
GLASS-GLASS ANODIC BONDING USING 

HYDROGENATED AMORPHOUS SILICON 

by 

VIJAY V. VEERARAGHAVAN, B.E. 

A THESIS 

IN 

ELECTRICAL ENGINEERING 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
die Requirements for 

the Degree of 

MASTER OF SCIENCE 

IN 

ELECTRICAL ENGINEERING 

Approved 

August, 2002 



ACKNOWLEDGEMENTS 

I would like to express my sincere gratitude and appreciation to my academic 

advisor and thesis committee chairperson Dr. Tim Dallas for all his encouragement and 

guidance through all these years of my research career. 

I also thank Dr. Henryk Temkin and Dr. Mark Holtz for serving as my thesis 

committee members and for their guidance through this research work. 

I would like to thank my research partners, especially Ross, Rajesh, and Yim for 

sharing their experience and indulging in many thought-provoking discussions that 

answered many questions in my research works. I would like to thank Elizabeth for 

assembling the anodic bonding system, Jorge and Rusty for helping me with PECVD, 

and Dr. Rajagopalan for tutoring me to use the FTIR system. I would also like to thank 

Maciej (a.k.a Thomas) for being a wonderful fiiend and for helping me in completing this 

report successfully. 

I also take this opportunity to thank my mother Padmavathi, my father 

Veeraraghavan, and my brother Srinivasan for giving me all their love and 

encouragement throughout my life that helped me achieve all the successes in my life. 

I thank my wife Vidya Lakshmi for her love, her patience, her understanding and for her 

endless support in every endeavor I embark in my hfe. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ii 

ABSTRACT vi 

LIST OF TABLES vin 

LIST OF FIGURES ix 

CHAPTERS 

1 INTRODUCTION 1 

1.1. MEMS Technology and Microanalysis Systems 1 

1.2 What Leads us to this Investigation 3 

1.3. Outline of Thesis 6 

2 ANODIC WAFER BONDING 7 

2.1. Bonding Technology in MEMS 7 

2.2. What is Anodic Bondmg? 7 

2.2.1 Applications 9 

2.3. Principle of Glass-to-Silicon Anodic Bonding 9 

2.4. Problems Encountered and their Solutions 14 

2.4.1 Particles 14 

2.4.2 Surface Roughness 15 

2.5. Process Flow 16 

2.5.1 Electrical Model to derive the Bonding Voltage 18 

2.6. Working Procedure 20 

2.7. Equipment Setup 24 

111 



2.8. Experiments 26 

2.9. V-Groove Micro Device 32 

3 GLASS-TO-GLASS ANODIC BONDING 34 

3.1. Why Do We Need Glass-to-Glass Anodic Bonding? 34 

3.1.1 Insulating 34 

3.1.2 Etching Features 35 

3.1.3 Transparent 35 

3.1.4 Stiength 36 

3.1.5 Inexpensive 36 

3.2. What is the Role of a-SI:H hi Anodic Bonding? 36 

3.3. Initial Experiments on Glass-to-Glass Anodic Bonding 37 

3.4. Hydrogen Dependency of Anodic Bonding 41 

3.5. Hydrogenated Amorphous Silicon (A-SI-H) 44 

3.5.1 Amorphous Stmcture 44 

3.5.2 Film Morphology for Hydrogenated Amorphous Silicon 47 

3.6. Plasma Enhanced Chemical Vapor Deposition (PECVD) of A-SI:H 49 

3.7. Effect on Properties of a-Si:H due to Process Parameter Variations 51 

3.7.1 Substiate Temperature 51 

3.7.2 Dilution 52 

3.7.3 RF Power 54 

3.7.4 Annealing 55 

3.7.5 What Happens During Annealmg? 56 

IV 



3.7.6 Why Annealing Leads to Tensile Sfress? 56 

3.7.7 Hydrogen Content in at % 57 

3.7.8 Si-H and Si-H2 Radicals 58 

3.7.9 Deposition Rate 58 

3.7.10 Stiess 59 

3.8. Measurement of Hydrogen Content by Fourier Transform InfraRed 
Spectioscopy (FTIR) 61 

3.8.1 The Working Principle of the FTIR Spectroscopy 62 

3.8.2 Experimental Overview 63 

3.8.3 Process Flow and Working Procedure 63 

3.8.4 Measurement of H Content Using FTIR 64 

3.9. Subsfrate Temperature andHydrogen Content 66 

3.9.1 Hydrogen Content 67 

3.9.2 Stiess 67 

3.9.3 Deposition Rate 68 

3.10. Annealtiig 71 

3.10.1 What happens during Annealing? 71 

3.10.2 Why Annealmg leads to Tensile Stiess? 72 

3.10.3 What is the Physical Origin of the Stiesses? 72 

3.11. Anodic Bonding Experiments on Different Hydrogen Content Samples 72 

4 CONCLUSIONS AND FUTURE TESTS 78 

LIST OF REFERENCES 80 



ABSTRACT 

This research work investigates the influence of hydrogenated amorphous silicon 

in glass-to-glass anodic bonding. Anodic bonding is a field assisted, low temperature 

heterogeneous glass-to-silicon bonding. With a suitable intermediate layer, homogeneous 

glass-to-glass bonding has been an important microfabrication steps in MEMS 

applications, especially p-TAS (micro total analysis systems). Devices created on glass 

substiate enjoy many advantages over silicon substiates. Glass is a good insulator and 

MEMS applications employing electric fields for separations, need insulating subsfrates. 

Etching spiral shaped charmels is not only easier in amorphous materials it also produces 

a smooth, etched feature, unlike some crystalline substiates. These and many other 

reasons drive the present p-TAS technology towards glass-to-glass anodic bonding. 

Amorphous silicon deposited by PECVD is a good intermediate layer. The precursor gas 

used in this deposition method is silane (SLH4) and hence the fihn has inherent hydrogen 

atoms present in them in the form of Si-H, Si-H2, (Si-H)x, and other radicals. The fihn 

also contams entiapped hydrogen molecules. The hydrogen content, measured in atomic 

% (at %), can cause stiess in the fihn. This stiess could either be tensile or compressive 

leading to warping or peeling of the fihn. Also, at bonding temperatures (-350° C), 

hydrogen evolves from the film because of bond breaking resulting in stiain in the 

network. This sfrain causes shrinkage of the fihn leadmg to poor or partial anodic 

bonding. 
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Hence, hydrogen content in the PECVD fihn is an important factor for proper 

anodic bonding. Our research included contioUing hydrogen content in the film by 

adjusting process parameters, FTIR measurement of hydrogen content, annealing effect, 

and correlating the quality of anodic bonding (measured in % area bonded) with 

hydrogen content in the fihn, annealing temperature, thickness of the film, and stiesses. 

We also report here anodic bonding results with an e beam evaporated hydrogen free 

amorphous silicon film as an intermediate layer. 
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CHAPTER 1 

INTRODUCTION 

1.1 MEMS Technology and Microanalysis Systems 

Micro-Elecfro-Mechanical Systems (MEMS) is the integration of mechanical 

elements, sensors, actuators, and electronics on a common silicon or glass subsfrate 

through the utilization of microfabrication technology. While the electronics are 

fabricated using integrated circuit (IC) process sequences (e.g., CMOS, Bipolar, or 

BICMOS processes), the micromechanical components are fabricated using compatible 

micromachining processes that selectively etch away parts of the silicon wafer or add 

new stmctural layers to form the mechanical and electromechanical devices. MEMS 

promises to revolutionize nearly every product category by bringing together silicon-

based microelectionics with micromachining technology, thereby, making things 

possible, such as the realization of a complete Lab-on-a-chip. MEMS is tmly an enabling 

technology allowing the development of smart products by augmenting the computational 

ability of microelectionics with the perception and confrol capabilities of microsensors 

and microactuators. MEMS is also an exfremely diverse and fertile technology, both in 

the applications it is expected to be used, as well as in how the devices are designed and 

manufactured. 

The processes involved in fabricating MEMS devices are broadly categorized as 

a. IC processing techniques- oxidation, diffusion, PECVD, LPCVD, 

Photolithography, Epitaxial growth. Sputtering. 
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b. Micromachining processes- Bulk micromachining, surface micromachining, 

wafer bonding (thermal and anodic bonding). 

The concept of micro-Total Analysis Systems (p-TAS), also known as "Lab-on-a-

chip" is to develop miniaturized devices where all the necessary parts and methods to 

perform a chemical analysis are integrated. A long way from simply shrinking dowoi 

fraditional benchtop techniques, this approach requires innovative research in many 

fields, from chemistry and biology to optics, materials, fluid mechanics, and 

microfabrication. From a more analytical chemistry point of view, the first successful m-

TAS devices performed an injection and an elecfrophoretic separation of a sample 

mixture (different fluorescent dyes), and all liquid handling was achieved by utilizing 

elecfroosmotic flow. Since then, elecfrophoresis and elecfrokinetic fluid handlmg have 

been cornerstones of many miniaturized analj^ical devices. 

A list of required functional elements for p-TAS is given below: 

channels and fluidic connections; 

pumping, dosing and mjecting devices; 

reactors, mixers, valves; 

physical fihers, sorters; 

heaters, coolers; 

physical and chemical sensors; 

separation and exfraction media; 

light sources, waveguides, detectors, optical filters; 

integrated elecfronics, electrical connections; 



• feedback and confrol loops; 

• interconnections to the outside world 

1.2 What Leads us to this Investigation 

Our research group is working on designing and developing micro total analysis 

system (pTAS) devices. Fabricating such devices using IC processes and micromachining 

processes play a vital role in the advancement of the research. The fabrication of the 

channels is done by IC process steps like oxidation, photohthography, deposition 

(PECVD), and etching. Micromachining steps like direct bonding and anodic bonding 

completes the device for real time testing and use. 

Glass 

Silicon V 

(a) 

Pyrex 

Silicon with 
microchannels 

(b) 

-****^WH 

(c) 
Fig. 1.1: Anodic Bonding (a) and (b) represent how channels are made by bonding and 

(c) SEM picture of anodic bonding of Pyrex and Silicon with channels. 



Hence, for every micro device designed and fabricated for micro total analysis system 

with micro charmels, bonding of the device is an integral process. Bonding can be done in 

many ways. If the bonding is facilitated by heating, it is referred to as thermal bondmg or 

direct bonding. When an electric field is used to facilitate the bonding, it is referred to as 

anodic bonding. 

In this investigation we consider the anodic bonding method for fabricating 

pTAS. Anodic bonding is a field assisted bonding technique that can bond heterogeneous 

materials, viz. glass-to-silicon or glass-to-glass, sometimes with the assistance of 

intermediate layers hke poly silicon, amorphous silicon, or silicon nitride. In our 

investigation the hydrogenated amorphous silicon (a-Si:H) was used as the thin 

intermediate layer. 

