process, an 

aluminum layer of 80nm for desired reflectivity by PVD process and another counter-stressed 

compensation layer of 1µm of SiOx by PECVD process [12, 147]. But the process recipe which 

has been used in this thesis work comprises only two deposition steps and two photolithography 

steps which makes this process simple and more cost effective as compared to the above 

mentioned process. The power consumption for these micromirror arrays which has been 

recorded during this thesis work on glass substrate are in between 0.1W/m2 to 0.8W/m2 having 

the actuation voltage of approx. 40V.  
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Studying leakage current through amorphous, nominally insulating layers, involves complex 

theoretical models of ideal structures mixed with complex deviations of non-ideal structures 

originating from state-of-the-art deposition technologies. In a first approach the specific 

conductivity and specific resistivity of amorphous SiO2 is considered in a fundamental way, 

considering the involved thicknesses, the relatively high conductivity values extracted from the 

experiments cannot be explained. In a second approach, considering ideal SiO2 material of 1µm 

thickness the break-through could be 1000V which is well above our values used in our 

experiments (<100V). Thus, the SiO2 layers seems to be non-ideal involving local break-though 

at pin holes and promotes the leakage current through insulation layer. Thus the high leakage 

current have to be explained obviously by multiple non-ideal effects. The main reason behind 

this relatively high power consumption as compared to the old process recipe (five deposition 

steps and thee photolithography steps) is the micromirror structure itself. In old process recipe, 

there is an additional 420nm thick layer of SiO2 and Si3N4 is present in between the insulation 

layer and upper electrode (micromirror layer) which makes the total insulation layer thickness 

of approx. 1.5µm. When the dielectric layer thickness decreases (in new process recipe), the 

breakdown voltage also decreases and hence leakage current increases [148] which causes high 

operating power required to actuate the micromirror structure. Another reason for low power 

rating is the use of Si3N4 in between the insulation layer which has the relative permittivity 

value of approx. 7.0 [149] which makes it a very good insulator as compared to the SiO2 layer, 

hence the leakage current decreases and power rating also decreases. Although Si3N4 is a good 

insulator for micromirror structures but it cannot be used because of its yellowish appearance 

which makes it unsuitable for micromirror arrays application. Another difference which also 

causes low energy consumption in old process recipe, is the process of deposition of insulation 

layer and stress dielectric layers. These layers were deposited separately and hence becomes as 

multilayer structures. These multilayer thin films consists of minimal pinhole within the thin 

film as compared to the new recipe because during the deposition, any pinhole which is formed 

in a layer will be covered by the subsequent layer [148]. In the case of new process recipe, when 

the aluminum layer deposited over insulation layer, then the aluminum also deposits in the 

pinholes and penetrates in the insulation layer which changes the insulation properties of the 

layer. Because of this penetrated aluminum, leakage current also increases which causes more 

power required to actuate the micromirror structure. Figure 6.15 shows the actuated 

micromirror arrays in two different cases i.e. open state and closed state during the actuation. 
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Figure 6.15: Micromirror arrays closed and open state during the actuation 

These micromirror arrays are actuated by using the DC voltage. The DC voltage at which 

micromirror arrays were actuated was 90V (closed position of micromirror arrays) and at 0V 

DC the micromirror arrays remains in open position. From the figure, it can be seen that the 

background with horizontal and vertical lines are very much clear in open state of micromirrors 

(in upright position) as compared to the closed state of micromirrors (in lateral position).  

 

Figure 6.16: Different states of micromirrors on a flexible substrate a) open state in bent position b) closed state in bent 
position c) open state with background d) closed state with background 
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The following figures show different positions of the micromirrors which are fabricated over 

the PEN flexible substrate. Although the micromirror arrays are not actuated in Figure 6.16, but 

the bending of the flexible substrate of micromirror arrays is visible with both open state (in 

upright position) and closed state (in lateral position). In closed state, the micromirror arrays 

are not released after the aluminum etching process (details are in chapter 4). It can be seen that 

the PEN substrate is very flexible and can be bent without damaging the micromirror arrays 

structures.



 

  



 

7. Multiple Micromirror Arrays 
Module 

he main application of micromirror arrays is to guide daylight into a building or a 

room so that the daylight can be used for illuminating the room. Hence energy can be 

saved and used in an efficient way. For this purpose, these micromirror arrays have 

to be installed in the windows whose size is very large as compared to the micromirror arrays 

sample. This chapter will discuss how micromirror arrays can be installed in the windows. 

