
ABSTRACT

YUSHIN, GLEB NIKOLAYEVICH. Wafer bonding of wide bandgap materials (Under

the direction of Prof. Zlatko Sitar, Prof. John Prater, Prof. Robert Nemanich, and Prof.

Robert Davis).

Wafer bonding is a powerful technique for integration of materials. It enables

creation of junctions and structures not attainable by the epitaxial growth due to lattice

mismatch. Wafer bonding may involve no intermediate layer and allow the joined wafers

to be stable at elevated temperatures.

Atomically smooth and flat wafers of almost any material spontaneously bond to

each other even at room temperature, although further annealing might be required to

increase the strength of bonding. High values of surface roughness make the bonding

process more challenging. In this case, high temperature combined with applied stress is

an effective route for a successful process. The goal of the current work was to assess the

potential of pressure assisted wafer bonding technique applied to diamond/silicon and

silicon carbide/silicon carbide systems, where the wafer surface smoothness was limited.

Polished and unpolished (100) highly oriented diamond (HOD) films with an

RMS roughness of 5 nm and 150 nm, respectively, as well as polished, polycrystalline

diamond films with an RMS roughness of 15 nm were bonded to single-side polished

silicon in ultra high vacuum at 32 MPa of applied uniaxial pressure. Successful fusion of

unpolished HOD and polished polycrystalline diamond was observed at temperatures as

low as 950ºC while bonding of polished HOD to silicon was achieved at 850ºC.

Fusion of polished polycrystalline diamond to silicon resulted in the formation of

a non-uniform bonded interface. An abrupt boundary between the two wafers existed



only in some regions of the interface, while other regions contained an up to 40 nm thick

amorphous interlayer consisting of C, Si and O. A local phase transformation of diamond

to graphite near the diamond surface asperities followed by inter-diffusion of C and Si

has been suggested.

Fusion of polished HOD to Si resulted in the formation of the abrupt interface

between the wafers, in the areas away from the diamond grain boundaries. Voids,

partially filled with amorphous material, were observed at the fused interface near the

diamond grain boundaries. Diamond polishing defects, potential out-diffusion of

hydrogen from diamond and oxygen from Si are believed to have contributed to the

observed non-uniformity of the bonded interface.

SiC wafers with an RMS roughness of 2 nm were successfully bonded at

temperatures as low as 800ºC. Cross-section transmission electron microscopy (XTEM)

of specimens bonded at 1100ºC revealed an atomically abrupt interface between the

bonded wafers without any intermediate layer between them. The bonded SiC retained its

high crystalline quality; no extended defects emanating from the interface were observed

within the sampling region. Electrical measurements showed that azimuthal orientation of

the bonded couple significantly influences the electrical character of the junction. A low

resistance Ohmic interface can be created by high temperature fusion of aligned 6H-

SiC/6H-SiC wafers.



Wafer bonding of wide bandgap materials

by

Gleb Nikolayevich Yushin

A dissertation submitted to the Graduate Faculty of

North Carolina State University

In partial fulfillment of the Requirements for

the Degree of Doctor of Philosophy

Department of

Materials Science and Engineering

Raleigh, NC

July, 15, 2003

Approved By:

Chair of Advisory Committee Co-Chair of Advisory Committee



ii

BIOGRAPHY

Gleb Yushin was born in Russia on July 4, 1976 to Dr. Nikolay Yushin and Dr.

Galina Yushina. Before coming to US in 1999, he spent his life in Saint-Petersburg.

While pursuing his bachelor degree in Physics at Saint-Petersburg Technical University,

he started to work as a research assistant at A. F. Ioffe Physical and Technical Institute of

the Russian Academy of Sciences. His work included Raman scattering experiments,

optical transmission and reflection spectrometry studies and Group theory calculations.

He received his B.S. degree in 1997 and M.S. degree in 1999. In August 1999 Gleb

Yushin came to US to work towards his Ph.D. in Materials Science and Engineering at

North Carolina State University.



iii

ACKNOWLEDGEMENTS

I would like to thank my advisor, Prof. Zlatko Sitar for his guidance,

encouragement, and support. I also would like to extend my gratitude to Prof. John

Prater, Prof. Robert Nemanich, and Prof. Robert Davis for being part of my committee

and for their insight comments and interest in these studies.

Thank you my friends and colleagues for your participation in the discussions on

the wafer bonding results and for your suggestions. I would especially like to thank Dr.

Ramon Collazo and Dr. Scott Wolter for helping me to learn various aspects of vacuum

technology and related techniques, and for their continuous support throughout my

graduate tenure. Thank you to Dr. Alexander Kvit and Prof. Gerd Duscher for teaching

me the details of transmission electron microscopy, a technique crucial for wafer bonding

studies. In addition, I would like to thank Dr. Fuminori Okuzumi, Dr. Alexandar

Alexsov, and Zach Reitmeier for providing samples for this research.



iv

Table of Contents

List of Tables..................................................................................................................................................vi

List of Figures ...............................................................................................................................................vii

1 Introduction .......................................................................................................................................1

1.1 Overview ..................................................................................................................................1

1.2 Wafer Bonding .........................................................................................................................1

1.3 Properties of Silicon...............................................................................................................15

1.4 Properties of Diamond ...........................................................................................................20

1.5 Properties of Silicon Carbide .................................................................................................23

1.6 References ..............................................................................................................................28

2 Wafer Bonding Experiments ............................................................................................................34

2.1 Sample Preparation ................................................................................................................34

2.2 Experimental Procedure .........................................................................................................37

2.3 References ..............................................................................................................................40

3 Bonding of Diamond to Silicon........................................................................................................41

3.1 Objective ................................................................................................................................41

3.2 Experiments............................................................................................................................43

3.3 Results and discussion............................................................................................................53

3.4 Summary ................................................................................................................................75

3.5 References ..............................................................................................................................76

4 Bonding of Silicon Carbide to Silicon Carbide ...............................................................................80

4.1 Objective ................................................................................................................................80

4.2 Experiments............................................................................................................................82

4.3 Results and discussion............................................................................................................86

4.4 Summary ..............................................................................................................................100



v

4.5 References ............................................................................................................................100

5 Appendix: Twist boundary. ............................................................................................................102



vi

List of Tables

Table 1.1. Selected electrical and optical properties of Si. Data correspond to room

temperature measurements. .......................................................................................18

Table 1.2. Selected mechanical properties of bulk Si grown by CZ method. ...................19

Table 1.3. Selected electrical and optical properties of diamond. Data correspond to room

temperature measurements. .......................................................................................21

Table 1.4. Selected mechanical properties of diamond [53-57]........................................22

Table 1.5 Comparison of selected SiC polytypes electrical and optical properties. Data

correspond to room temperature measurements........................................................26

Table 1.6. Selected mechanical properties of bulk SiC (similar for various polytypes) [65-

66]..............................................................................................................................27

Table 3.1. Bonding results as a function of temperature and diamond film roughness. ...54

Table 4.1 Summary of bonding results. ............................................................................88

Table 4.2. Calculated spacing between screw dislocations as a function of the azimuth

misalignment between wafers in the bonded SiC pairs.............................................95



vii

List of Figures

Figure 1.1. Linkage of the polar molecules (e. g. HOH) may form a bridge between the

two surfaces.................................................................................................................5

Figure 1.2. Particle on the surface leads to an unbonded area (a). Gap between the two

wafers due to the waviness (b). ...................................................................................6

Figure 1.3. Optical imaging system for detecting interface bubbles in transmission (a) and

in reflection (b)............................................................................................................8

Figure 1.4. Scanning acoustic microscope in the reflection mode......................................9

Figure 1.5. Block diagram of typical TEM. ......................................................................11

Figure 1.6. Tapping mode AFM. Feedback loop maintains constant oscillation amplitude

by adjusting the vertical position of the cantilever....................................................12

Figure 1.7. Phase Measuring Interferometry. Interference of returning waves (a) provides

information on the shape of the test sample (b). .......................................................14

Figure 1.8. Principle of XPS. Kinetic energy of emitted photoelectrons (measured by a

spectrometer) depends on their binding energy, which reveals information on

surface chemistry of the investigated material. .........................................................15