During the fabrication of a spiral channel device, we encountered problems during 

anodic bonding, i.e. we were not able to achieve 100% bonding consistently. Also, the 

wafers that were bonded did not have enough bond stiength, and the bonding gave way. 

Fig 1.2: A spiral channel micro device. Note the poor bonduig result from glass-to-glass 
anodic bonding with hydrogenated amorphous silicon. 



This lead to tiie hypothesis that the composition of the intermediate layer played a 

very important role in tiie bonding of tiie devices. Hydrogenated amorphous silicon 

(a-Si:H) is a random network with intiinsic sfress. Besides this, the fihn also undergoes a 

thermal sfress during anodic bonding. This stiess is due to the difference in the coefficient 

of thermal expansion between tiie glass subsfrate and the a-Si:H thin film. These stiesses 

contiibute to peeling off of tiie fihn, and sometimes changes the bow of the wafer. The 

film stiess is given by: 

Total sfress = Stiess due to TCE mismatch + Intrinsic stiess. 

The stiess due to mismatch can be reduced only by lowering the operatuig temperature. 

But the intrinsic sfress can be largely reduced by adjusting the sfrain in the network of the 

film. This is confroUed by the hydrogen content in the fihn. Hydrogen in Plasma 

Enhanced Chemical Vapor Deposition (PECVD) deposited amorphous silicon fihn is 

inherent because of the precursor gas silane (SiH4). Silane gas reacts with the plasma and 

breaks down into reactive radicals hke SiH, SIH2, SiHs, ff^ ions and more similar species. 

These radicals contribute to the hydrogen content in the film. Sometunes molecular 

hydrogen also gets frapped in the fihn. These hydrogen atoms irutially satisfy the 

dangling bonds of sihcon and stabilize the network. But as the hydrogen content 

increases the network gets more sfressed and increases the intrinsic sfress and leads to 

peeling off Also as the thickness of the film deposited is increased the film sfress 

increases linearly. An optimum amount of hydrogen content in the film is therefore 

required to yield a sfress free fihn or low stiess film, which would yield 100% bonding 

consistently and with high bond stiength. 



1.3 Outline of Thesis 

This thesis report discusses about the glass-to-glass anodic bonding using 

hydrogenated amorphous silicon as the intermediate thin layer. In the second chapter, we 

discuss in detail the principle and the working of sihcon-to-glass anodic bonding, the 

devices that were fabricated using this bonding technique, and the problems encountered. 

In the third chapter, we discuss about the importance of glass-to-glass anodic bonding 

technique in present MEMS technology, and the intermediate layer that facilitates the 

homogenous bonding. We also discuss the importance of hydrogen content in the film, 

the relationship between hydrogen content and anodic bonding. The effect of armealing 

temperature on hydrogen content in the fihn and the anodic bonding results of the 

annealed samples are also detailed. This report concludes with the results obtained for 

samples with varying hydrogen content. We also propose fiiture tests that would lead us 

to a better understanding of the optimum composition of the a-Si:H fihn that would yield 

best anodic bonding results. 



CHAPTER 2 

ANODIC WAFER BONDING 

2.1 Bonding technology in MEMS 

Bonding technology on the wafer scale level is an miportant process step in bulk 

micro-machining. There are four major technologies for wafer bonding. They are: 

1. Direct bonding. 3. Eutectic bonduig. 

2. Anodic bonding. 4. Adhesive bonduig 

Glass 

Glass 

Glass 
1 Glass 

1 Glass 

1 
J Intermediate thin 

1 layer 

(a) (b) (c) 

Fig 2.1: Types of Bonding (a) Direct bonding- Homogeneous bonding using high 
temperature, e.g.- Glass-Glass or Silicon-Silicon, (b) and (c) Anodic bonding-
Heterogeneous bonding using low temperature and high voltage, e.g.- Glass- Sihcon, 
Glass-aSi-Glass, Si-Glass-Si. 

2.2 What is Anodic Bonding? 

Anodic bonding has been known for the last two decades and is an important 

semiconductor process in micro-sensor and micro-actuator technology. The process is 

mainly used for joining high sodium content glass with silicon, but it can also be used for 

glass-to-glass bonding when an intermediate layer is used. It is also referted to as Field 

Assisted or Elecfrostatic Bonding. This process is used for joining silicon with glass at 



temperatiires below tiie softening temperatixre of the glass (for Pyrex it is 821 °C). This 

method can also be used for bonding metals or alloys with glass or ceramics provided 

that the surfaces of tiie materials to be bonded are well polished, very planar, and free of 

particles. Also, it is very imperative that the two materials are closely matched m their 

thermal expansion coefficients. 

Anodic bonding can be done at relatively low temperature (-300 °C). Increasing 

the temperature will increase the bonding speed and enhance the bond quality. It is 

reliable and reproducible. Because of the low bonding temperature, the definition of 

many microstmctures is preserved. Also, the relatively low processing temperature 

reduces the sfress in the devices, which are mainly caused due to the mismatch in the 

coefficient of thermal expansion (TCE) between the sihcon and the glass for glass-to-

silicon bonding and the amorphous silicon fihn and the glass subsfrate for glass-to-glass 

bonding. The bonding temperature is the sfrongest factor influencing for bonding. 

Applied voltage is the next most important process parameter Other parameters that 

influence the time of bonding, the area of bonding, and the micro-voids include: the type 

of glass, the nature of the applied voltage (d.c, d.c. plus reversed d.c, a.c.), applied 

pressure, environment (gas or vacuum), wafer roughness, wafer cleanliness and 

intermediate dielectric or conductor layers. 



2.2.1 Applications 

Various applications of Anodic Bonding include, 

1. Anodic Bonding for capacitive sensors: 

It is essential for capacitive sensors to have small stiay capacitances, fast RC time 

constants and small capacitive gaps for sensing and actuating. There are 

commercially available capacitive sensors produced by bonding Si wafers onto 

glass-coated wafers. 

2. Anodic bonding is used in fabrication of elecfrostatically driven resonators. 

3. Glass-to-Glass bonding with a-Si is done for tubeless package FED (field emitter 

display). The advantages of Anodic Bondmg for FED displays are: 

o Eliminates out gassing problem. 

o Exhausting tube is eliminated, 

o Lessens pumping time, 

o FED panel becomes thinner 

PDP (Plasma Display Panel) and FED are promising flat panel displays. 

2.3 Principle of Glass-to-Silicon Anodic Bondmg 

The most commonly used glass is Pyrex 7740, which is a borosilicate glass that 

has a thermal expansion coefficient (32.5 x 10"'' °C) ahnost equal to the thennal 

expansion coefficient of sihcon. Pyrex has tiie necessary electiical conductivity at the 



temperatiire at which the bonding process occurs. The composition of Pyrex glass is 

approximately 80% Si02,13% B2O3, 3.5% NazO and 2.35% Fe203, AI2O3. 

METAL 
CATHODE 

SILICON 
ANODE 

Fig 2.2: Transport mechanism of ions during anodic bonding. 

An important condition to be maintained for good bonding is the intimate physical 

contact of the two wafers being bonded. For anodic bondmg, this is achieved by applying 

a high DC voltage. Without the external electric field, the subsfrates can be separated by a 

gap of several pm. 

The anodic bonding mechanism involves the apphcation of a imiform electric 

field, which promotes the fransportation of thermally active alkaline ions (like Na*) in the 

glass to the cathode. This migration leaves behind a depletion region in the glass at the 

interface. Consequentiy, a sfrong elecfrostatic field is developed at the mterface creating 

intimate contacts between the two surfaces. 
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Despite much research, the actual mechanism involved in anodic bonding has not 

been sfrongly established, yet. It is believed that the bonding has to do with more than 

just the elecfrostatic atfraction. It is believed that because if tiie high electiic field in the 

depletion region, the oxygen ions become mobile (which are otiierwise immobile witii 

temperatures below the glass fransition temperature). The oxygen ions are believed to 

migrate to the otiier side of the interface, forming Si02 after reactuig vdtii tiie silicon. It is 

believed that this silicon dioxide at the interface, which is close to glass in composition, 

tiiat estabhshes tiie irreversible bonding. This assumption is further sfrengthened by the 

fact that the bonding process is irreversible. Also, it is reported that the formation of a 

thick Si02 layer was verified by RBS (Rutherford Backscattering Spectioscopy). 

There is also another bonding mechanism proposed. It is reported that the 

depletion region of metal ions (Na^ and K"̂ ) was observed from the glass surface to a 

depth of about 500 run. This region is related to the generation of the elecfrostatic force. 

Also, it is reported that the reaction region with increasing Si-O-Si and Si-0 bonds was 

observed in the glass side from the glass surface to a depth of 200 nm. With this it is 

concluded that the glass-to-glass bonding occurs with the formation of Si-0 originating 

from silicon oxidation by elecfrostatic forces at the interface. The progress of the 

bonding process can be visually observed. It can also be followed by measuring the 

current through the silicon-glass stack or by measuring the space-charge capacitance. 
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Glass 

Space charge 
region 

Silicon 

Mobile 
Ions 

Fig 2.3: Borosilicate glass with space charge region at the sihcon-glass interface during 
anodic bonding. 

The hot plate is usually maintained at a temperature of 350° C. At this 

temperature the Na^ ions are thermally active and mobile. Also, at this temperature, the 

surface roughness of 5 nm is smoothed. For electric circuit completion, the hot plate 

beneath the silicon acts as the anode and the point contact on the glass acts as the 

cathode. Upon application of voltage (700-1000 V) bonding starts at the point contact 

and spreads radially. The radial spreading of the bonding front makes it less Ukely for air 

to get frapped between the wafers. 
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Fig 2.4: Pictiu-e of a contact hole after an anodic bonding process. The concenfration of 
the bonding current at the contact results in a visible degradation of the glass. 

What happens at the Contact Point? 

The current concenfration results in an accumulation of Na"̂  ions wifh increasing 

bond time. This yields a visible degradation of the glass at that pomt of contact. 

What is the Role of Oxygen ions in the Bonding Process? 

It is reported that the oxygen ions in a-Si film are one of the important factors that 

confrol the bonding process. With increasmg oxygen concenfration the stiength of the 

bond increases. The stiength was deduced with the fracturing of the bulk glass specimen. 

The average strengtii of the bond stiengtii is reported to be 3.3 MPa. 