Currently, the maximum size of micromirror arrays which can be produced on a laboratory 

scale is 10cm×10cm because of unavailability of equipment i.e. mask aligner, substrate holder 

for deposition of PECVD and PVD layers. To increase the size of these micromirror arrays, 

there is only one method, namely, to interconnect them electrically and glue them on a large 

substrate. To accomplish this idea, we use four micromirror samples on a glass substrate and 

glue them on a large substrate. The total dimension of four micromirror samples is 20cm×20cm 

and the substrate which was used has dimensions of 21cm×21cm. The main task was divided 

into smaller steps. In the first step, the four micromirror samples were glued on the bigger 

substrate by using a good glass to glass adhesive, in the second step, these micromirror arrays 

samples are electrically interconnected with each other by using some suitable material and in 

the final step the whole module whose dimensions are 21cm×21cm is actuated electrostatically.  

7.1 Adhesion of Micromirror Arrays   

For making a large micromirror arrays module by using four micromirror arrays samples, these 

four samples are first glued on the large substrate. For gluing them, a good adhesive is needed 

which must possess the following properties: 

 It must be transparent 

 It must be cured quickly 

 It must show a very good resistance against moisture 

 It must have optimum viscosity 

For the selection of a good adhesive, which has all the above mentioned properties, different 

companies were contacted and collaboration was done with their technical persons. The 

companies which were contacted were Bohle, Panacol and Dymax. These companies sent their 

T 
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product samples which were then tested on dummy glass substrates. The adhesive which was 

selected is Dymax Light Weld 425 which possesses all the above mentioned properties.  

7.2 Glass to Glass Adhesives  
 

Since the micromirror arrays sample and the substrate where they will be glued, are both made 

from glass, hence the adhesive which was chosen was a glass to glass adhesive. Glass to glass 

adhesives are the adhesives which are made exclusively to glue two glass surfaces. There are 

possibilities to use other substrates as well like ceramic and metal substrates. These glass to 

glass adhesives are mostly UV curable and cured in seconds. The adhesive which is used in this 

work is also a UV curable adhesive.  

UV adhesive is different from other adhesives in a way that it requires a photoinitiator1 that 

activates when it is exposed to energy and starts the curing process [150]. The main advantage 

of the UV adhesive is the low operating temperature, which means there is no need to heat up 

the samples. Moreover, it is an environment friendly process because there is no chemical 

reaction involved in curing [151].  The basic chemistry behind the polymerization process is 

given as: 

 

Figure 7.1: Polymerization process in UV adhesives, see [151] 

Figure 7.1 shows a polymerization process which is involved in the UV adhesives. The 

photoinitiator, when exposed to UV light, converts into radicals, which then interact with the 

multifunctional monomers and produces the polymer chains in the adhesive. Thus, this liquid 

adhesive converts into a solid within a few seconds [151]. Depending upon the polymerization 

mechanism which is used in UV adhesive, the UV adhesives can be divided into two major 

categories [150, 151, 152] i.e. 

                                                 
1 Photoinitiator is a chemical compound which transforms into radicals when it is exposed to light. 
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 Acrylate UV Adhesive: These types of adhesive use photoinitiated radical 

polymerization of multifunctional monomers. In this process, after the UV exposure, 

free radicals are produced. Then, a monomer joins these free radicals to form a bigger 

free radical. This bigger free radical reacts with another monomer to form an even larger 

molecule. This is a chain process, and continues until the termination of polymer 

molecule occurs [153]. The termination occurs when a polymer chain runs into the other 

polymer chain, an oxygen atom reacts at the end of the polymer chain or there is no 

possibility of any other reaction [153].  

 Non-Acrylate UV Adhesive: These types of adhesives use photoinitiated cationic 

polymerization of multifunctional epoxides and vinyl ethers. In this process, after the 

UV exposure, cations are produced. These cations are either Bronsted acid or Lewis 

acid. These cations then react with the multifunctional epoxides and vinyl ethers to form 

long polymer chains. This type of polymerization is not affected by the oxygen content 

[153]. 

The adhesive which was used in this thesis work is Dymax Light Weld 425 which is an Acrylate 

UV adhesive. It is optically transparent and has a refractive index of 1.5 [154]. After the 

selection of the adhesive, it was very important to optimize the gluing process. In the first step 

of the gluing, it was very important that both the surfaces should be free of all types of 

impurities. For this purpose, the substrate is cleaned by acetone and isopropyl alcohol to remove 

all the impurities. The sample is already cleaned as it was completely fabricated in the 

cleanroom and in the last step it was completely immersed in acetone and isopropyl alcohol. 

After the cleaning of the substrate, the right amount of adhesive was applied on the substrate. 

For this intention, different patterns and amounts of adhesive was applied on the dummy 

samples. The best pattern and amount of glue was finally selected.  