Figure 1.9. Crystal structure of Si. ....................................................................................16

Figure 1.10. Coefficient of thermal expansion of Si as a function of temperature. ..........19

Figure 1.11. Coefficient of thermal expansion of diamond as a function of temperature.22

Figure 1.12. Bilayer of SiC (a). Three possible bilayer positions, viewed in the [0001]

direction: A, B, and C (b). .........................................................................................24

Figure 1.13. Crystal structure of the 4H-SiC polytype (a) and 6H-SiC polytype (b). ......25



viii

Figure 1.14. Coefficient of thermal expansion of 6H-SiC along the a-axis as a function of

temperature................................................................................................................27

Figure 2.1 Typical adsorbate layers on hydrophilic wafers before cleaning.....................35

Figure 2.2 Glove box.........................................................................................................38

Figure 2.3 Cross-section of the bonding system. ..............................................................39

Figure 2.4 The front view of the bonding system. ............................................................40

Figure 3.1 Self-heating of conventional SOI device (a) and heat spreading through a

diamond layer in SOD device (b)..............................................................................42

Figure 3.2. Diamond polishing machine. ..........................................................................45

Figure 3.3. AFM surface analysis of the polished polycrystalline diamond film (a),

unpolished HOD film (b), polished HOD film (c), and silicon wafer (d).................46

Figure 3.4. Profilometry analysis of an unpolished diamond film sample (a).

Interferometry surface analysis of a polished diamond film (b), and a silicon sample

(c)...............................................................................................................................47

Figure 3.5. XPS of the solvent cleaned Si surface before and after desorption in vacuum:

survey (a), O1s peak (b), Si2p peak (c), and C1s peak (d). The disappearance of the O1s

peak and a reduction of the C1s peak confirmed the removal of surface oxide and

most of the carbon contaminants...............................................................................50

Figure 3.6. XPS of the acid cleaned Si surface before and after desorption in vacuum:

survey (a), O1s peak (b), Si2p peak (c), and C1s peak (d). The disappearance of the O1s

peak and a reduction of in C1s peak confirmed the removal of the surface oxide and

most of the carbon contaminants...............................................................................51

Figure 3.7. EELS of the diamond surface after the cleaning. ...........................................52



ix

Figure 3.8. CVD diamond bonded to a Si sample.............................................................53

Figure 3.9. SAM image of an unpolished CVD diamond bonded to Si at 950ºC.

Unbonded regions are possibly associated with discrete crystallites that had grown

on the smoother highly oriented diamond surface. ...................................................55

Figure 3.10. SAM images of polished polycrystalline CVD diamond bonded to Si at

1050ºC (a) and 1150ºC (b). Cracks formed in the diamond films during the bonding

process. Higher degree of cracking was observed at higher bonding temperatures..55

Figure 3.11. SAM images of polished HOD diamond bonded to Si at 850ºC (a) and

1050ºC (b). ................................................................................................................56

Figure 3.12. SAM images of polished HOD diamond bonded to Si at 1050ºC, using a BN

coating to prevent alloying of Si and Mo at elevated temperatures. Hardness of this

ceramic coating strongly reduced the cracking of the diamond film. .......................57

Figure 3.13. XTEM of the Si/diamond interface fused at 950ºC. High-resolution images

show an abrupt boundary between Si and diamond observed in some parts of the

interface (a) and an up to 40 nm thick amorphous interlayer between the Si and

diamond observed in other regions of the interface (b).............................................59

Figure 3.14. XTEM of the Si/diamond interface fused at 950ºC showing the transition

between the abrupt interface and an interlayer. Dislocations in Si are evident in this

region. Amorphous material occupied regions within the silicon, creating amorphous

wells in initially smooth silicon wafer. .....................................................................60

Figure 3.15. XTEM of the Si/diamond interface fused at 1150ºC showing a 40 nm

amorphous interlayer.................................................................................................62



x

Figure 3.16. EELS specter (after background subtraction) of the area inside the

intermediate layer of the Si/diamond interface fused at 950ºC showing presence of

carbon, silicon and oxygen........................................................................................63

Figure 3.17. Composition change across an intermediate layer of the Si/diamond interface

fused at 950ºC demonstrating carbon diffusion from diamond.................................63

Figure 3.18. Composition change across an abrupt Si/diamond interface fused at 950ºC.

...................................................................................................................................64

Figure 3.19. Proposed mechanism of Si/diamond bonding...............................................68

Figure 3.20. XTEM of the Si/HOD interface fused at 1050ºC. High-resolution image

shows an abrupt boundary between Si and diamond observed away from the grain

boundaries. Misfit dislocations are clearly distinguished. The inset shows the Fast

Fourier Transformed (FFT) image of this area, which is analogous to the selected

area diffraction (SAD)...............................................................................................70

Figure 3.21. XTEM of the Si/HOD interface fused at 1050ºC, showing periodic strain

field observed in some parts of the interface.............................................................72

Figure 3.22. XTEM of the Si/HOD interface fused at 1050ºC, showing stacking faults

observed in some parts of the interface. ....................................................................72

Figure 3.23. XTEM of the Si/HOD interface fused at 1050ºC. Low resolution images

show voids partially filled with amorphous material at the bonding interface near

diamond grain boundaries. ........................................................................................73

Figure 3.24. XTEM of the Si/HOD interface fused at 1050ºC, showing twins in silicon

near the diamond grain boundary area. FFT from the selected area clearly shows

twin spots in the Si crystal with (11-1) twinning plane.............................................74



xi

Figure 3.25. HRTEM of multiple faults in Si observed near a diamond grain boundary. 74

Figure 4.1. (a) A possible design of 4H-SiC/ 6H-SiC n-p-n HBT. Blocking the flow of

holes from the base to emitter witgh a higher energy barrier (4H-SiC has higher

bandgap) improves emitter efficiency. Higher doping of the base (without

sacrificing emitter efficiency) decreases base resistance and improves frequency

response. Larger bandgap increases the maximum temperature of operation. (b)

Schematic energy-band diagram of 4H-SiC/ 6H-SiC n-p-n HBT.............................81

Figure 4.2. AFM surface analysis of a SiC wafer shows polishing scratches. Estimated

RMS surface roughness is ~2 nm..............................................................................83

Figure 4.3. SiC surface analysis by Interferometry. Estimated long range waviness is 5-7

µm..............................................................................................................................83

Figure 4.4. XPS of the SiC surface before and after UHV annealing: survey (a), O1s core

level (b), and C1s core level (c). The disappearance of O1s peak after the cleaning

confirmed the removal of the surface oxide. Disappearance of the small shoulder of

C1s peak at higher binding energies (which corresponds to adventitious carbon)

suggests reduction of carbon contamination. ............................................................85

Figure 4.5. SiC bonded to SiC (top left)............................................................................86

Figure 4.6. Optical images of 6H-SiC wafers bonded at 800ºC (a), 950ºC (b), and 1100ºC

(c). Light features correspond to areas that are not bonded. .....................................87

Figure 4.7. Optical images of 4H-SiC bonded to 6H-SiC at 1100ºC. ...............................88

Figure 4.8. HRTEM image of 6H-SiC bonded to 6H-SiC at 1100ºC (a). Relation of

crystal axes between these SiC wafers with a schematic of the lattice structure (b).90



xii

Figure 4.9. HRTEM image of 6H-SiC bonded to 6H-SiC at 1100ºC (a). Relation of

crystal axes between the SiC wafers with a schematic of the lattice structure (b)....91

Figure 4.10. HRTEM image of 6H-SiC bonded to 4H-SiC at 1100ºC (a). Relation of

crystal axes between these SiC wafers with a schematic of the lattice structure (b).92

Figure 4.11. HRTEM image of 6H-SiC bonded to 4H-SiC at 1100ºC; 4H-SiC is ~ 2

degrees off the Zone Axis (a). Relation of crystal axes between the SiC wafers with

a schematic of the lattice structure (b).......................................................................93

Figure 4.12. HRTEM image of the amorphous interlayer regions occasionally observed at

the bonded interface. This micrograph was obtained from 6H-SiC bonded to 6H-SiC

at 1100ºC. ..................................................................................................................94