13 



Table 2.1: Comparison of bond stiength as a function of oxygen concenfration in a-Si 
film 

Ref 

Si concenfration [%] 

93.7 

88.2 

77.1 

0 concenfration [%] 

5.9 

11.5 

22 

C concenfration [%] 

0.4 

0.3 

0.9 

Sfrength [MPa] 

2.1 

2.8 

4.7 

2.4 Problems Encountered and their Solutions 

2.4.1 Particles 

One of the major problems associated with anodic bonding are the particles present 

on the subsfrates. Particles of sub-micron size are inherently around us and are the major 

sihcon technology impediment. A class-100 clean room is necessary to eliminate most 

problems in bonding associated witii particles. The micro voids and circular areas witii 

fiinges that can be seen on bonded substiates are due to particles. This confirms that 

anodic bonding occurs despite small particles present, and the bonding front grows 

around the particle, leaving an unbonded area. This is not a favorable process resuU and 

100%) bonding is not achieved because of these particles. 

Solution: 

The most essential step to maintain a particle free substiate is excellent and 

thorough cleaning. The wafers are to be cleaned by acetone, metiianol and DI water They 

have to be air dried and dehydrated at 120° C for 5 mins. They should then be protected 

14 



from contamination by enclosing them in a clean and tight container The anodic bonding 

experiment is done in a tightly enclosed cubicle with a nifrogen purge, which minimizes 

the particles on the subsfrate. 

Micro voids 

Unbonded edge 

Fig 2.5: Shown is a picture of an anodically bonded silicon-glass pair Micro voids 
because of particle contamination are major problem. Unbonded edges are very common. 

2.4.2 Surface Roughness 

Surface roughness at the interface is critical for either wafer The glass wafers 

have an inherent 50 nm surface roughness, which the anodic bonding process overcomes. 

It is important that the surface roughness does not exceed 50 nm. 

Solution: 

Commercially available pre-polished Pyrex and silicon wafers with tolerances 

less than 50 nm can be used for bonding. The surface roughnesses of our glasses used are 

around 10-15 A. 
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2.5 Process Flow 

1. Cleaning tiie wafer substiates- eluninates all particles and it should be ensured 

that the surface is planar and free from scratches. 

2. The hot plate is maintained at 350° C- at this temperature the alkaline ions 

become highly mobile. 

3. High-applied voltage (V)- this fransports tiie Na+ ions towards the cathode. 

4. Depletion region formation- the migration of Na+ ions leaves behind a space 

charge region with immobile oxygen ions. 

Why would not the Na+ ions from the anode travel to the cathode? 

Silicon as anode acts as the blocking anode, which does not allow the cations 

into glass and so the depletion region is formed. 

5. Elecfrostatic field creation- the space charge region creates a uniform elecfrostatic 

field. 

6. Atfraction of the specimens- this uniform high elecfrostatic field brings the 

2 pieces to be bonded into intimate physical contacts and establishes the bonding. 

7. Cooling down of the bonded wafers- after bonding the wafers the bonded wafers 

are allowed to cool down at a low rate of cooling, just to avoid thennal sfress 

between the two different subsfrates. 
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Tima 

Fig2.6: Curtent profiles during the anodic bonding process at different temperatures. 

As the temperature and bias are increased, the current peak has a tendency to 

become higher With time the current decreases. This is explamed by the fransport of Na"̂  

ions, which causes the current and Na^ ions depletes near the interface at the glass side 

and a depletion region is formed. The current density decays as the depletion region 

grows. 
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2.5.1 Electiical Model to Derive the Bonding Voltage 

An electrical model is described to derive the bonding voltage. 

V . V r 

-V^c^ 

Fig 2.7 Electrical Model to derive Bonding Voltage 

Assumptions made: 

1. Glass layer exhibits ohmic behavior 

2. Depletion depth d is proportional to accumulated depleted charge Q. 

3. Leakage current through depleted layer is neglected. 

Variable capacitance C (Q) is related to the depletion of the alkaline ions at the bond 

interface: 

C(Q)= CoQo 2.1 

The product CoQo independent of initial depletion depth do and is given by: 

CO-QO=£-£O-A^-"N.-^ 2.2 

e: Dielectiic constant of glass (Pyrex is 4.8) 

A: Bonding area 

UNa: Amount of sodimn ions/ volume 

q: Election charge 
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We have, 

Kon,=V,+Vc 2.3 

Vboncj: Applied bond voltage 

VR: Voltage drop across series resistance, which is dependent on thickness of 

glass layer and mobility of ions. 

Vc: Voltage drop across depletion zone. 

Inserting 2.1 into 2.3, we have nonlinear differential equation for the depletion 

charge Q(t), 

V.M-.R('^' . ^ - 2.4 
CoQo \dt J 

The R-value for the glass layer is usually 100 times higher compared to that of an 

anodic bond of a similar glass layer evaporated directly onto a Si subsfrate. This is 

because layer stmcture for hermetical sealing employs lateral current tiansport for the 

bonding process. As the lateral length is larger than the thickness of the glass, the 

resistance is large for evaporated glass layers. 
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2.6 Working Procedure 

The substiates used are Pyrex #7740 and p-type silicon wafer 

Properties and details of Silicon 

Doping: 

Orientation: 

Diameter: 

Thickness: 

Resistivity: 

Density, 

p-type 

<100> 

2" 

250-305 pm 

1-10 ohm cm 

2.329 g/c 

Melting Point, K 1690 

Thermal Conductivity, (W/ (ml 

at 313 °K 163 

Thermal Expansion, (1/C) 

at 300 °C 1.33x10 

Properties and details of Pyrex #7740 

Thickness: 1-1.5 mm 

Diameter: 

Density: 

2" 

2.23 g/c 

Softening point: 821 °C 

Thermal Expansion, (1/Q 

at 300 °C 3.25x10'' 
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The anodic wafer bonding procedure and the results obtained for both plain 

wafers and wafers with features patterns are same. The channels or the crevices would 

not have a detrimental effect on the bonding coverage. 

A detailed step by step procedure of the Anodic Bonding Experiment is described 

below, 

1. Open the cubicle. Clean the hot plate with 'kim wipes' using ethanol/ methanol. 

Do the same for the elecfrode tip. Repeat the procedure until all the oxides 

(black-colored) on the hot plate are removed. 

2. Tightly close the cubicle and purge the chamber using nifrogen gas. 

3. Clean the two pieces to be bonded thoroughly by the following cleaning 

procedure: 

Clean in RCA 1 at 80 °C for 10 mins. 

Rinse in DI water for 2 mins. 

Ultiasonically clean the wafer in acetone for 5 mins. 

Clean in methanol for 5 mins. 

Rinse in DI water for 2-5 mins. 

4. Air-dry the sample thoroughly. 

5. Dehydrate the samples in an oven at 120 °C for 5 mins. 

6. To avoid contamination, herewith carry the samples in an enclosed container from 

the oven to the Anodic Bondmg system. 

7. Close the nifrogen supply. 

8. Open the cubicle, place and align the samples properly. 
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9. Hold the pieces at tiie center using one tweezer and radially draw out any air gaps 

from the center using the flat end of a tweezer 

Note: This also enables the initial intimate physical contact between the wafers. 

10. Bring the cathode pointer on the glass and tighten it just enough to hold the 

samples. 

Note: Too much pressure at tiie center point would force a warping at the edges or 
breaking of silicon wafers. 

11. Connect the electrical contact (-ve line) to the top screw and tighten it. 

12. Close the cubicle. 

13. Open the nifrogen supply. 

14. Set the operating temperature using the front panel buttons on Omega temperature 

confroUer 

Note: Present settings ramp the temperature at ~ 1 °C / sec 

15. Wait for 5-10 minutes after the front panel shows the set point, to allow the 

samples to reach equilibrium and the Na"̂  ions to be thermally active. 

Note: The thermocouple is connected to the inside of the hot plate. Apply the 
voltage. Raise it slowly in steps of 100 V. 

16. You will visually observe the radial spread of the bonding front. 

17. Switch off the supply V and reduce the set point temperature to room temperature. 

18. Allow the cooling to take place without disturbing the samples. 

19. Close nifrogen supply, open cubicle, disconnect the electrical contact, unscrew the 

elecfrode and remove the bonded pieces. 
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An alternative procedure for the same is as follows, 

1. Complete steps 1 through 9. 

2. Place the 2" Steel/ Al disc on top of the wafers to be bonded. 

3. Complete the remaining steps. 

We need al disc or foil as an elecfrode since, with just a single point electiode at the 

center, the bond spreads radially and the process time is high. With a conducting Al 

disc, the applied voltage is available at all places on the glass and the bonding is 

spontaneous. 

Disadvantages: The plate has to be very planar to avoid differences in electric field. Air 

fraps and micro-voids with particles will cause problems. 

2.7 Equipment Setup 

The anodic bonding instrument in our lab was set up with the help of 

Ms. Elizabeth Mckinney, a graduate student at Texas Tech University. 

The experimental set-up consists of three major parts. They are: 

1. HOT PLATE: on which the wafer pieces to be bonded are placed and heated. This 

is enclosed in a fransparent afrtight cubicle. This cubicle is purged wdth nifrogen 

gas to reduce oxygen. The nifrogen flow into the system is monitored by a flow 

meter The gas enters through the inlet and exhausts through the outlet pipe. The 

hot plate is connected to a thermocouple and is coimected to a temperature 

confroUer The cathode rod coming down on the wafers (to be bonded) from top. 
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has a pointed tip. The hot plate acts as the anode. The hot plate is supplied with 

line voltage (120 V, 60 Hz). 

2. SUPPLY VOLTAGE: which is the applied negative voltage w.rt glass. The power 

supply is a Hewlett Packard 6515 A, DC power supply with a range of 0-1600 V, 

0-5 MA. 

3. TEMPERATURE CONTROLLER: is a CN 3251 Omega Temperatiire/Process 

ConfroUer It is a single loop confroUer with tmiversal sensor inputs and front 

panel operator set up. The input type to this confroUer is a K-type thermocouple. 

The CN3251 was carefully installed and their settings were selected to serve our 

purpose. 
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HIGH VOLTAGE 
POWER SUPPLY 

ALUMINUM PLATE 
HOTPIATE 
(with insulated ceramic top) 

PROBE 
ST îWD 

Fig 2.8: Experimental set up of anodic bonding tool. 

2.8 Experiments 

As mentioned earlier anodic bonding is a field assisted, low temperature glass-to-

silicon bonding. Glass-to glass bonding is facilitated by a suitable intermediate layer 

between the glass subsfrates. In this section we describe the different cases of anodic 

bonding, including different glass materials used for bonding. The glass subsfrates that 

were experimented with are Pyrex # 7740, Boro-Schott, microscope slides, and soda lime 

glass. 
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Glass-to-glass anodic bonding was also experimented with using hydrogenated 

amorphous silicon as an intermediate layer deposited on Pyrex by the PECVD metiiod. 