After the selection of a suitable adhesive and the correct glue applying technique, it was 

important to check the transmission and reflection spectrum of the glue on the dummy samples. 

For this purpose, one glass substrate without any structures over it and a similar glass substrate 

but in larger size was used. Both the substrates were cleaned and then the glue is applied on the 

larger substrate and the smaller substrate was placed onto the bigger substrate. After some time, 

the adhesive is completely spread and covers all the area between the two substrates. After 

fixing of the substrate, the whole setup was exposed under UV light to cure the adhesive and 

within a few seconds, the adhesive was cured and the sample was ready. The transmission and 

reflection spectrums are shown in Figure 7.2 and Figure 7.3, respectively.  
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Figure 7.2: Transmission spectrum for UV adhesive 

 

Figure 7.3: Reflection Spectrum for UV adhesive 

The above figures show the transmission and reflection spectrum for the dummy samples with 

the cured adhesive. The average transmission between the wavelength ranges of 490nm to 

750nm comes out to be more than 75% which is acceptable for the micromirror arrays 

operation.  

The adhesion scheme which was used for these four samples on one single substrate is shown 

in Figure 7.4. From the figure, it can be seen that for four samples of micromirror arrays, the 
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adhesion was applied on the large substrate and all the four micromirror samples were placed 

simultaneously and fixed on the proper locations. After setting/fixing the micromirror array 

samples, the whole module was exposed under UV light so that the adhesive can be cured and 

that the micromirror samples are permanently glued on the large substrate. 

 

Figure 7.4: UV adhesive applying scheme for four micromirror arrays on a large substrate 

7.3 Electrical Interconnection 

After gluing the micromirror arrays samples onto the large substrate, the next step was to 

interconnect them electrically. For interconnecting, there are different ways which can be used. 

The material which can be chosen for electrical interconnection must have these qualities: 

 It must be a good conductor. 

 It must have good adhesive properties to the glass surface. 

 It must be easy to handle. 

 It must have good resistance against moisture. 

There are two different ways which can be used for interconnections i.e. to use an electrically 

conducting adhesive or to use a metal adhesive tape. 
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7.3.1 Electrically Conducting Adhesive 

Electrically Conductive Adhesives (ECA) provide electrical conductivity between two 

conducting parts of a system when they associate with each other with the help of this adhesive. 

ECA mainly consists of two parts i.e. organic binder matrices and a conductive filler. The 

electrical conductivity is provided by the conductive filler and the physical and mechanical 

properties are provided by organic binders [155]. There are two types of ECAs which are: 

isotropically conductive adhesive (ICA) and anisotropically conductive adhesive (ACA). In 

ICAs, the adhesive conducts in every direction and they normally possess 1µm to 10µm sized 

silver (Ag) fragments. On the other hand, in the ACA, the adhesive only conducts in one 

direction i.e. normally in z-axis and it contains a 3µ to 5µm sized conductive filler which is of 

a spherical shape [155].  

During this thesis work, the ECA was also tested to make electrical connections between the 

micromirror arrays samples but because of the cost and its physical appearance due to its high 

viscosity, it was decided not to use ECAs. Also the handling of the ECA to make electrical 

connections of micromirror arrays was very difficult. 

7.3.2 Metal Adhesive Tape 

The second solution for making the electrical connections between four micromirror arrays 

samples was to use some metal adhesive tape which is very common and is easily available. 

Because it is made of metal, it has very good electrical conductivity. These kind of tapes can 

be manufactured by coating an acrylic mixture with a concentration of 3 – 20% nickel particles 

on the surface of some metal (copper, aluminum, nickel) foil. The electrical conductive 

adhesive tape which was made by copper metal was selected because it can be handled very 

easily i.e. it can be cut, molded etc. very easily. Moreover, the selection of tape made by copper 

is also because of copper’s excellent conducting properties. 

7.4 Electrical Contacts Cleaning    

After making all the electrical connections on the four micromirror arrays samples, the contact 

points of the bottom electrode on each sample i.e. the part of the low-e glass, have to be cleaned. 

During the fabrication process, the micromirror arrays sample undergoes contact with various 

chemicals. Although during the final under-etching process, the micromirror arrays sample is 

immersed in acetone and isopropyl alcohol, still some impurities are left on the contact point 

which should be removed to get a good electrical contact between the conducting tape and 
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bottom electrode. For this intention, the whole 21cm×21cm module undergoes the process of 

oxygen plasma ashing (details is chapter 4), in which all the impurities which are present on the 

bottom electrode are wiped out and hence a good connection between the copper adhesive tape 

and bottom electrode is possible. The timing and power for oxygen plasma is 5 min at 240W 

respectively.  