Figure 4.13. TEM image of the strain field created at the bonded interface of a 6H-SiC/

6H-SiC sample due to the azimuthal twist of ∼ 0.3° between the wafers. ................94

Figure 4.14. Typical I-V characteristics of the top (or bottom) contacts (Ti/Au) deposited

on the SiC surface......................................................................................................96

Figure 4.15 I-V measurements across the bonded 6H-SiC/ 6H-SiC interface as a function

of azimuthal twist between the wafers. Even a misalignment as small as two degrees

noticeably influences the electrical properties of the junction. .................................97

Figure 4.16. I-V measurements across the bonded 6H-SiC/ 4H-SiC interface. A positive

potential was applied to 6H-SiC................................................................................99

Figure 4.17. Schematic band diagram of a 4H-SiC/ 6H-SiC n-n junction........................99

Figure 5.1. A slip, producing a screw dislocation (a). Arrangement of atoms around a

screw dislocation; open circles are the atoms above the slip plane, closed circles are

the atoms bellow the slip plane (b)..........................................................................103



xiii

Figure 5.2. A twist boundary between two cubic wafers. The boundary is parallel to the

plane of the figure. Open circles are the atoms above the twist boundary; closed

circles are the atoms bellow the twist boundary. The wafers are joined together

coherently, except for the two sets of screw dislocations, which form a crossed grid.

.................................................................................................................................104

Figure 5.3. Schematic of screw dislocation formation at the interface of SiC wafers

bonded with an azimuthal misalignment (twist) of 5º.............................................105



1

1 Introduction

1.1 Overview

In this dissertation, a wafer bonding technique was used to integrate wide

bandgap materials. Specifically, 6H-SiC was fused with 4H-SiC and with 6H-SiC;

diamond (polycrystalline and highly oriented) was fused with Si. This chapter provides

the reader with an introduction to wafer bonding science and technology and discusses

various methods of characterization of the bonded interface. Also, it presents an overview

of Si, diamond and SiC properties. The second chapter discusses the experimental set-up

and sample preparation procedure. In the third chapter, results on diamond fusion to Si

are presented in details. Current limitations on the quality of the obtained Si-on-diamond

are explained. Results of SiC wafer fusion are presented in the fourth chapter. The final

chapter suggests possible routes for future research.

1.2 Wafer Bonding

1.2.1 Overview

“Wafer bonding” (WB), also called “direct bonding” or “fusion bonding”, is a

powerful technique for integration of materials. Two atomically smooth and flat surfaces

of almost any material adhere to each other when brought into contact. Annealing at

elevated temperatures is usually required to increase the bonding strength [1]. Although

the main applications of wafer bonding involve single-crystalline semiconductor wafers,

the technology is generally applicable and has the same principles for all other types of

solids.
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The first historical report on wafer bonding is credited to Galileo Galilei [2]. He

described the room temperature adhesion of flat glass plates in his book, published in

1638. In 1939, Lord Rayleigh published the first systematic study of room temperature

bonding [3]. He investigated interactions between optically polished glass plates and

calculated the interaction energy. In 1986, research on bonding of silicon to silicon [4,5]

initiated a widespread use of this technique.

The versatility of the WB technique makes it very attractive for many

applications. It is broadly used for the fabrication of silicon-on-insulator substrates [6,7],

silicon-based micro-mechanical [8] and micro-electro-mechanical devices [9,10,11], and

high voltage power devices [12]. Other areas of application include opto-electronics

based on III-V compounds [13-16], nonlinear optics [17], optical wave-guiding [18-19],

and photonic crystals [20].

1.2.2 Surface Forces

Surface forces between the two wafers determine their adhesion upon initial

contact. When contact is performed in vacuum, three major types of surface forces can be

present: 1) van der Waals forces, 2) electrostatic or Coulombic forces, and 3) short-range

forces.

1.2.2.1 Van der Waals force

Atomic and molecular electric dipoles are responsible for the Van der Waals

forces. There are three types of van der Waals interaction [21]: 1) dipole-dipole (force

between two polar molecules), 2) dipole-induced (force between a polar and a non-polar

molecule), and 3) dispersion (force between two non-polar molecules resulting from
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instantaneous dipoles created by temporally uneven distributions of electrons in the

electron clouds).

The dispersion van der Waals force between the two molecules diminishes very

rapidly with the separation distance d between them ( ∝ 1
d7 ). At the same time, the

dispersion force calculated for macroscopic objects decreases much slower with the

separation and depends on the geometry of the two bodies. For example, the dispersion

force between two flat plates behaves as Fv
two_ plates ∝ 1

d 3 , while the dispersion force

between two spherical shells behaves as Fv
two_ spheres ∝ 1

d 2 . The magnitude of the

dispersion force increases with increasing polarizability of the bodies.

 For the interaction between large objects, the dipole–dipole force might be more

important than the dispersion one. Hydrogen bonding is a particularly strong form of

dipole-dipole attraction and, thus, has the greatest effect. The bond energy of each

hydrogen bond is about 10% of that of a covalent bond. The bond exists between a

hydrogen atom in a polar molecule (where hydrogen atom is bonded to a strongly

electronegative atom, usually N, O or F, and is left with a positive charge) and an

unshared electron in another atom or ion.

1.2.2.2 Coulombic force

If two objects are macroscopically charged, then an electrostatic (Coulombic)

force will exist between them. When two materials are brought into good microscopic

contact, charge transfer takes place due to the requirement of equal Fermi levels in both

materials (needed for chemical equilibrium). The resulting electrostatic attraction can

have a range of several micrometers and can be a dominant adhesion mechanism [22].
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In some cases, the electrostatic interaction might be important even when no

macroscopic charge is present. After a material is cleaved, positive and negative ions may

be present on each surface. Although a random distribution of ions creates no

macroscopic charge, microscopically, there is an electrostatic attraction between the

opposing surfaces.

1.2.2.3 Short-range forces

Short-range forces become effective when the atoms of two contacted surfaces are

within a very close distance (0.1-0.2 nm). These forces result from the overlap of electron

clouds and can be of three types: ionic, covalent, or metallic. Covalent bonds are

prevalent in semiconductor materials [21].

1.2.3 Parameters influencing bonding

1.2.3.1 Influence of micro-roughness on bonding

The maximum distance over which the inter-molecular forces are effective

determines the adequate level of micro-smoothness needed for successful wafer bonding

at room temperature. If the main attractive force is dispersion then the peak-to-valley

distance of the surface roughness should be close to the lattice constant value, i. e., 0.3-

0.5 nm [23]. This corresponds to the root-mean-square (RMS) roughness of about 0.1

nm. If polar groups that include a hydrogen atom (e.g. H-F, H-O, H-N) terminate the

bonding surface, then the hydrogen interaction becomes the main attraction force. It is

important to note that hydrogen bonding may not only form between the polar groups and

the polar surfaces but also between the polar groups themselves. This interaction results

in a “long-range” intermolecular force between the two contacted wafers with excess



5

polar groups present at their surfaces (see Figure 1.1) [24]. In this case, an RMS

roughness of up to about 0.5 nm can be tolerated [1].

Formation of a continuous, strongly bonded interface will require mass transport

at the interface if surface roughness of at least one of the wafers exceeds the discussed

maximum value. High temperature annealing combined with applied uniaxial pressure is

an effective route for the accommodation of micro-roughness.

Figure 1.1. Linkage of the polar molecules (e. g. HOH) may form a bridge between the

two surfaces.