E-beam evaporated silicon was also used as intermediate layer for glass-to-glass anodic 

bonding. 

Various experiments conducted were as follows, 

1- P-Tvpe Silicon enhances Anodic Bonding with Glass 

This experiment confirmed the superiority of p-type silicon wafers over n-type 

silicon wafers in anodic bonding. Consider a n-Si wafer bonded to a Pyrex or 

Boro-Schott glass. With apphed negative voltage across the glass, a space charge region 

is created near the interface on the glass side, leaving behind immobile Ô " ions. The high 

negative voltage also atfracts the holes in the sihcon wafer Sihcon acts as a blocking 

anode and hence, does not allow the holes or any positive ions to migrate across the 

interface. But, these holes align themselves across the interface on the silicon side. Now, 

the image charge of the O '̂ ions is noticed by these holes. But, the n-type sihcon has 

elecfrons as the majority carrier and the available holes are minimal. Hence, wherever the 

available holes are they have to overcome the elections before reaching the interface. On 

the other hand, in a p-type silicon wafer the majority carriers are holes and become 

readily available at the interface forming a perfect image charge for enhanced 

elecfrostatic atfraction between the glass and the silicon. Also, these positively charged 

holes explain the atfraction of O " ions to form the silicon dioxide during the bonding 

process. 
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Table 2.2: p-type Si enhances Anodic bonding. 

S.No 

1. 

2. 

Materials 

2"p-Si, 
2" Boro- Schott 

2" n-Si, 
2" Boro-Schott 

Temperature 
[°C] 

300 

300 

Voltage 
[V] 

1000 

1000 

Time 
[Mins] 

15 

30 

Results 

Complete 
Bonding 
(100%) 

Partial 
Bonding 
(80%) 

Remarks 

Used star shaped Al 
foil. Cleaning 

processes-RCAl, 
RCA2, Piranha 

Edges alone did not 
bond. 

Our experiments reveal that anodic bonding with p-type silicon is faster and is more 

efficient. 

Glass interface with 

Silicon interface with 

Fig 2.9: shows schematic of space charge region creation at the interface of sihcon and 
glass diuing anodic bonding.'+' symbol represents the holes in the sihcon. 

2. Issue of Coefficient of Thermal Expansion 

This experiment confirmed the need for a close match of thennal coefficient of 

expansion (TCE) between the two materials used for anodic bonding. As m our case the 

subsfrates used for anodic bonding are silicon and glass materials. The TCE for silicon at 

300° C is 7.2 X 10'̂  and for Pyrex glass it is 4.0 x 10"̂  Though tiiis is not tiie best match, 

the sfress is minimal for the operating temperatiire range of tius process. Special glass 
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materials like Hoya glass SD2 have a perfect match witii that of silicon. The bond 

sfrength of Pyrex-silicon and Hoya-silicon are comparable. 

We also experimented with glass materials with large TCE variation compared 

wdth tiiat of silicon. We confirmed with these experiments that cracking is very critical for 

large TCE mismatch between bonding subsfrates. 

Table 2.3: Issue of coefficient of thermal expansion. 

S.No 

3. 

4. 

5. 

Materials 

2"p-Si, 
Fisher 

Microscope 
shdes 

p-Si, 
window 

glass 
(soda lime 

glass) 

Pyrex, 
2" p-Si 

Temperature 
rc] 

300-400 

230 

200 

Voltage 
[V] 

600 

850 

1000 

Time 
[Mins] 

30 

10 

30 

Results 

No 
Bonding 

No 
Bonduig 

Complete 
good 

bonding. 
(100%) 

No 
cracking. 

Remarks 

Visual proof of bonding was 
seen after 30 mins. But 

unbonded after removing the 
voltage. Glass cracked, 

because of difference m TCE. 

Glass cracked. Difference in 
TCE b/w the glass and the 

silicon. 

Good thermal match, low 
sfress and no cracking. 

28 



Fig 2.10: Picture of a cracked sample of silicon wafer and soda lime glass, highlighting 
the importance of TCE mismatch. 

Our experiments revealed that for complete and crack-free anodic bonding, the 

thermal sfress induced during the process has to be minimal. This is achieved by properly 

choosing the two subsfrates that are to be bonded. The close matching of then thennal 

expansion coefficient therefore becomes imperative for successful anodic bonding. 

3. Devices with P-Si and Pyrex 

V-groove channels and capacitive accelerometer are some of the micro devices 

that we fabricated in Nano Tech Center by applying anodic bonding process. The bond 

sfrength is independent of the features or channels in the subsfrates that are being bonded. 

In other words, a bonding process between two plain subsfrates would yield the same 

bond sfrength and coverage as that of a bonding between two subsfrates having channels 

or etched patterns, if all other bonding factors remain the same. 
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Table 2.4: Anodic bonding experiments with p-type Si and Pyrex. 

S.No 

6. 

7. 

8. 

Materials 

For elecfrophoresis 
Pyrex/Boro- Schott, 
p-Si, w/ channels. 

Accelerometer 
device. 

p-Si w/Pyrex. 

V-groove device. 
P-Si, 

Pyrex. 

Temperature 
["CI 
200 

300 

300 

Voltage 
[V] 

1000 

1200 

1200 

Time 
[Mins] 

20 

30 

15 

Results 

Good 
bonding 
(90%) 

Good 
bonding 
(100%) 

Good 
bonding 
(100%) 

Remarks 

Channels were fine. 
Fluid was flown w/o 

leakage. Intact 
bonding. 

The device is very 
fragile. Care must 

be taken while 
aligning. Completed 
device was tested. 
The device worked 

fine without any 
leakage. 

With these processes we have established a standard bonding process for 

microfabrication of MEMS devices. With good cleaning and particle contiol anodic 

bonding process can produce complete coverage of the subsfrate for the above-mentioned 

temperature, voltage and time. 

Pyrex glass 

Silicon wafer 
with floating arm 

Gold pad 
on glass 
substiate 

Fig 2.11: A capacitive accelerometer device. 
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Fig 2.12: A V-groove channel micro device in sihcon wafer bonded to glass subsfrate, 
anodically. Fluorescem is filled in the V- groove channels in silicon and feed channels in 
glass. 

2.9 V-Groove Micro Device 

One of the p-TAS applications includes V-groove devices. In Nano Tech Center, 

we fabricated micro channels taking advantage of the natural geometry of silicon wafers 

(100), when wet etched using KOH solution. Channels etched parallel to the edge of the 

silicon (100) wafer expose their (111) surface. The etching takes place at an angle 54.7°. 

The mirror like surface of the exposed (HI) plane is used for enhancing the flux of 

photons reaching the detection system. The surface acts like "refro- reflectors," reflecting 

the excited photons fraveling down towards the detection system. This enhanced 

reflection increases the optical measurement at the output. 

Sometimes a silicon-to-glass anodic bonding is impediment to many MEMS 

applications, like elecfrophoresis and analysis involving elecfro kinetic flow. An 

insulating subsfrate is imperative in these applications. Glass-to-glass anodic bonding 

31 



therefore becomes a good technology where applications involving electric field is used. 

In the following chapter we discuss about glass-to-glass anodic bonding, the intermediate 

film tiiat is required to facilitate this bonding process, the problems that we encoimtered, 

and the investigation that followed. 
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CHAPTER 3 

GLASS-TO-GLASS ANODIC BONDING 

3.1 Why do we need Glass-to-Glass Anodic Bonding? 

Though anodic bonding is a standard process for bonding silicon to glass, it can 

also be used for glass-to-glass bonding with a thin intermediate layer The different 

intermediate layers that can be used for this purpose are polycrystalline sihcon, silicon 

nitiide, and amorphous silicon (by PECVD and LPCVD) and evaporation. We have used 

hydrogenated amorphous silicon (a-Si:H) deposited by the PECVD method. 

There are many advantages to using glass-to glass bonding, 

3.1.1 Insulating 

For applications like elecfrophoresis, where you apply two voltages one (~ 100 V) 

across the short channel for continuous fluid flow, second (-1000 V) for pushing a plug 

across the longer channel), a conducting medium like silicon would interfere in the 

analysis. Glass, an insulating subsfrate, has always been the most preferred subsfrate for 

elecfrophoresis. 

Glass 

Fig 3.1: Channels etched in glass and silicon substiates. Glass channels have smooth 
edges for non-linear shaped channels, while silicon channels have jagged edges. 
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3.1.2 Etching Features 

Smooth roimd or curved features are possible in glass. Unlike m a silicon wafer, 

which is crystalline, the glass is an amorphous material and the etched features for roimd 

channels can yield smooth sides. But, for a silicon wafer these round features would yield 

jagged edges using a wet etching process (KOH). 

3.1.3 Transparent 

Glass allows better visibihty of the channels, essential for fracing separations. As 

an example, the case of the spiral shaped channels (shown below in fig 2.3), visibihty is a 

major factor since it helps determine whether the flow of three parallel layers of fluids 

remain laminar (parallel flow from the inlet to the outlet). 

Fig 3.2: A micro device with spiral channels on glass substiate. The channels are 
highlighted by fluorescein under black light. 
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3.1.4 Sfrengtii 

Sihcon is more brittle compared to glass. This is a factor that ensures the 

durability of the finished lab-on-a-chip. 

3.1.5 Inexpensive 

Glass can be inexpensive when compared to the Si wafers. Cost is an important 

parameter in any technology and production. 

3.2 What is the role of a-Si:H in Anodic Bonding? 

Glass-to-glass anodic bonding is utihzed in many MEMS apphcations lately. But, 

glass-to-glass anodic bonding is impossible without a suitable intermediate layer This 

intermediate layer is necessary to substitute the 'blocking anode' silicon in a glass-to-

silicon anodic bonding. The intermediate layer thus helps in forming the space charge 

region by blocking the cations from the glass at the lower layer In this case the image 

charge is formed in the amorphous silicon. This space charge region along with the 

suitable intermediate layer accomplishes the bonding. 

The various intermediate layers that are reported to be used for this purpose are 

sihcon carbide, silicon nitride, polysilicon, sihcon dioxide and amorphous silicon. Our 

intermediate layer of consideration is hydrogenated amorphous silicon (a-Si:H). The 

thickness of the material deposited ranged from 800 A to 5000 A, to bring about 

successful anodic bonding. 

35 



^ Pyrex Glass (1000 um) 

• Intermediate a-Si:H laver (0.5 um) 

^ Pyrex Glass (1000 um) 

Fig 3.3: The figure above depicts tiie glass-to-glass bonding with tiiin intermediate layer 
Note that tiie tiun fihn is 1/2000* of the glass thickness and is in relative thickness to 
glass. 