The schematic diagram of the complete module with four micromirror arrays samples on a large 

substrate with all the electrical connections is shown in figure below. 

 

Figure 7.5: Schematic diagram of a module with four micromirror arrays samples and electrical connections 

Figure 7.5 shows a schematic diagram of a module with four micromirror arrays samples which 

are glued on a large substrate having a dimension of 21cm×21cm. The electrical connections, 

which are made by copper adhesive tape, are shown in red and black color. The bottom 

electrode, which is the low e-glass part is shown in red color and the upper electrode which is 

actually the micromirror layer itself, is shown in black. All the four bottom and four upper 

electrodes are combined to a common point so that the power can be applied to two common 

points and the whole module is actuated simultaneously.  
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7.5 Power Analysis  

After the actuation of the whole module which was made by electrically interconnecting four 

micromirror arrays samples, the power analysis was carried out. The operating voltage and 

leakage current which was recorded during the actuation was approx. 40V DC and 0.3mA 

respectively. The total area of the four micromirror samples is approx. 20cm×20cm. So the 

power can be calculated in the following manner.  

 Operating Voltage V= 40V 

 Leakage Current I = 0.3mA 

 Operating Area A = 20cm × 20cm 

 Power/Area = (V×I) / A  

          = (40×0.3×10-3) / (20cm × 20cm) 

          = 0.3 W/m2 

The power rating calculations shows that the power consumption of micromirror arrays of four 

modules whose area is 20cm × 20cm is very low. The power consumption can be compared 

with the NPD-LCD (discussed in chapter 1) whose typical power rating is varying from 

3.5W/m2 to 16W/m2 [22]. The other competitive of these micromirror arrays are electrochromic 

windows which can be operated at low voltage i.e. approx. 5V DC [22] but the major drawback 

of these electrochromic windows is their switching time from clear state to opaque state which 

is approx. 3 to 5 minutes [22, 156]. The power consumption of these electrochromic windows 

are in between 0.7 W/m2 to 1.5W/m2 and a constant electrical power is required to hold them 

in opaque state [157].  

The energy and environmental analysis shows an advantage for micromirror arrays which are 

used for daylight guiding during production phase which is 924kWh as compared to a 

macroscopic coated lamella blind system “Warema Genius” which is 1251kWh [158]. Also, 

the Global Warming Potential (GWP) is 226 kg of CO2 equivalent for the micromirror 

production compared to the value of 269 kg of CO2 equivalent for the macroblind production 

[158]. The recycling of these micromirror arrays is not useful as there is very less material is 

used in the form of thin films but glass panels can be used as in production of insulation material 

[158]. According to the power consumption, these micromirror arrays can save up to 4700kWh 

amount of energy in the summer time as compared to the macroblind system [158]. When these 

micromirror arrays are in operation, the energy required to cool the room is 5818kWh and this 

energy can be achieved by utilizing the 7703kWh in case of micromirror arrays as compared to 

macroblind system which uses 14860kWh amount of energy for the same purpose.  
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By comparing the above mentioned power comparison between micromirror arrays for daylight 

guiding system and other application, these micromirror arrays becomes a competent contender 

for energy saving applications. They can be installed in the windows in the form of the above 

mentioned module. They can also be installed independently by increasing the size of the 

micromirror arrays samples. In future, these micromirror arrays can be installed in the windows 

and other applications because of their low power consumption and cost effectiveness. 



 



 

8. Summary and Outlook 
icromirror arrays are a very strong candidate for future energy saving 

applications. Within this work, the fabrication process for these micromirror 

arrays was optimized and some steps for the large area fabrication of micromirror 

modules were performed.  At first the surface roughness of the insulation layer of SiO2 was 

investigated. In the first part of the thesis work, investigations were carried out on the insulation 

layer which consists of silicon dioxide (SiO2). The surface roughness of different types of this 

layer were measured by stylus profilometry and Atomic Force Microscope (AFM). For this 

purpose, SiO2 was deposited by three different techniques i.e. Plasma Enhanced Chemical 

Vapor Deposition (PECVD), Physical Vapor Deposition (PVD) and Ion Beam Sputter 

Deposition (IBSD). Also, three different types of substrates were selected i.e. silicon wafer, 

glass substrate and Polyethylene Naphthalate (PEN). The thickness of the SiO2 thin layer was 

kept constant at 150nm for each deposition process. For the PECVD process the SiO2 thin layer 

was deposited at different temperatures i.e. from 80°C to 300°C with the step size of 40°C to 

investigate the surface roughness at different depositing temperatures.  