1.2.3.2 Influence of particles

The presence of particles at the interface of the bonded wafers generally results in

the formation of circular unbonded areas, called bubbles. If wafers are elastically

deformed around the particles (by surface forces or by externally applied pressure) the

size of the bubble can be estimated from the particle size by using theory of elastic

Wafer surfaces
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deformation. By considering an energy balance between the energy released by room

temperature bonding and the energy gained by elastic distortion of the wafers, it has been

shown [25-26] that the bubble size can be estimated as

R ≈
0.9

γ ⋅ 1− υ2( )( )
1

4
⋅ t

3
4r

1
2 E

1
4

 , (1.1)

where t is the wafer thickness, 2r particle diameter (see Figure 1.2.(a)), γ the surface

energy of each wafer, ν Poisson ration, and E the Young’s modulus. Calculation for a 1

µm particle between two 0.25 mm thick silicon wafers gives an unbonded area of about 3

mm in diameter. This means that as few as five one micron particles per cm2 may

completely prevent bonding. As such, clean-room environment and a proper surface

cleaning procedure are essential for successful wafer bonding. For very small particles

(generally less than about 0.1 µm; the size depends on the wafer thickness and Young’s

modulus) the size of the unbonded areas may be considerably smaller than predicted by

(a) (b)

Figure 1.2. Particle on the surface leads to an unbonded area (a). Gap between the two

wafers due to the waviness (b).
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equation 1.1. The observed phenomenon is believed to be connected to an elasto-

mechanical instability [27].

1.2.3.3 Influence of waviness on bonding

Macroscopic surface roughness (waviness) is usually elastically accommodated

during bonding. However, when it exceeds some critical value, parts of the interface may

not bond. An equation similar to (1.1) predicts the maximum depth of the gap

rgap
max

between the wafers that can be tolerated during the room temperature bonding (see

Figure 1.2 (b)).

rgap
max ≈

γ ⋅ 1 − υ2( )( )
1

4

0.9
⋅ t− 3

4RE− 1
4

 

 

 
  

 

 

 
  

2

, (1.2)

here t represents the wafer thickness, 2R is the spatial period (the diameter of the

gap), γ the surface energy of each wafer, ν Poisson ration, and E the Young’s modulus. It

should be noted, that equation (1.2) is valid only for large values of R. For R<2t,

rgap
max

does not depend on the wafer thickness. For very small R, no mathematical model

has been developed.

1.2.4 Characterization techniques

1.2.4.1 Optical transmission

Optical transmission is the simplest method for detecting macroscopic unbonded

areas. In a typical optical imaging system (see Figure 1.3 (a)), bonded wafers are

illuminated by a visible or an infrared lamp, and transmitted light is detected by a CCD
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camera. When the height of the interface bubble exceeds half of the light’s wavelength,

λ, interference fringes appear. The bubble height, H, can be calculated from the number

of fringes N as H = λN
2 .

The drawback of the method is its limited resolution and applicability. This

method does not work for certain bonded materials (e. g. metals or highly doped

semiconductors) due to the absorption of light in them. For some other materials (e. g. Si,

Ge), the observation is restricted to the infrared part of the spectrum. In this case, an

infrared camera should be used as a detector.

(a)  (b)

Figure 1.3. Optical imaging system for detecting interface bubbles in transmission (a)

and in reflection (b).

If one of the bonded wafers is transparent to the light and the other is not, then

optical reflection can be used instead of transmission (see Figure 1.3(b)). In case of
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transparency of at least one of the wafers to the visible light, interference patterns on

voids can be observed by the naked eye.

1.2.4.2 Scanning Acoustic Microscopy

Scanning acoustic microscopy is another powerful nondestructive method for

interface analysis. It offers high spatial resolution of up to 10 µm (compared to that of

about 100-500 µm for an infrared system) and is applicable to any combination of

bonded materials.

Figure 1.4. Scanning acoustic microscope in the reflection mode.

Scanning acoustic microscope generates images by scanning a focused spot of

ultrasound over the interface of the specimen and detecting a reflected signal (see Figure

1.4). Since the reflection is determined by the change in elastic properties, interface voids

can be easily detected.
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1.2.4.3 Transmission Electron Microscopy and Electron Energy Loss

Spectroscopy

Transmission electron microscopy (TEM) is the only method that affords a

detailed characterization of the bonded interface at the atomic level. Spatial resolution of

modern microscopes reaches down to 0.15 nm.

Images in a TEM are formed by passing a beam of high energy electrons (100-

400 kV) through a thin (< 50 nm) specimen and imaging the electron intensity that

emerges from the sample (see Figure 1.5). Variations in the intensity of electron

diffraction across a specimen, called “diffraction contrast”, are used to image defects,

such as dislocations or interfaces. The phase of each diffracted electron wave interacts

either constructively or destructively with the transmitted wave, resulting in “phase

contrast.” In high-resolution transmission electron microscopy (HRTEM), the microscope

optics uses this information to create images of columns of atoms.

High energy electrons in TEM cause electronic excitations of atoms in the

specimen. In electron energy loss spectroscopy (EELS), energy loss of transmitted

electrons is measured. Energy loss mechanisms, such as core electron excitations and

plasmon excitations provide information about the composition (including chemical

state) of the specimen and its thickness.

For the spectroscopic work, TEM is usually operated in a scanning mode (STEM

mode) to acquire of a “chemical map” of the sample. In the STEM mode, a very narrow

(< 0.2 nm) focused electron beam scans a sample line by line (similar to what an electron

beam does in a CRT monitor). During the scan, various data from the specimen can be

acquired, such as backscattered electrons, secondary electrons, and transmitted electrons.



11

Z-contrast imaging uses incoherent elastically scattered transmitted electrons, which are

collected with an annular dark field detector. This type of scattering depends on the

specimen thickness and atomic number (Z) of its elements. The Z-contrast images are

directly interpreted and might be very useful for the interface analysis.

The disadvantages of the TEM method are its limited sampling area (usually less

than 100 µm for cross-sectional analysis and less than 500 x 500 µm for plan view) and

the time consuming procedure required for sample preparation.

Figure 1.5. Block diagram of typical TEM.
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1.2.5 Wafer surface analysis techniques

1.2.5.1  Atomic Force Microscopy

Atomic Force Microscopy (AFM) can be used to determine the micro-roughness

of the surface of a wafer. There are several modes of microscope operation, including the

contact, non-contact and tapping modes. Because the tapping mode offers higher lateral

resolution on most samples (1 to 5 nm), relatively high scan speeds, less damage to soft

samples imaged in the air and a minimum distortion in the image, it is the most common

mode of AFM operation.

Figure 1.6. Tapping mode AFM. Feedback loop maintains constant oscillation amplitude

by adjusting the vertical position of the cantilever.
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In the tapping mode, a tip attached to the end of an oscillating cantilever is

scanned across a sample’s surface while maintaining a constant oscillation amplitude

(which depends on the distance between the cantilever and the surface) by moving the

cantilever vertically (see Figure 1.6). This vertical movement tracks the topographic

image of the surface. A split photodiode detector acquires laser light reflected from the

cantilever to evaluate a change in the amplitude of cantilever oscillation. Vertical

resolution of the obtained topographic image is primarily determined by the resolution of

the vertical scanner movement, which is < 1 Å.

1.2.5.2 Phase Measuring Interferometry

Phase Measuring Interferometry is a useful technique for determination of the

overall shape of samples or their long-range roughness (waviness). This method analyzes

the interference fringes formed by two interfering wave fronts of laser light (one from a

semitransparent reference element and another from the test sample) to provide

information on the shape of the test surface (see Figure 1.7). Vertical resolution is

determined by the wavelength of light used for the measurements and is typically on the

order of 10-50 nm. Spatial resolution depends on the interferometer optics and CCD

camera and can be as low as 10 µm.

1.2.5.3 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) is a powerful tool for identification of

surface elements and extraction of information about chemical bonds. In XPS, X-Rays of

known energy impinge on the sample, ejecting core electrons from it. The kinetic energy

of these electrons depends on their binding energy with respect to the Fermi level (see
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Figure 1.8). By analyzing the binding energies of core electrons (which are characteristic

of individual atoms) information on surface composition can be deduced. Changes in

valence electronic structure of an atom will provide small variations in binding energy,

called “chemical shift,” providing a tool for identification of chemical bonding.

(a)

(b)

Figure 1.7. Phase Measuring Interferometry. Interference of returning waves (a) provides

information on the shape of the test sample (b).
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Since only those ejected electrons which do not lose energy by inelastic scattering

during their travel to the surface appear in the kinetic energy spectrum at their

characteristic position, the useful chemical information is extracted only from a thin

surface layer. The thickness of this layer is approximately double the mean free path of

electrons in a given solid. The XPS mean free path length of ejected core electrons

depends on the sample and on the initial photon energy and is normally 4-5 nm.