3.3 Irutial Experiments on Glass-to-Glass Anodic Bonding 

The Following irutial experiments were conducted, 

1. Heterogeneous Glass-to-Glass Anodic Bonding 

We have throughout this report explained the importance of glass-to-glass anodic 

bonding, as well the requfrements for successful bonding. The intermediate layer that we 

use in our experiments is hydrogenated amorphous sihcon (a-Si:H). We deposited a thin 

layer of a-Si:H by a PECVD method. In this chapter we discuss the results of anodic 

bonding using this intermediate layer This intermediate layer helps in creating the space 

charge region across the interface of the glass and the thin film. This thin fihn is around 

1/5000* the thickness of glass subsfrates that are bonded. 

There are problems associated with PECVD a-Si:H, including optimum H at % in 

the a-Si:H fihn, thickness of the film, and stiess associated with the film. 
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Table 3.1: Glass-to-Glass Anodic bonding. 

S.No 

9. 

Materials 

2 V'z" Pyrex-
a-Si:H 

(800 A) 
on Pyrex 
(PECVD) 

Temperature 

300-400 

Voltage 
m 

1000 

Time 
[Mins] 

15 

Results 

Complete 
Bonding 
(100%) 

Remarks 

First heterogeneous 
bonding with PECVD 

hydrogenated 
amorphous sihcon as 

the intermediate layer 

We established a good process method for glass-to-glass anodic bonding with 

hydrogenated amorphous silicon as the thin (800-1000 A) mtermediate layer This 

process enabled tiie fabrication of many MEMS devices in the Nano Tech Center for 

p-TAS applications. 

2. Devices with a-Si:H as Intermediate Layer 

The investigation of the influence of hydrogen content in a-Si:H in glass-to-glass 

anodic bonding was propelled by this experiment. Our attempt in this experiment is to 

bond two glass subsfrates with one of them having deeply etched spfral channels. The 

channels were etched using phosphoric acid, hydrofluoric acid and DI water in the ratio 

70:5:25 at 70° C. 

Table 3.2: Anodic bonding experiments with a-Si:H as intermediate layer. 

S.No 

10. 

Materials 

Pyrex, 
a-Si 

(1100 A) 
on Pyrex 

Temperature 
["C] 

300 

Voltage 
[V] 

1200 

Time 
[Mins] 

30 

Results 

Good 
bonding 
(60-90%) 

Remarks 

Achieved varying bond 
area coverage. 
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Non-uniform deposition was one of the main reasons that we were not able to 

achieve complete bonding coverage. Mostly, the edges remained imbonded, confirming 

the thickness variation on the edges of the wafers. Also, stiess in the fihn because of 

hydrogen content and deposition temperature influences the surface planarity, which in 

tum influences the bond coverage. 

But we achieved good bonding with an intermediate layer when the thickness of 

the film was more than 80 nm and less than 500 nm. Literature quotes that the surface 

roughness of the Pyrex glass is usually 50 nm. The same value was verified with the 

suppher of the glass. So, we need at least 50 nm to average the surface roughness of the 

glass and make available a-Si:H in every area for anodic bonding. On the other hand, 

sfress in the film is proportional to the thickness of the film. With a thickness of more 

than 500 nm, the sfress in the network causes the film to warp and peel of Also, it is not 

cost effective to deposit large amounts of PECVD a-Si:H. Our best results were obtained 

with film thickness around 100- 200 nm. 
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3 Thickness and Sfress Problems in Anodic Bonding 

In Chapter 3 we discuss the relation between the thickness of a-Si:H film and 

sfress related to the film. Intrinsic sfress in the film is proportional to the thickness of the 

fihn. This sfress in the fihn changes the surface stmcture of the film and decreases the 

planarity of the film. Also, high stiess leads to peeling of the film. 

With uneven surfaces and warping of the fihn we do not achieve good anodic 

bonding. The bonding is either partial or a total failure. We also noticed another 

important result in this case. After bonding with film, the stiess in the deposited fihn was 

so high that it peeled of from the subsfrate on which the film was deposited. This lead to 

the investigation into sfress issues. The sfress could either be tensile or compressive. The 

samples that we deposited experienced mostly tensile sfress and hence, the surface 

unevenness. The hydrogenated amorphous silicon (a-Si:H) sample from Applied 

Materials was 1 pm thick and experienced compressive stiess and hence the peeling of 

the film. 

Fig 3.4: Thickness and Sfress Problems, (a) tensile stiess dominated fihn deposited on 
glass subsfrate. Notice the warpmg at the edges, (b) Compressive sfress dominated film. 
The fihn peels off from the center of tiie subsfrate on which it is deposited. 
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Table 3.3: Anodic bonding experiments (F) 

S.No 

11. 

12. 

Materials 

Pyrex or 
Boro-Schott 
a-Si (lum+) 

on AMAT 
subsfrate 

2 Vi" Pyrex-
a-Si:H 

(5000A) 
on Pyrex 
(PECVD) 

Temperature 
[«ci 

220 

300-400 

Voltage 
[V] 

1250 

1000 

Time 
[Mins] 

15 

30 

Results 

Pyrex and a-Si 
bonded. But, 
a-Si and the 

subsfrate 
separated 

Partial 
Bonding 
(45%) 

Remarks 

The sfress was too 
high because of the 

thickness of the a-Si. 
And hence, after 
bonding the film 

peeled off 
Tensile stiess 
dominated the 

intrinsic stiess in the 
fihn, creating non-

planarity. 

With these three experiments on glass-to-glass we realized that the intermediate 

fihn; hydrogenated amorphous sihcon, has a very vital role to play in the glass-to-glass 

anodic bonding. We further investigate to optimize the film properties to achieve 

improved anodic bonding. 

3.4 Hydrogen Dependency of Anodic Bonding 

The different problems explained in the previous section lead us to the 

investigation in detail about the intermediate fihn layer (a-Si:H). In this section and the 

following sections we detail about the tiiin fihn hydrogenated amorphous silicon, die 

PECVD process by which was deposited a-Si:H, the process parameters, and tiie 

properties of the fihns that influence the anodic bonding (hydrogen content, especially), 

FTIR analysis for measiuing hydrogen content, the effect of annealing, and the results of 

anodic bonding with different a-Si:H samples. 
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Hydrogen content in the film is an important property in hydrogenated amorphous 

silicon for anodic bonding. The hydrogen in the form of Si-H, Si-H2, Si-H3, H+ ions and 

even H2 molecules contribute to total hydrogen content in the fihn. The hydrogen content 

up to the level of solubility in the film constmctively contributes to the passivation of 

dangling bonds. This leads to more thermal stability of the network. It is reported that the 

solubihty of hydrogen is around 4 at % [Ref H solubility in amorphous sihcon, 

Stepharua Acco, QUANTSOL '98]. Fihns with hydrogen content greater than 4 at % 

experiences thermal instability and stmctural instability. The fihns experience sfrain in 

the network when hydrogen is present in the fihn in quantities more than the solubility of 

the film. This sfrain leads to the sfress in the fihn, which could be either compressive or 

tensile depending on the amount of hydrogen present, the thickness of the fihn, RF power 

during deposition, dilution of silane. Annealing temperatiu-e also determines the stiess 

type in the film. 

Anodic bonding was employed for bonding a micro device for pTAS apphcation. 

The channels were etched in glass and bonded witii another glass subsfrate with tiiin 

hydrogenated amorphous silicon (1000 A). Several experiments yielded different results. 

Some of the experiments resufted in partial bondmg or poor bonding. Some of tiie 

subsfrates that were bonded initially gave up when fluids were flown tiirough tiie micro 

channels. The pressure of the flow was greater than the bond stiengtii. But for successful 

pTAS application we needed completely bonded channels with good bond sfrength. 

This lead to our hypotheses that the poor or partial anodic bonding is the result of the 

following reasons: 
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1. Excessive H concenfration in tiie fihn, 

2. Sfress in the fihn 

3. Warping or non-planar fihn surface 

4. Critical thickness for stress free film 

5. Annealing and electiic field evolved H ions. 

Lookmg at the various reasons we reahzed that one property which confroUed every other 

reason was the hydrogen content in the fihn. Sfress in the fihn is because of tiie excessive 

hydrogen content in the fihn. Stiess is also due to the difference in the coefficient of 

thermal expansion that the subsfrate and the film experiences during the deposition 

process. Though this stress cannot be confroUed by the concenfration of the hydrogen, 

optimizing the hydrogen content can reduce the intrinsic sfress of the film. The warping 

of the film or the peeling of the film is dependent on the sfress of the fihn, which is again 

dependent on the hydrogen content of the fihn. The critical thickness of the film is also 

another important factor for good anodic bonding. 

Hence, we embarked into an investigation that reveals the optimum hydrogen 

content that would yield low sfress, no warping or peeling and complete, sfrong anodic 

bonding. 

The scope of this report extends only towards the research of hydrogen content 

influence. The critical thickness and type of stiess involved are deemed to be future 

investigations. 
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3.5 Hydrogenated Amorphous Silicon (A-SI-H) 

3.5.1 Amorphous Stmcture 

The disorder of the atomic stmcture is the main featiu-e that differentiates between 

an amorphous material and a crystalline material. The amorphous materials are described 

by their chemical bonding between the atoms and thefr short range bondmg interactions, 

instead of long-range order The short range order and long range disorder leads to the 

model of a continuous random network, intioduced by Zachariasen (1932) to describe 

glasses such as silica. 
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Fig 3.5: Schematic diagram of the atom pair distiibution ftmctions for a crystalline and 
amorphous solid and a gas, scaled to tiie average separation of nearest neighbor atoms, 
Rav, showing different degree of stinctural order 
[Ref Hydrogenated amorphous silicon book, R.A. Sfreet, Cambridge University Press] 
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The atomic stmcture for a-Si is not completely disordered. The average bond 

lengths and bond angles for both a-Si and c-Si are the same. The number of neighbors for 

both a-Si and c-Si is four. The difference is defined by atom pair distribution ftmction. It 

is the probability of finding an atom at a distance 'R' from another atom. 

The amorphous material has same short-range order as a crystal, but lacks long-

range order This disorder leads to a continuous random network, where each atom has a 

different coordination number The random network has the property of incorporating 

atoms of different coordination number easily, even in small concentiation. This is in 

confrast to the crystal lattice in which impurities are generally consfrained to have the 

coordination of the host because of the long range ordering of the lattice. 

Coordination 

O ' 

Fig 3.6: A continuous random network contaiiung atoms of different bonding 
coordination. 