Before measuring the surface roughness values, the measurements using stylus profilometry 

were optimized using the AFM measurements as a reference. The optimization was done for 

different parameters of stylus profilometry which are filter level and stylus force. It was 

observed during the surface roughness measurements that by decreasing the filter level of stylus 

profilometer i.e. the data points which are used to represent a surface profile, the value of 

surface roughness becomes more precise and close to the value of AFM. Also, by varying the 

stylus force, the noise can cause some errors in surface roughness values. If the stylus force is 

less, there is no solid connection between the surface and the stylus, so the noise will increase 

and the surface roughness values will be no longer precise. 

While recording the surface roughness values on all three substrates and three different 

techniques, with the help of stylus profilometry and AFM, it was found that the layer which 

was deposited using the IBSD method, has a surface roughness value of 0.2nm which is the 

lowest as compared to the PECVD and PVD processes. The layer which was deposited by 

PECVD process possesses the highest surface roughness value which is 4.0nm. Also, it was 

observed that the surface roughness profile and values are similar for each substrate for every 

technique except in the case of silicon while using IBSD. Hence, it can be concluded that the 

M 
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nature of the substrate does not affect the surface roughness values of the deposited thin films 

except in the case of silicon while depositing through IBSD. For the PECVD process, the 

substrate holder’s temperature was varied from 80°C to 300°C with the step size of 40°C and it 

was found that the value of the surface roughness increased from 3.8nm to 5.0nm with the 

increase in temperature. Hence, it can be said that the substrate holder’s temperature or the 

substrate’s temperature changes the surface roughness values accordingly. 

In the second part of the optimization of the insulation layer, the insulation layer scheme was 

changed. A new concept of using a five layer system was proposed instead of the conventional 

two layer system which has the problem of dielectric breakdown. The main approach behind 

this idea is to have multiple interfaces in the insulation layer of the SiO2 thin film. These five 

layers were deposited at different temperatures from 120°C to 280°C with the step size of 40°C 

(on a glass substrate) and from 70°C to 110°C with the step size of 10°C (on a PEN substrate) 

and it was found that the dielectric breakdowns were significantly reduced during the actuation 

of micromirror arrays.    

In the third part of the work, a process was developed to transfer the micromirror arrays from a 

glass substrate to flexible substrates. Polyethylene Naphthalate (PEN) was chosen as a substrate 

material because of its low cost, good transparency and excellent resistance against different 

chemicals. Indium Tin Oxide (ITO) was used as a bottom electrode and deposited by the IBSD 

process. Due to the low glass transition temperature on PEN substrate, the insulation layer 

process was revised and 110°C was the temperature which was set as the maximum 

temperature. Hence, the five layers were deposited from 70°C to 110°C with the step size of 

10°C. Similarly, during the photolithography process, the development time and exposure time 

were also optimized and hard contact mode was used instead of soft contact mode during the 

exposure process. While depositing the aluminum micromirror layer, different layer 

combinations were tested and it was found that the combination of 225nm/225nm                          

(e-gun/thermal boat process) at approx. 3.5×10-6 mbar vacuum pressure is optimum to get a 

suitable micromirror shape. After successful fabrication of micromirror arrays on a PEN 

substrate, the micromirror arrays samples were successfully actuated having a power 

consumption of approx. 32W/m2 which is far too much for a later application, but worked fine 

in laboratory scale.  

In the fourth part of the work, a large micromirror arrays module was fabricated by 

interconnecting four micromirror arrays modules having dimensions of 10cm×10cm each. For 

this purpose, two main tasks were carried out i.e. gluing of the micromirror arrays modules on 



Summary and Outlook   127 
 

a large substrate and making electrical interconnection. For the gluing task, a transparent 

adhesive was selected which is cured by UV light and different tests were carried out for a 

perfect result. After gluing of micromirror arrays on the large substrate, the electrical 

interconnections were made by using a suitable conducting material. For this intention, different 

types of electrically conductive adhesives and metal tapes were tested. A copper adhesive tape 

was selected for interconnection because of its easy handling and cost effectiveness as 

compared to electrically conductive adhesives. After interconnecting the micromirror arrays 

modules on the large substrate, the whole module was actuated successfully and the power 

which was calculated is 0.3W/m2. 

In future, for fabrication of these micromirror arrays for large areas, there are some further 

improvements which can be done. The conventional fabrication process can be transferred to 

Nano Imprint Lithography (NIL) which can make the fabrication process easier and low cost. 

The idea of the five layer system for electrical insulation can be addressed and improved. At 

least, implementing the four module system into an insulation glass (IG) unit including the 

electrical interconnection form the inside to the outside will be an important next step.  
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