Figure 1.8. Principle of XPS. Kinetic energy of emitted photoelectrons (measured by a

spectrometer) depends on their binding energy, which reveals information on

surface chemistry of the investigated material.

1.3 Properties of Silicon

1.3.1 Overview

Silicon (Si) is presently the most important semiconducting material in the

electronic industry; integrated circuit technology (IC) is almost entirely based on Si.

Silicon is a very abundant material, representing about one quarter of the earth’s crust.

Natural Si crystals are very rare and are always highly contaminated. The most common

and simple form of mineral containing Si is quartzite (SiO2), a type of sand. Refined

quartzite is used for the production of Si crystals. Today, Si single crystals are grown
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using the Czochralski (CZ) and Float-Zone (FZ) techniques. These methods were adopted

for Si in 1952 and 1953, respectively [28-31]. The capability of CZ to produce larger

diameter crystals have made this method considerably more common. The drawback of

CZ is significant contamination of Si crystals, mainly by oxygen and carbon. Oxygen

contamination, however, plays a positive role in strengthening of the Si crystal and in

gettering of other unwanted impurities.

1.3.2 Structural properties

The crystal structure of silicon is the same as that of other group IV elements,

including germanium and diamond. For historic reasons, it is called the Diamond

Structure (DS). It consists of two interpenetrating FCC cells, offset from each other by

a/4 in all three directions (see Figure 1.9). Thus, the close-packed {111} planes of the

FCC lattice become pairs of {111} planes in the DS. Each atom in the DS has four bonds,

one to each of its four nearest neighbors. The lattice constant of silicon is 0.543 nm.

There are two principal orientations of the silicon crystal used in the

manufacturing of integrated circuits, (111) and (100), with (100) being the dominant one.

Figure 1.9. Crystal structure of Si.
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1.3.3 Mechanical, electrical, optical and thermal properties

Due to the strong industrial use of silicon, its physical properties have been the

most thoroughly studied relative to other semiconductors and are described in a number

of books and reviews [32-36]. Because of its cubic symmetry, bulk properties of silicon

are generally isotropic to first order. However, surface properties (electrical and physical)

differ for the different planes. {111} planes have the largest number of Si atoms per unit

area, {100} planes the lowest. Due to this, {111} surfaces have a higher density of

interface states associated with dangling bonds, which affects various properties, e. g.

electrical properties of (100) Si/SiO2 superior to those of (111) Si/SiO2. Because the

oxidation rate is higher if more Si atoms are available for reaction, {111} surfaces

oxidize faster. Mechanical properties of Si (including fracture) also exhibit observable

directional characteristics.

Silicon is not the optimal choice for semiconductor industry. Many other

materials offer higher values of electron mobility or saturated electron velocity [35, 37],

which result in devices with improved frequency response and power handling. Wide

bandgap semiconductors [35, 38] offer better potential for the production of power

devices capable of operating at considerably higher temperatures. Another serious

disadvantage of silicon is its indirect bandgap, which makes silicon unsuitable for

optoelectronic devices. However, a well-developed method of growing high quality large

single crystals and ease of production of large-area wafers guarantees the dominance of

Si for the foreseeable future. Some electronic and optical properties of Si are presented in

Table 1.1.
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Table 1.1. Selected electrical and optical properties of Si. Data correspond to room

temperature measurements.

Values for Si

Bandgap (eV) 1.1

Breakdown Field @ 1017 cm-3 (MV/cm) 0.3

Electron Mobility @ 1016 cm-3 (cm2/V⋅s) 1500

Hole Mobility @ 1016 cm-3 (cm2/V⋅s) 450

Saturated Electron Drift Velocity (cm/s) 107

Thermal Conductivity (W/cm⋅K) 1.5

Dielectric constant 11.9

At room temperature, Si is a brittle material that fractures before any plastic flow

occurs. High fracture toughness of silicon (see Table 1.2) makes this material very strong.

During the growth by CZ method, it is possible to hang crystals of more than 100 kg on

seed crystals necked down to a few square millimeters in cross-section. The strength, as

well as many other mechanical properties of Si, including yield stress or strain rate at

high temperatures, strongly depend on the crystal perfection and on the amount of

impurities (e. g. oxygen and carbon) [39-41]. During the wafer bonding process, silicon is

subjected to large thermal and mechanical stresses. Depending on the value of the applied

stress and crystal quality, some plastic deformation occurs at temperatures above 800ºC.

The difference in coefficients of thermal expansion between Si and other material

bonded to it at elevated temperatures (or between Si substrate and various films, such as

CVD diamond) is responsible for stresses that can lead to elastic or plastic deformation.
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Figure 1.10 shows the coefficient of thermal expansion of Si in the temperature range

between RT and 1000ºC.

Figure 1.10. Coefficient of thermal expansion of Si as a function of temperature.

Table 1.2. Selected mechanical properties of bulk Si grown by CZ method.

Melting

point (ºC)

Density

(g/cc)

Elastic

Modulus

(GPa)

Tensile

strength

(GPa)

Poisson’s

ratio

Hardness

(Kg/mm2)

Fracture

Toughness

(MPa m0.5)

values

for Si

1420 2.33 131 –187* 0.17 -

0.22

850-1800* 0.7-0.94*

* Actual value depends on the direction and crystal perfection.
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1.4 Properties of Diamond

1.4.1 Overview

Diamond has been used for centuries as a gemstone and for many decades as an

industrial cutting and grinding medium. A research group at General Electric was the first

to report (in 1955) diamond synthesis at high temperature and high pressure [42].

Advances in diamond science and technology, including the development of chemical

vapor deposition (CVD) processes for diamond film growth on non-diamond substrates

[43,44], opened the possibility of using diamond as an electronic material. The attraction

of diamond for new electronic applications are based on the exceptional properties of

diamond, including highest room temperature thermal conductivity, high electrical

resistivity, low electron affinity, large bandgap, low infrared absorption and high

electrical breakdown strength.

1.4.2 Structural properties

As discussed in a Chapter 1.4 the diamond crystal structure consists of two

merged FCC cells, offset from each other by a/4 in all three directions (see Figure 1.9).

The lattice constant of diamond is 0.357 nm.

1.4.3 Mechanical, electrical, optical and thermal properties

Data on selected electrical and optical properties of diamond presented in

Table 1.3 have been collected from a number of publications [45-51]. The unique

intrinsic optical properties of bulk diamond are now realized in CVD diamond films.

Diamond’s large bandgap combined with its limited reactivity makes it a promising
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material for electrical and optical devices under severe conditions. High electrical

breakdown field, low dielectric constant and high electron and hole mobilities make it an

attractive material for high frequency and high power devices. However, severe doping

restrictions as well as the lack of large area single crystalline substrates have prevented

the development of diamond active electronic devices. The chemical inertness and bio-

compatibility of diamond make it particularly attractive for biological and medical

applications, e.g. as electrodes and sensors.

Table 1.3. Selected electrical and optical properties of diamond. Data correspond to room

temperature measurements.

Bulk diamond CVD diamond

Bandgap (eV) 5.5 5.5

Breakdown Field @ 1017 cm-3 (MV/cm) ~ 10 ~ 10

Electron Mobility @ 1016 cm-3 (cm2/V⋅s) 1600

Hole Mobility @ 5⋅1016 cm-3 (cm2/V⋅s) 1000-1430

Saturated Electron Drift Velocity (cm/s) 2.8⋅107 2⋅107

Thermal Conductivity (W/cm⋅K) 20-25 (high grade) 2-6

Dielectric constant 5.7 5.5-10

The coefficient of thermal expansion is an important parameter for high

temperature applications and processes, such as wafer bonding or diamond film growth.

Its value as a function of temperature is ploted in Figure 1.11.
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Figure 1.11. Coefficient of thermal expansion of diamond as a function of temperature.

Table 1.4. Selected mechanical properties of diamond [53-57].