[Ref Hydrogenated amorphous sihcon book, R.A. Sfreet, Cambridge University Press] 

44 



Unlike in crystal stiiictures which have defects like vacancies, stacking faults and 

dislocations, in a random network the elementary defect is tiie coordination defect (ui 

a-Si fihns, die dangling bonds are tiie coordination defects). This would mean that the 

atom either has fewer bonds or has more bonds than in a crystal. The ability of the 

disordered network to adapt to any atomic coorduiation allows an isolated coordination 

defect, which is not possible in a crystal. 

Fig. 1.4. An illustration contrasting the different types of simple defects in 
(a) cryslalline and (b) amorphous networks. 
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Fig 3.7: An illusfration differentiating the different types of simple defects in crystalUne 
and amorphous networks. 

[Ref Hydrogenated amorphous silicon book, R.A. Sfreet, Cambridge University Press] 
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3-5.2 Film Morphology for Hydrogenated Amorphous Silicon 

The PECVD processes mostly do not yield uniform and homogenous layers. The 

irutial nucleation of tiie fihn on the subsfrate and the growth pattem that follows results in 

macroscopic inhomogeneities, such as voids, surface roughness and columnar grow^ 

stmctures. During plasma deposition of a-Si:H, a number of radicals are generated by the 

plasma. SiHs, SiHa, SiH are the some of the species. H species are also found and they 

are of great interest to our investigation. 

The confroUing parameters for the morphology of the film are the deposition 

chemistry and the ease with which the depositing molecules are able to diffuse on the 

grov^ surface. The film morphology is an important parameter as inhomogeneities will 

not only degrade the elecfronic properties of the material, but also increases the intrinsic 

sfress in the film. As our focus in this project is to keep the intrinsic stiess to a mirumum, 

we have to carefully confrol the fihn growth. One such way of avoiding inhomogeneities 

is by ensuring that the dominant species are Si-H radicals and not Si-H2. (This can be 

achieved if the deposition temperature is increased to 350° C or above.) 

There is also another way of growing a homogeneous fihn. The non-homogenous 

surface of the amorphous silicon is mainly due to tiie presence of more than one radical 

(SiH3, SiH2, SiH) during the growth process. The growth surface looks very different 

after few layers of insertion. One site may have SiHs inserted, with a resultant passive 

bond site and another may have SiH2 mserted, witii a resultant active bond site (a site 

which can accept anotiier bond site). This is most commonly found in low temperature 

deposition. This results in microstmctures filled with voids. The fihn could be made more 
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homogenous by hydrogen dilution (usually 10:1 or greater). The hydrogen dilution leads 

to surface homogenization, i.e. after radical insertion into an active bond, the atomic 

hydrogen reacts and forms molecular hydrogen and they get removed from the growth 

front. The hydrogen homogenization has been well proven by the work of Parsons et al. 

H H H 
I I I 

H-Si-H H-^i-H H-Si-H 
I I Si Si SI - - -

•.'H W: ;'H—iT-; :-H H"V 
S: Si Si — '• r; • 
, , Si Si 

(a) (b) 

Fig 3.8: Growth mechanism of a-Si:H- (a) represents the non-homogenous growth with 
different radicals participating, leaving behind both active and passive sites, (b) 
Represents the homogenization of the surface by atomic H. 

[Ref V.K Dalai, et al "Comprehensive Research on stability of amorphous sihcon and 

alloy materials and devices," NREL/ SR-520-2898, Sept 2000]. 

We have varied the deposition parameters to develop films of different hydrogen 

content and also have made an attempt to develop process parameters resulting in a more 

homogenous film. 
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3.6 Plasma Enhanced Chemical Vapor Deposition (PECVD) of a-Si:H 

Advanced semiconductor processing technologies have paved the way to 

depositing thin fihns with selected properties. Chemical processing dominates the 

fabrication of tiie microelectionics and MEMS industry. The most widely used deposition 

process is chemical vapor deposition (CVD), in which the gas molecules are decomposed 

to produce a solid fihn of contioUed properties. Thermal CVD forms the basis for most 

epitaxial growth in IC manufacturing. Low temperature deposition process (for thin 

fihns) is important for many applications, as it prevents diffusion of dopants during these 

processes. Deposition of silicon dioxide over aluminum and sihcon nitride as a capping 

layer over GaAs are two related examples [Ref S.Campbell in Science and Engineering 

of Microelecfronics Fabrication]. But for low temperature processes, an alternate energy 

source is required for the necessary chemical reactions to take place for the deposition. 

One such source is RF plasma. PECVD systems have the added advantage of using ion 

bombardment of the surface to provide energy to the adsorption species to allow them to 

diffuse ftuther along the surface, without high subsfrate temperature. It is the most widely 

used deposition process for growing hydrogenated amorphous silicon thin films. 

There are two different plasma arrangements in which the physical effects are 

quite different. In the downstieam set up, the plasma source is remote from the subsfrate, 

which minimizes the physical effects. The precursor gas in this case can either be 

infroduced near the subsfrate or in the plasma region. 

In the other case, referred to as parallel plate reactor, the substiate is immersed m 

plasma and is subjected to physical effects such as ion bombardment. 
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Fig 3.9: A simple schematic representation of CVD process. The precursor gas (SIH4, 
bombarded by argon plasma, in our case). Surface fransport, adsorption, and byproducts 
release. This picture has SiH2Cl2 as precursor gas and hydrogen as dilution medium. 

[Ref Infroduction to Science and Engineering of Microelecfronics Fabrication book, by 
Stephen .A. Campbell] 

The PECVD system that we use in the Nano Tech Center is the Applied 

Materials' Precision 5000. The P-5000 system is a fully automated, single-wafer, multi-

chamber system. It has an automatic cassette-to-cassette loader and multiple process 

chamber capabihty that maximizes system throughput. The automatic loadlock system 

minimizes operator wafer handling and reduces wafer contamination. The multi-chamber 

design allows parallel, sequential, or combined parallel and sequential wafer processing 

steps. The system has 3 chambers: an etch chamber, a CVD chamber, and a photoresist 

ash chamber 
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3.7 Effect on Properties of a-SI:H due to Process Parameter Variations 

Some of the process parameters that were varied in our deposition process are 

1. Subsfrate temperature 

2. Dilution 

3. RF power 

4. Aimealuig 

The properties that were analyzed are 

1. Total hydrogen content in at %>. 

2. Si-H and Si-H2 bonds 

3. Deposition rate 

4. Sfress 

3.7.1 Subsfrate Temperature 

One of the most important deposition parameter is the subsfrate temperature (Ts) 

and is necessary to get high-quality hydrogenated amorphous silicon (a-Si:H). It is 

reported that the plasma intensity sfrongly depended on subsfrate temperature. The 

deposition temperature was varied from 200° C to 400° C in our investigation. The 

bonded hydrogen is less when the deposition is done at higher temperature and the 

content of hydrogen is more as the subsfrate temperature is decreased. At lower 

temperature, the film has increased microvoids resulting in inferior elecfroiuc properties. 
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Fig 3.10: Hydrogen concenfrations from Si-H (Cnm), Si-H2 (Cm) and tiie total hydrogen 
content in a-Si:H films deposited at different subsfrate temperature. 

[Ref Hydrogenated amorphous sihcon book, R.A. Sfreet, Cambridge University Press] 

3.7.2 Dilution 

The dilution of the precursor gas silane is another important process parameter 

that confrols the hydrogen content in the fihn. It is reported that sfrong dilution of 

hydrogen in amorphous silicon preparation improves the efficiency of hydrogenated 

amorphous silicon solar cells. Increase in dilution leads to changes in morphology of the 

film from amorphous stmcture to hydrogenated microcrystalline silicon. The hydrogen 

incorporation and the hydrogen-bonding configuration decide the stmcture of the 

material, which relates to the internal stiess of the film. 
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Fig 3.11: Graph relating H content and silane concenfration measured by FTIR (circles) 
and by ERDA (squares). 

[Ref U. KroU, et al "Hydrogen m amorphous and microcrystalline silicon fihns prepared 
by hydrogen dilution" J. Appl. Phys. 80 (9), 1 November 1996] 

We expect a fransition in film stmcture from amorphous to microcrystallme, as we 

vary the hydrogen dilution from 100 % silane to 1%. From reports (Ref U. KroU, et al 

"Hydrogen in amorphous and microcrystalline silicon films prepared by hydrogen 

dilution"), we expect this fransition zone to be between 9% and 6%. Hence the dilution 

range can be divided into different zones. The first zone would comprise of the dilution 

range from 100% silane to 9% silane. In this range, the nature of the film deposited is 

expected to be amorphous and the peaks observed in the FTIR are m accordance with 

standard amorphous stmcture. 

The second zone would comprise of dilution below 6% and m this zone, the 

deposited fihn is found to be microcrystalline in nature. In between these 2 zones is 

present the fransition zone, where the hydrogen content is reported to be sharply 
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increasing and also the intrinsic stiess is large. But the stmcture of the material is 

unidentifiable. 

3.7.3 RF Power 

Mass spectioscopy is usefizl in determining the relative concenfration of ionic and 

neufral species contained within the plasma. From the graph (3.10) it is evident that for 

low excitation power, the density of ionic species is lower by lO'' compared to the density 

of neufral species. Ion like SiH*, SiH2'̂ , SiHa"̂ , and HT mcrease by more than two orders 

of magnitude as the RF power is increased from 2-20 W. 

A rapid rise in the population of ions with power imphes an mcrease in election 

density. This imphes higher hydrogen content in the fihn and higher deposition rate. If 

the RF power is increased ftuther, the ions gain high energy and would reverse the 

deposition process and would etch the fihn grown, which would unply that the hydrogen 

content m the film would decrease. 
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Fig 3.12: Line intensities of the observed mass numbers (mass/charge ratio m/e) from a 
silane plasma as a function of RF power (5 seem, 50 m torr) for ionizer on/off operation. 

[Ref: "Plasma deposition of amorphous silicon-based materials" book by G. Bruno, 

et al. Academic Pressl995] 

3.7.4 Annealing 

Annealing is an important process procedure that is followed in many device 

technology applications. It is also a significant process procedure m amorphous sihcon 

thin fihns. It is a process that changes the hydrogen content and the bonding of the films. 

This in tum affects the sfress in the fihn. Annealing of thin fihns is done in a rufrogen 

atmosphere. The compressive sfresses decrease with increasing annealing temperature 

and finally tum into tensile sfress. If the initial sfress is tensile, then the magnitude of the 

tensile sfress increases with increasing annealing temperature. 

54 



And for a decrease in RF power, the cortesponding annealing temperature 

decreases. In other words, the Ta required for effecting the change in the fihn network 

also decreases with decreasing RF power 

3.7.5 What happens during Annealing? 

At around 300° C, the content of the hydrogen decreases. The SiH2 evolves at 

lower temperature than SiH. This is so because the SiH are isolated, while the SiH2 are 

clustered at grain boundaries or on the inner surfaces of micro voids. It is easier to evolve 

H2 from SiH2 than from SiH. Evolution of hydrogen upon annealing is independent of 

initial hydrogen concentration and is dependent on initial defect state and the degree of 

disorder 

3.7.6 Why Annealing leads to Tensile Sfress? 

SiH2 bonds are associated with grain boundaries and micro voids, while SiH 

bonds are associated with clusters. At temperatures of aroimd 300° C, SiH2 dissociates 

and leads to larger volume of micro voids and vmpassivated inner surfaces. These are 

likely regions for the origin of tensile sfress. At 400° C, the danglmg bonds on die timer 

surface are reconstmcted. This results in the reduction of volume and tensile stiess is 

induced. 
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3.7.7 Hydrogen Content in % 

For low subsfrate temperature, the hydrogen content increases. For a substiate 

temperature Ts of 250° C, it is expected to have a hydrogen content > 30%). For high 

deposition temperature, the hydrogen content decreases. 

For silane dilution with hydrogen, the increase in hydrogen content watii 

decreasing substiate temperature is large for undiluted (pure silane) deposition than for 

silane-diluted deposition. 

With increasing subsfrate temperature, the monohydride (CHm) hydrogen content 

(2000 /cm) decreases slowly, while the dihydride (Cnd) hydrogen content (2090 /cm) 

decreases rapidly. Low temperature yields both SiH2 and SiHa bonds while high 

temperature yields only SiH bonds. This is confirmed by H effusion experiments. In an 

evacuated chamber, the sample prepared at low temperature is heated, and there is a 

sudden increase in chamber pressure at two different temperatures. One, at around 350°C, 

cortesponds to the annealing temperature to evolve hydrogen from SiH2 bonds. The 

other, at 550 °C, cortesponds to evolution of hydrogen from SiH bonds. On the other 

hand, the high temperature sample when heated in the evacuated chamber evolved 

hydrogen at high temperature only. 
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Fig 3.13: Graph representing the relationship between the deposition temperature m 
PECVD and the hydrogen content in the fihn. 

3.7.8 Si-H and Si-H^ Radicals 

From the above discussion it should be evident that the SiH2 radicals are present 

in the a-Si:H film only for low deposition temperatiu-e. As the Ts increases, the SiH2 

species starts to decrease and the dominant species in the fihn would be SiH. This could 

be observed from the FTIR spectrum obtained for the 2000/2090 doublet mode peaks. 

The peak at 2000 would give the SiH content, while the peak at 2090 would characterize 

the SiH2 radicals. 

3.7.9 Deposition Rate 

With increasing temperature, we expect the deposition rate to increase, since the 

temperature of tiie process enhances tiie chemical reaction. RF power also has a dfrect 
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proportionality with the deposition rate. As described above, with increase in power, the 

ionic species density increases, increasing the deposition rate. With increasing dilution 

the available species decreases and hence the deposition rate is expected to decrease. 

Also, die high deposition rate yields distorted silicon network (sakata et al). 

3.7.10 Sfress 

Sfress in silicon network is related to change in bond length, which directly 

reduces the change in fr (force constant). Because of high coordination munber of silicon, 

it is inherent for a silicon network to have sfresses (compressive). During deposition (the 

growth of continuous random network), the bonds of an adsorbed silicon atom are 

consfrained to bond with the nearest neighbor on the network surface, because of the 

disordered atomic position. Consider a case where the bond length is longer for one of the 

bonds, and then a hydrogen atom will be infroduced at this site. If the bond formed is a 

monohydride (=Si-H), the disorder is minimal. That would not mean the monohydride 

causes no sfress. The monohydride compresses its surroundings and acts as the origin of 

compressive sfress. While on the other hand, if a dihydride (SiH2) or trihydride (SiHs) is 

formed, then the network is disturbed and grain boundaries or micro voids are created. 

The two regions, which contribute to total stiess, are: 

a. Clusters of silicon network. (Related to the SiH bonds in the film) 

b. Grain boundaries. (Related to the SiH2 bonds in the fihn) 
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They have opposite sign for the sfress induced. If the grain boundaries are larger than 

clusters, then the total film sfress is tensile. On the other hand, if the clusters are larger 

than the grain boundaries, then the sfress is compressive. 

The general equation that governs the magnitude of the sfress in the thin film is 

<^,c,= 
l6-(l-vj. 

t: 

R 
(3.1) 

Vs-

ts: 

tf: 

R: 

Young's modulus of subsfrate. 

Poisson's ratio of subsfrate. 

thickness of the subsfrate. 

thickness of the fihn. 

radius of curvature. 

[affix pix for sfress sub temp dependence] 

But, <^tot=(^i+^tce 

^ . e = [ c ^ s - a f \ ~ { T ^ - T . ) (3.2.) 

as: TCE of subsfrate. 

af: TCE of fihn- amorphous silicon: 1.9 exp (-6)/ C. 

Ts: deposition temperature. 
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Tmi measm-ement temperature. 

The increase in RF power (200-700 W) is accompanied with increase in tiie deposition 

rate (1600-2900 D/min) and the stiess changes from tensile to compressive. Sfress also 

increases with increasing tiiickness of the fihn. 

3.8 Measurement of Hydrogen content by Fourier Transform Infrared Specfroscopy 
(FTIR). 

Fourier fransform infrared (FTIR) specfroscopy is a characterization technique 

widely used in physics, chemistry, and biology. Some of its advantages are high specfral 

resolution, good signal-to-noise ratios, and the ability to measure a broad region of the 

spectrum in a short amount of time. In this research, the FTIR specfroscopy was used to 

characterize the thin fihns of hydrogenated amorphous silicon deposited on sihcon 

subsfrates. Room temperature tiansmission measurement is used to determine the 

hydrogen content and the bonding configurations in the amorphous silicon. The 

percentage composition of each bonds of specific interest (Si-H, SiH2) was also 

characterized. 

60 



3-8-1 The Working Principle of the FTIR Spectrnsmpy 

Fixed 
mirror 

i. . -| Moving. 
mirror Sample 

IR beam 

Beamsplitter 

IR detector 

Fig 3.14: Schematic of FTIR specfrometer, explaining the working principle. 

[Ref http://www.physics.wsu.edU/Courses/515/Spring2000/Lab8.pdf] 

A parallel beam of coUimated light from a broadband soiu-ce is dfrected at a semi-

fransparent beam-splitter One of the two beams reflects off a movable mirror while the 

other beam reflects off a fixed mirtor The two beams recombine at the beam-splitter, 

fravel through the sample, and finally impmge upon a detector The detector signal is 

proportional to the intensity of the interfered beam. The plot of intensity versus optical 

path difference in real space is the interferogram. When the interferogram is Fourier 

fransformed the resultmg function is a plot of the spectiiun in frequency space. In 

practice, to maximize the signal-to-noise ratio, several himdred to several thousand 

interferograms are obtained and averaged before the Fourier tiansform is performed. 
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3.8.2 Experimental Overview 

The subsfrate on which the hydrogenated amorphous silicon (a-Si:H) was 

deposited is c-Si. The samples were broken into small pieces and were loaded into the 

PECVD chamber Upon deposition, the samples were analyzed using the Perkin-Elmer 

1600S series to obtain the spectiiim in the frequency domain. The x-axis was 'wave 

number' ranging from 0-4000 (I/cm) and the y-axis is the 'absorption' in log to the base 

of'lO'. 

A software package 'Lab-Cal' was used to measure the hydrogen content in 

atomic percentage (at %>). 

a-Si:H fihn 

(5000 D) 

c-Si wafer 

225 pm 

Fig 3.15: A pictorial representation of tiie deposited a-Si:H fihn on crystal sihcon. 

3.8.3 Process Flow and Working Procedure. 

1. Sample preparation. 

2. Deposition of film by PECVD. 

3. FTIR analysis. 

4. File format conversion. 
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5. Spectiiim conversion and analysis. 

3-8.4. Measurement of Hydrogen content using FTIR 

Hydrogen content is best represented at 640 and 2000/2090 (1/cm) modes. As can 

be observed from tiie spectiiun below there are two major peaks. It is believed that for the 

640 mode calculation, tiie influence of the 615 phonon mode of the subsfrate will be 

significant. Hence, few researchers prefer to use 2000/2090 mode for tiie analysis. 

There are three major absorption regions: 

a. 630 /cm -rocking-wagging mode 

Usually, the region used for obtaining the total hydrogen content in the fihn. 

b. 840 and 880 /cm -doublet mode 

These are the dihydride bonds and are referted to as bending or scissors mode. 

Si sites with more than one hydrogen characterize this mode 

(SiH2, SiHs). 

c. 2 sfretching modes 

2000 /cm, refer to the isolated monohydrides (SiH). 

2090 /cm, refer to the clustered hydrides in micro voids (SiH2, S1H3). 

The sum of the 2000 and 2090 mode H content concenfration should be ahnost 

equal to the hydrogen content obtained from 640 mode. Before any measurement is 

obtained, the sample loader is purged wdth nifrogen gas to elimmate atmospheric noises 

in the spectrum. 
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With tiie spectiiim obtained, we store that in a 5 Vi" floppy. It was then fransferted 

to a 3'/2" floppy and each file were converted to SP format using the Lab-Cal software. 

This conversion enabled the Lab-Cal to import the file and display the spectrum for 

analysis. The same file was also converted to PRN format, which was used in Microcal 

Origin software for the analysis of hydrogen content. These conversions are done using 

the 'Install' MS-DOS batch file that accompanies the Lab-Cal package. 
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Fig 3.16: Typical FTIR spectrum for hydrogenated amorphous sihcon. Lab Cal is used to 
measure the hydrogen content by measuring the area under the peak curves 640 and 
2000/2090 cm'^ Baseline method is used to integrate the actual area under the curve. 

One of the disadvantages witii FTIR is tiiat tiie hydrogen content measured by it 

would only reflect the bonded hydrogen present in the fihn, while the hydrogen 

molecules captiired in the voids are not measured by it. Metiiods like ERDA- elastic 
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recoil detection analysis, NRA -nuclear reaction analysis could reveal the total hydrogen 

content in the film. 

3.9 Subsfrate Temperature and Hydrogen Content 

One of the most important deposition parameter is the subsfrate temperature (Ts) 

and is necessary to get high-quality hydrogenated amorphous silicon (a-Si:H). It is 

reported that the plasma intensity stiongly depended on sub temperature. The deposition 

temperature was varied from 200° C to 400° C in our investigation. 