Density,

(g/cc)

Elastic

Modulus

(GPa)

Tensile

strength

(GPa)

Poisson’s

ratio

Hardness

(Kg/mm2)

Fracture

Toughness

(MPa m0.5)

bulk diamond 3.52 1000 -

1200

1.2 - 60 0.2 ~10000 4-5

CVD diamond 3.52 500-540 1-5 0.07 ~10000 5-6

Mechanical properties of diamond [52-56], partially presented in Table 1.4, make

it very attractive for many structural applications. These include the development of
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ultra-hard coatings (e.g., for hard disks, cutting tools, or bearings), complex shape

abrasive devices, medical devices and even MEMS. For such applications, the main

advantages of diamond include a low coefficient of friction combined with the highest

known values of hardness and stiffness. The hardness, however, makes the process of

diamond film polishing very challenging and time consuming.

1.5 Properties of Silicon Carbide

1.5.1 Overview

The ability of silicon carbide (SiC) to function at high temperature and in high

radiation environment, as well as its high thermal conductivity and chemical stability,

make it very attractive for many electronic applications. These include high voltage

switching, microwave power electronics, and high temperature controls and sensors, to

name a few.

SiC is very rarely found in nature. Although the process of SiC powder

production was invented in 1892 and soon became wide spread (as the production of an

abrasive material that can substitute diamond [57]), single crystalline substrates have only

recently become available. The success and rapid increase of Si technology in the 60’s

decreased the interest in possible production of SiC crystals. Until the late 80’s, the SiC

research was mainly carried out in the former Soviet Union, where in 1978 Tairov and

Tsvetkov [58] discovered a way of producing SiC substrates by a seeded sublimation

growth technique. Mass production of SiC crystals started in the US in the yearly 90’s



24

(originally only as substrates for epitaxial growth of nitrides). Since then, SiC technology

has been making steady progress.

1.5.2 Structural properties

The basic structural element in SiC is the SiC bilayer composed of one silicon

(0001) plane and one carbon (0001) plane (see Figure 1.12 (a)). As shown in the Figure

1.12(b), one my stack SiC bilayers in two ways: either in the position B or C. Variations

in the stacking of SiC bilayers lead to different SiC polytypes. The simplest polytypes are

the 2H (AB AB …) and the 3C (ABC ABC …). The most common forms of SiC are the

6H (see Figure 1.13 (a)) and the 4H polytypes (see Figure 1.13 (b)) with the ABCACB

ABCACB … and the ABCB ABCB … stacking respectively. The number in a polytype’s

name refers to the number of layers needed to repeat the pattern. The letter in a

polytype’s name corresponds to the 1st letter of the crystal system (“C”∝ Cubic; “H” ∝

(a) (b)

Figure 1.12. Bilayer of SiC (a). Three possible bilayer positions, viewed in the [0001]

direction: A, B, and C (b).
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(a) (b)

Figure 1.13. Crystal structure of the 4H-SiC polytype (a) and 6H-SiC polytype (b).

Hexagonal, “R” ∝ Rhombohedral). More than 200 SiC polytypes have been found, some

with a stacking period of several hundred bilayers [59].

1.5.3 Mechanical, electrical, optical and thermal properties

Different SiC polytypes exhibit different physical properties. 3C SiC has the

highest electron mobility and saturation electron velocity. The bandgap ranges from 2.3

eV for 3C-SiC to 3.3 eV for 2H-SiC. Electrical, thermal and optical properties for 3C-

SiC, 6H-SiC and 4H-SiC are summarized in Table 1.15. Data were taken from references

[60-64]. Based on data collected by R. Reeber and Kai Wang, a graph of the coefficient

of thermal expansion for 6H-SiC along the a axis as a function of temperatures is

presented in. The coefficients of thermal expansion of other polytypes have similar

values.
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High bonding strength between the Si and C atoms is responsible for the renown

hardness of SiC and for its relatively high value of elastic modulus (see Table 1.6). These

properties make SiC attractive for many mechanical applications, but complicate the

polishing process of SiC and limit the minimum wafer surface roughness achieved.

Table 1.5 Comparison of selected SiC polytypes electrical and optical properties. Data

correspond to room temperature measurements.

6-H SiC 4-H SiC 3-C SiC

Bandgap (eV) 3.0 3.2 2.3

Breakdown Field

@ 1017 cm-3 (MV/cm)

3.2 3 >1.5

Electron Mobility

@ 1016 cm-3 (cm2/V⋅s)

370 720 750

Hole Mobility

@ 1016 cm-3 (cm2/V⋅s)

90 115 40

Saturated Electron Drift

Velocity (cm/s)

2⋅107 2⋅107 2.5⋅107

Thermal Conductivity

(W/cm⋅K)

3.6 3.7 3.2

Dielectric constant 9.7 9.7 9.7
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Table 1.6. Selected mechanical properties of bulk SiC (similar for various polytypes)

[65-66].

Melting

point (ºC)

Density

(g/cc)

Elastic

Modulus

(GPa)

Tensile

strength

(GPa)

Poisson’s

ratio

Hardness

(Kg/mm2)

Fracture

Toughness

(MPa m0.5)

values

for bulk

SiC

∼ 2830 3.25 530 ∼ 0.1 0.17 2500-

3000

2.2

Figure 1.14. Coefficient of thermal expansion of 6H-SiC along the a-axis as a function of

temperature.
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2 Wafer Bonding Experiments

2.1 Sample Preparation

The importance of sample cleaning was already discussed in Chapter 1. Three

types of contaminants are distinguished: organic, inorganic, and particles.

Acting as spacers, particles strongly diminish intermolecular bonds between the

two opposing surface species. Depending on their size and coverage density, they may

lead to the creation of unbonded areas and even completely prevent wafers from bonding.

Organic contamination (hydrocarbons from plastic containers and from air)

adsorbed on the surface decrease the surface energy drastically [1] and hence may affect

the ability of wafers to bond. They normally cover the surface as a very thin film (several

mono-layers in thickness), which does not strongly adhere to the surface. Organic

contamination may be also responsible for the nucleation of interfacial voids during the

annealing step.

Since metal contaminants are usually present at the surface in a small amount,

they don’t affect the adhesion of wafers. However, they may strongly affect the electrical

properties of the interface and thus may be harmful for electronic applications of wafer

bonding.

Native oxide can trap metallic and organic contamination and thus also needs to

be removed. In cases where the interface oxide is needed, it can be re-grown after

cleaning. Figure 2.1 shows a typical surface of hydrophilic wafers before cleaning.
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Figure 2.1 Typical adsorbate layers on hydrophilic wafers before cleaning.

To obtain a high quality interface, one needs to remove all contamination before

bonding. The cleaning processes used in modern semiconductor industry are compatible

with wafer bonding. However, bonding experiments performed with relatively new

materials (SiC, GaN, AlN, ect.) may require development of new cleaning procedures or

modification of the existing ones. One should keep in mind that any wafer cleaning

processes should not degrade the wafer surface.

The RCA wet cleaning procedure is most frequently used in the silicon industry.

It involves two steps: RCA1 (also called Standard Clean 1 or SC1) and RCA2 (SC2).

The first step involves soaking of wafers in a heated (80ºC) solution of

NH4OH/H2O2/H2O (in a volume composition of 1:1:5) for 10-20 minutes and subsequent

rinsing in DI water. RCA1 cleaning is designed to remove organic contaminants and

some metals by both dissolution of the surface oxide and contaminants by NH4OH and

re-oxidation of the wafer surface by H2O2. RCA1 solution also effectively removes

particles. It is believed that the solution modifies the particle and wafer surfaces and

separates them. RCA1 also reduces the surface charges and capillary forces between the
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particles and wafer and by doing so decreases the adhesion strength between them.

Performing this cleaning step in a megasonic (600 – 950 kHz) acoustic cleaner strongly

increases the effectiveness of the particle removal procedure [2]. An ultrasonic cleaner

(30 - 200 kHz) is considerably less effective in the removal of sub-micron size particles.

The second RCA step involves the washing of wafers in a heated (80ºC) solution

of HCl/H2O2/H2O in a volume composition of 1:1:6 for 10-20 minutes. RCA2 solution

removes heavy metals and alkali contaminants. It may be followed by a DI water rinse.