It is also reported that the bonded hydrogen is less when the deposition is done at 

higher temperature and the content of hydrogen is more as the subsfrate temperature is 

decreased. And the hydrogen form is in (SiH2)n, where n >= 1. At lower temperature, the 

fihn has increased micro voids resulting m inferior elecfronic properties. Optimum 

elecfronic properties are achieved in films, which has 10-15 at % of bonded H. 

A sizeable fraction of hydrogen is necessary to reUeve the lattice sfrain in the 

fihn. Though it is not sure if the sfrain rehef in the film is needed for better elecfronic 

stmcture. The effect of subsfrate temperature on the following variables is discussed: 

1. Hydrogen content 

2. Intrinsic sfress 

3. Deposition rate 
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3.9.1 Hydrogen content 

For low substiate temperature, the hydrogen content increases. For Ts < 250° C, it 

is expected to have a hydrogen content > 30%. For high deposition rate, the hydrogen 

content decreases. 

For silane dilution with hydrogen: The increase in hydrogen content with 

decreasing subsfrate temperature is large for undiluted (pure silane) deposition than for 

silane diluted deposition. With increasing substiate temperature, the monohydride (Cnm) 

hydrogen content (2000 /cm) decreases slowly, while the dihydride (Cna) hydrogen 

content (2090 /cm) decreases rapidly. Low temperatiu-e yields both SiH2 and SiHs bonds 

while high temperature yields only SiH bonds. And this is confirmed by H effusion 

experiments. In an evacuated chamber, the sample prepared at low temperature is heated. 

And there is sudden increase in chamber pressure at 2 different temperatures. One at 

around 350° C corresponds to the annealing temperature to evolve hydrogen from SiH2 

bonds. And the other at 550° C cortesponds to evolution of hydrogen from SiH bonds. 

On the other hand, the high temperature sample when heated in the evacuated chamber 

evolved hydrogen at high temperature. 

3.9.2 Sfress 

Why sfress increases v̂ dth increasuig subsfrate temperature? 

With increasing sub temperature, the deposition temperatm-e increases. This 

increase leads to a more disordered sihcon network and hence the sfress increases. Also 

another reason is the network fails to relax after the film grovî h. On the other hand fihns 
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exhibiting columnar growth morphology have low sfress because of sfress relaxation at 

the open inter columnar regions. 

The monohydride hydrogen content and the compressive stiess are in positive 

cortelation. While the dihydride hydrogen content and the compressive sfress are 

oppositely related. Also tiie sfress is more, when glass is used as the subsfrate instead of 

tiie c-Si. 

3.9.3 Deposition rate 

When the gas is pure silane, there is a sfrong dependence between the subsfrate 

temperature and the deposition rate. And it is reported that the value doubles for Ts at 

300° C, when compared with Ts for 200° C. With increasing deposition rate, dihydride 

component are expected to decrease. For deposition rate > 8 A/s, the total hydrogen 

content is same and is monohydride primarily. 

In our experiment we varied the subsfrate temperature from 200° C to 400° C. As 

expected the hydrogen content in the fihn decreased rapidly and the deposition rate 

increased with increasing subsfrate temperature. Shown below are the graphs relating the 

subsfrate temperature with hydrogen content and deposition rate. 
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3.10 Annealing 

Annealing is an miportant process procedure, which is followed in many device 

technology applications. It is also a significant process procedure in amorphous sihcon 

think fihns. It is a process that changes the hydrogen content and the bondmg of the 

fihns. And this in tum affects the sfress in the film. Annealing of thin fihns is done in 

nifrogen atmosphere. The compressive sfresses decrease with increasing annealing 

temperature and finally tum into tensile sfress. If the initial sfress is tensile, then the 

magiutude of the tensile stiess increases with increasing annealing temperature. 

And for a decrease in RF power, the cortesponding annealing temperature 

decreases. In other words, the Ta required for effecting the change in the film network 

also decreases with decreasing RF power. 

3.10.1 What happens during annealing? 

At around 300° C, the content of the hydrogen CH decreases. The SiH2 evolves at 

lower temperature than SiH this is so because the SiH are isolated, while the SiH2 are 

clustered at grain boimdaries or on the inner surfaces of micro voids. And it is easier to 

evolve H2 from SiH2 than from SiH. Evolution of hydrogen upon annealing is 

independent of initial hydrogen concentiation and is dependent on initial defect state and 

the degree of disorder. 
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3.10.2 Why annealing leads to tensile sfress? 

SiH2 bonds are associated with grain boundaries and micro voids. SiH bonds are 

associated with clusters. At temperatiires of around 300° C, SiH2 dissociates and leads to 

larger volume of micro voids and unpassivated inner surfaces. And these are likely 

regions for the origin of tensile sfress. At 400°C, the dangling bonds on the inner surface 

are reconstiiicted. And this resufts in the reduction of volume and tensile sfress is 

induced. 

3.10.3 What is the physical origin of sfresses? 

Intrinsic sfresses can vary with fihn materials, subsfrates, and substiate 

temperature and deposition methods. The yield of tensile stiess is because of the tension 

at the grain boundaries and micro voids in fihns. The compressive sfresses mcreases with 

decreasuig deposition rate. The slow deposition rate allows gases and impurities like H 

atoms to inter diffuse into growing fihns. Though this found to be accountable only for 

LDR films and not for HDR, where similar magnitude of compressive sfress is induced. 

3.11. Anodic Bonding Experiments on different Hydrogen Content Samples 

We discuss in this section the different cases that we experimented with to 

estabUsh the relationship between hydrogen content in the intermediate fihn and anodic 

bonding. 
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200° C sample without annealing. 
Process parameters: 1000 V, 350° C, 30 minutes. 

Results: The bonding was partial (70% of area bonded) and at few places 

the intermediate film was broken or peeled off 

Inferences: Si-H2 bonds breaks at around 300° C. Hydrogen evolves 

leading to sfress changes and because of this the fihn breaks. Other 

inferences include that the applied voltage may not be uniform and have 

concenfrated places. These concenfrated places atfract more H+ ions and 

because of the excessive flux, flaking takes place. The concenfrated 

electric field leads to locahzed temperature increase, resulting m the 

flaking of the film. 

Flaking/ 
Peeling of film 

Fig 3.20: Sample witii broken fihns at the interface of bonding. 
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350° C sample without annealing. 

Process parameters: 1000 V, 350° C, 30 minutes. 

Results: The bonding was complete (100%) of area bonded). There was no 

peeling or breaking of film. 

Inferences: At 350° C deposition temperature, SiH2 component becomes 

very less. And the dominating species would be Si-H. At bonding 

temperatiu-e of 350° C there is no prominent hydrogen evolution. This 

would mean that there is not much change in sfress or peeling of the fihn. 

This resulted in a clean and complete anodic bonding. 

_^ Salts from bonding 
promoter (Al foil) 

Fig 3.21: Picture of a completely bonded sample without any peeling. Notice the white 
sahs left behind on the glass from Al foil used during the bonding process. 

73 



200° C sample witii annealing at 350° C for 60 mins. 

(Without the elecfrode holding the fihn in nifrogen atmosphere) 

Results: No breaking or peeling of the fihn. 

Inferences: During annealing the film undergoes sfress change. Annealing 

changes the sfress towards tensile direction. Hence the film undergoes 

warping at the edges as result of this sfress relief The film is free to 

expand and hence does not warp at the esdges 

w Peeling of film 
at edges 

Fig 3.22: Notice the prominent peeling of the fihn at the edges. 
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200° C sample with annealing at 350° C for 60 mins. 

(With the elecfrode holding the film in nitiogen atmosphere) 

Results: promment peeling of the film at the edges. 

Inferences: Since the film was held at the center, the relaxation of the film was 

difficult and the peeling was prominent at the edges. 
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Anodic bonding of previous sample 

Process parameters: 1000 V, 350° C, 30 minutes. 

Results: The bondmg was complete (100%) of area bonded). There was no 

peeling or breaking of film. 

Inferences: The 350° C annealing for 60 mins removed the dihydrides and 

the dominant species in the fihn was only Si-H. Si-H bonds do not break 

until 500 °C and hence there was no evolution of hydrogen during the 

anodic bonding process. The absence of broken films confirmed that tiie 

hydrogen evolution was a significant factor in peeling of the fihn. 

Notice that the results from case 2 and case 4 are the same. This confirms that for 

good quality anodic bonding requiring low hydrogen content, high subsfrate temperature 

during the deposition process can be substituted by annealing temperature in post-

deposition process. The above detailed experiments (especially case 2 and case 5) 

highlight that a high hydrogen content sample processed at low temperatiu-e can be 

annealed at high temperature to reduce the hydrogen content in the fihn producing 100%) 

anodic bonding. 
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CHAPTER 4 

CONCLUSIONS AND FUTURE TESTS 

PECVD hydrogenated amorphous silicon (a-Si:H) has many advantages as a tiiin 

intermediate layer to facilitate glass-to-glass anodic bonding. a-Si:H is deposited at low 

temperature and in plasma CVD system. When silane is used as the precursor gas, 

hydrogen content in the film is inherent. The concentiation of hydrogen is an important 

factor for sfress free film and improved anodic bonding between glass subsfrates. 

Hydrogen content is not needed for anodic bonding, as can be observed from 

glass-to-silicon anodic bonding. Hydrogen content in silicon wafers are very insignificant 

and hydrogen does not contribute to the growth front at the interface of the two 

subsfrates. But, on the other hand, if hydrogen is present, in the films experience sfrain in 

the network depending on the concenfration of hydrogen. If hydrogen is present in 

amounts greater than the solubility lunit, then the film undergoes stiess. 

In this research we investigated the optimum concentiation of hydrogen in a 

PECVD hydrogenated amorphous silicon fihn. We conclude that for good anodic 

bonding, we need: 

1. Lov/ concenfration of H (< 10 at %) 

Low concenfration of hydrogen can be achieved by depositing a-Si:H at high 

temperatiu-es (350-400° C). 
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Low concenfration could also be achieved by annealing the high concenfration 

fihns (deposited at low temperature) at 600° C for 1 hour in a nifrogen 

atmosphere. 

2. Sfress free film 

Low hydrogen content leads to lower sfress. 

3. Critical thickness of the fihn. 

Lower thickness of the fihn leads to lower sfress 

Future tests include: 

1. Test for reproducibility and reliabihty of the results. 

2. Test the sfress in the film deposited on glass, by measuring the radius of 

curvature. 

3. Test the thickness dependence on anodic bondmg. 

4. Sfress increases with increasing thickness. 

5. Find the critical thickness for the optimum anodic bonding. 
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