Native oxide can usually be removed from the wafers by dipping them into HF or

HCl solution for 1-10 minutes. Since this procedure tends to lead to particle accumulation

on the wafer’s surface it is generally performed before the RCA1 cleaning. Note that a

bare wafer surface is usually very reactive and tends to attract particles and other

contaminants from the solutions, DI water and the air. For this reason, only high-grade

particle-free chemicals must be used and the cleaning procedure must be performed in a

clean room environment.

During the RCA cleaning, a thin and highly reactive native oxide grows on the

wafer’s surface. It reacts with water, forms –OH (hydroxyl) groups and makes the surface

hydrophilic. A dip in an HF (or HCl) solution after the RCA cleaning removes the native

oxide and makes the wafer surface highly hydrophobic. However, this step may leave

hydrogen and chlorine (or fluorine) atoms on the surface which may induce some other

contamination.

The new BakerClean cleaning process developed by J. T. Baker, a division of

Mallinckrodt Baker, Inc., is a good alternative to the traditional RCA cleaning. It offers a

superior particle removal capability and gives similar results in the removal of metal and
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organic contaminants. The BakerClean solution consists of JTB-111 solution (its

composition is a commercial secret) /H2O2/H2O in a volume proportion of 1:0.22:5. It

gives the best results when heated to 70ºC but can effectively clean wafers even at room

temperature. The cleaning time for this procedure is 10–15 minutes. Wafers are

hydrophilic after the BakerClean.

To remove all foreign species (including hydrogen and fluorine) from the wafer

surface, a dry cleaning procedure must be employed. Hydrogen, fluorine and chlorine can

be removed by desorption in UHV at 500ºC [3]. Native oxide from Si and SiC wafers

was found to disappear after heating the BakerClean (or RCA) cleaned wafers in UHV

at 1100ºC for 30 min. The mechanism for the SiO2 decomposition involves the reaction:

Si + SiO2 → 2SiO ↑ [4,5].

2.2 Experimental Procedure

To prepare particle-free samples for our bonding experiments, all wet cleaning

procedures were performed in a Class 100 particulate hood located in a Class 1000 clean-

room. In general, samples were ultrasonically cleaned in 5% hydrofluoric (or 30%

hydrochloric) acid, followed by BakerClean solution and de-ionized water with a

subsequent nitrogen blow dry. After the wet cleaning, samples were sealed in plastic

containers inside the particulate hood and transferred to a glove-box, directly connected

to a load-lock of the vacuum system. This glove box (see Figure 2.2) with continuously

purged hepa-filtered air, was used to limit surface particle contamination during the

loading procedure.
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Figure 2.2 Glove box.

Final cleaning was performed inside the UHV system. In order to remove the

native oxide from the silicon (or silicon carbide) surface, samples were desorbed in UHV

at 1100ºC for 40 min prior to fusion. If wet cleaned samples were kept in plastic boxes

for more than an hour, an initial, low temperature, 2-6 hours long desorption step in UHV

was employed. This step desorbed organic contaminants and thus prevented them from

forming a graphite compound at a higher temperature (which is hard to remove from the

surface even at 1100ºC). A complete removal of the surface oxide and amorphous carbon

was confirmed by in-situ x-ray photoelectron spectroscopy.

Bonding was performed in a dedicated UHV chamber (see Figure 2.3 and Figure

2.4) under a constant uniaxial stress. The temperature of our experiments ranged from
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650ºC to 1150ºC. Once the desired temperature was reached (usually within 2 hrs), the

load was applied and maintained for 15 hrs. After this time, the load was released and

samples were cooled to room temperature over a period of 5 hrs. Structural properties and

chemical composition of the bonded interface were investigated using XTEM and

electron energy loss spectroscopy (EELS), respectively, while the electrical character of

the interface was assessed by the I-V measurements.

Figure 2.3 Cross-section of the bonding system.
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Figure 2.4 The front view of the bonding system.
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3 Bonding of Diamond to Silicon

3.1 Objective

Silicon-on-insulator (SOI) technology is becoming more and more popular in

modern silicon industry. The idea of SOI is to replace the silicon below the channel

region in CMOS circuits with an insulator to reduce parasitic capacitances and to provide

electrical isolation of the circuit devices. The principal advantages of SOI devices include

an increase in switching speed (compared to similar devices built on the conventional

"bulk" silicon wafers), the ability to operate at lower voltages, and an increased

integration density.

The conventional SOI technology employs silicon dioxide as the buried insulator.

One detriment to this approach, however, is the low thermal conductivity of the dielectric

layer. Consequently, a characteristic limitation in the performance of microelectronic

devices has been observed [1-4], which is linked to the ineffective removal of heat during

operation.

A buried diamond layer in this scheme is a promising alternative to circumvent

the problems associated with the self-heating phenomenon. Diamond's high thermal

conductivity (~20 Wcm-1K-1; a value 1000 times higher than that of silicon dioxide),

coupled with its high electrical resistivity (above 1013 Ω⋅cm) and high breakdown electric

field (above 107 V/cm), makes it a very attractive material for thermal management

application [5]. Due to this unique combination of properties, a diamond interlayer can

not only serve as a replacement of the silicon dioxide layer in SOI technology, but also as

a heat spreading layer to enhance the operating characteristics of devices fabricated on
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silicon (see Figure 3.1). SOI technology with diamond as the buried insulator is generally

referred to as a silicon-on-diamond (SOD).

The fabrication of high quality SOI wafers by direct bonding of silicon to silicon

dioxide is a well-established procedure. The goal of this project was to study the direct

fusion of silicon to diamond and to estimate its potential for the fabrication of SOD.

Wafer bonding of diamond films of various micro-roughness to (100) silicon was

performed in the temperature range between 750ºC and 1200ºC. Unpolished and

polished, (100) highly oriented diamond films as well as polished polycrystalline

diamond films were used in these experiments. Based on the comparison of the

microstructure and chemical composition of the interface fabricated at different

temperatures, a model of the silicon-to-diamond fusion process is proposed.

(a) (b)

Figure 3.1 Self-heating of conventional SOI device (a) and heat spreading through a

diamond layer in SOD device (b).

Self-
heating
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3.2 Experiments

3.2.1 Diamond deposition

Deposition of the polycrystalline diamond was performed on 1 mm thick single-

side polished, (100) silicon substrates using microwave plasma chemical vapor

deposition (CVD). Solvent cleaned silicon substrates, 3 inches in diameter, were

patterned using conventional photolithography to produce an array of 3 x 4 mm2 pads

comprised of diamond grit. Discrete rectangular pads of 25 µm thick diamond were

grown from these seeded regions using ultra high purity methane, hydrogen, and oxygen

as the source gases in the deposition process.

Highly oriented diamond (HOD) films were grown via MPCVD on 0.25 mm

thick single-side polished, (100) silicon, utilizing a pretreatment procedure of

carburization followed by bias-enhanced nucleation [6]. Ultrahigh purity methane and

hydrogen were used as precursors. The silicon substrates, 25.4 mm x 25.4 mm in

dimension, were cleaned in solvents and rinsed in DI water prior to affixing to a

molybdenum substrate holder. The holder containing the sample was then inserted into a

load-lock and transferred to the growth chamber. The molybdenum substrate holder was

isolated from ground enabling the application of a substrate bias, which was instrumental

for the growth of highly oriented diamond (HOD). The subsequent deposition of the

epitaxially textured diamond was carried out employing a gas mixture of 1% CH4/H2, a

pressure of 25 torr, and substrate temperatures of up to 830°C. HOD films were typically

~60 µm thick.
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3.2.2 Diamond polishing

The surface roughness associated with the diamond film growth remains an

undesirable factor for high quality wafer bonding. Since diamond is the hardest known

material, it is difficult to polish. Because of the difference in the polishing rate of

diamond for various crystallographic directions (with crystallites that fall in the (111)

plane and <111> direction exhibiting the slowest polishing rate [7]) the task of polishing

randomly oriented CVD diamond films becomes even more challenging.

Various physical and chemical means have been used to polish diamond films.

Mechanical polishing using diamond abrasive particles was found to be the slowest [8]. It

also tends to leave protruding crystallites on the surface, which limit the minimum

surface roughness that can be achieved. Other contact techniques, including thermo-

chemical [9-12] and chemo-mechanical [13] polishing, are less dependent on the

crystalline orientation and are capable of achieving smoother surfaces. In the chemo-

mechanical technique, one diamond film can be polished against another one with the

fused oxidizer in between. Oxidation of the material strongly facilitates the polishing

process. In the thermo-chemical method, a diamond surface is rubbed against a metal at

elevated temperatures (750ºC-950ºC). As a result, the diamond surface graphitizes and

non-diamond carbon dissolves in the polishing plate. The average level of surface

roughness achieved by this method can be as low as 1.3 nm RMS for polycrystalline

diamond [12] and is expected to be considerably lower for HOD. In addition, there are

other non-contact polishing methods such as plasma polishing [14] and ion beam

polishing [15] that are capable of achieving the smoothest diamond surface but normally

exhibit low polishing rates, require high vacuum environments and are costly.
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In this study, simple mechanical polishing at room temperature on an Imahashi

DPB-3 polishing system was employed. Samples were rigidly affixed to a custom made

polishing head and pressed at ~ 0.1 MPa to a 12” cast iron wheel, rotating at 3000 rpm.

Three µm diamond compound mixed with lubricating oil was used as an abrasive

material. After polishing, possible graphite contamination and polishing residues were

removed from the diamond surface either by cleaning the samples for 15 min in the

mixture of chromium oxide and sulfuric acid heated to about 100ºC or by exposing

samples to a hydrogen plasma for 1 hour. Figure 3.2 shows our polishing set-up and a

diamond sample smoothened to a mirror finish (inset bottom right).

Figure 3.2. Diamond polishing machine.

3.2.3 Atomic force microscopy and optical interferometry

Microscopic roughness measurements of the sample surfaces were ascertained by

atomic force microscopy (AFM) using a Digital Instruments D-3000 microscope. The

Polishing stub

Polished diamond



46

AFM measurements (see Figure 3.3) showed that the RMS roughness of polished

polycrystalline diamond layers was ~15 nm, RMS roughness of the unpolished and

polished HOD films was ~150 nm and ~5 nm, respectively; and roughness of the

commercial silicon wafer was ~0.5 nm. In Figure 3.3(a), one may see surface asperities

on a polished randomly oriented polycrystalline diamond film, possibly connected to the

variation in the polishing rates for crystallites of various orientations. In contrast, HOD

films show more uniform surface finish. However, inevitable polishing scratches (see

Figure 3.3 (c)) limited the final smoothness. The gray spots seen on this picture might

Figure 3.3. AFM surface analysis of the polished polycrystalline diamond film (a),

unpolished HOD film (b), polished HOD film (c), and silicon wafer (d).
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(a)

(b)

(c)

Figure 3.4. Profilometry analysis of an unpolished diamond film sample (a).

Interferometry surface analysis of a polished diamond film (b), and a silicon

sample (c).
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correspond to the diamond grains. If this is the case, then the average grain size of

polished HOD is only ~5x5 µm2.

Macroscopic surface roughness (waviness and bow) is another important

parameter for bonding experiments. Studies of the surface profiles of polished samples

were performed on a Zygo GPI XP Laser Interferometer. Unpolished samples were

studied on a Form Talysurf Series 2 Profilometer.

Growth stresses in the deposited diamond film caused bending of silicon

substrates and resulted in concave surfaces on the unpolished diamond samples (see

Figure 3.4 (a)). Our samples exhibited 3–6 µm bow in a 5x5 mm2 sample. Polishing

decreased the difference in the surface height to ~2-3 µm. Higher material removal rate at

the edges of the specimen during polishing was responsible for the convex shape of the

polished diamond surface (see Figure 3.4(b)). Silicon samples were cut from 50 mm

wafers and exhibited various surface profiles depending on their original position on the

wafer. The peak-to-valley waviness of 12x23 mm2 samples was on the order of 3-6 µm

(see Figure 3.4 (c)).

3.2.4 Sample cleaning: XPS, EELS and AFM analyses

Two different wet cleaning procedures were applied to Si samples. Originally, Si

samples were ultrasonically cleaned in solvents and blow-dried in nitrogen. However, for

bonding experiments with HOD, additional cleaning for 10 min in 5% HF and for 15 min

in BakerClean solution was performed. The final cleaning procedure in both cases was

done in a UHV chamber with a base pressure of ~10-9 Torr. Inside this chamber, Si

samples were desorbed for several hours at 300-500ºC and for ∼1 hour at 1100ºC. The

chemical analysis of the sample surface was performed to verify the effectiveness of the
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cleaning procedures. All XPS experiments were conducted in an ultra high vacuum

chamber (base pressure < 3 ·10-10 Torr), equipped with a Clam II hemispherical electron

analyzer.

Figure 3.5 and Figure 3.6 display XPS spectra before and after annealing in UHV

of a solvent and acid cleaned Si surface, respectively. The disappearance of the O1s core

level peak (see Figure 3.5 (b) and Figure 3.6 (b)) after heating the samples in UHV

indicates the removal of surface oxide. A small (vanished after cleaning) peak in the Si 2p

scan (see Figure 3.5 (c) and Figure 3.6 (c)) represents silicon-oxygen bonding. As evident

from the comparison of the C1s core level spectra in Figure 3.5 (d) and Figure 3.6 (d),

additional cleaning in acids has not improved the efficacy of carbon removal. An one-

hour exposure of samples to air prior to putting them into the vacuum system might be

responsible for the remaining contamination. The UHV cleaning noticeably reduced the

amount of carbon contamination. The analysis of the relative area under the remaining

C1s peak limited the amount of surface carbon contamination to no more than 3%. In this

calculation, atomic sensitivity factors for Si and C were assumed to be 0.17 and 0.205,

respectively. After performing all of the cleaning steps, the Si surface was investigated

with an AFM; no change in the surface topography was observed.

Prior to bonding, diamond samples were cleaned in solvents and desorbed in

vacuum at 500ºC for several hours. Following the cleaning, the surface of diamond

samples was investigated with XPS EELS analysis. The low energy loss region of a

typical spectrum is shown in Figure 3.7. The spectrum consists of a broad peak centered

at ~34 eV with a prominent shoulder at ~24 eV. These features are associated with
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plasmons and their positions clearly indicate the sp3
 bonding and crystalline diamond

structure of the surface layer [16].

(a)

 (b)  (c)  (d)

Figure 3.5. XPS of the solvent cleaned Si surface before and after desorption in vacuum:

survey (a), O1s peak (b), Si2p peak (c), and C1s peak (d). The disappearance of

the O1s peak and a reduction of the C1s peak confirmed the removal of surface

oxide and most of the carbon contaminants.
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(a)

(b) (c) (d)

Figure 3.6. XPS of the acid cleaned Si surface before and after desorption in vacuum:

survey (a), O1s peak (b), Si2p peak (c), and C1s peak (d). The disappearance of

the O1s peak and a reduction of in C1s peak confirmed the removal of the

surface oxide and most of the carbon contaminants.
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Figure 3.7. EELS of the diamond surface after the cleaning.

3.2.5 Bonding process

Wafer bonding was performed in a dedicated UHV chamber (described in

Chapter 2) under a uniaxial stress of 32 MPa in a temperature range of 750ºC to 1200ºC.

The bonding time was 15 hours for all experiments. Figure 3.8 shows two molybdenum

sample-holders taken out of the chamber after processing: the one on the left contains a

Si sample with CVD diamond fused to it. Following the bonding, specimens were

characterized by Scanning Acoustic Microscopy (SAM). Structural properties and

chemical composition of the interface formed during the bonding process was

investigated using cross-sectional TEM and EELS analyses.
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Figure 3.8. CVD diamond bonded to a Si sample.

3.3 Results and discussion

3.3.1 Scanning Acoustic Microscopy (SAM)

SAM characterization was performed on a Sonoscan D-9000 microscope. General

observations are summarized in Table 3.1. Successful bonding of both polished

polycrystalline and unpolished HOD films to Si was observed at temperatures as low as

950ºC. Attempts to bond these samples at 850ºC were unsuccessful. Interestingly,

polished HOD (our smoothest diamond samples with an RMS roughness of only 5 nm)

was successfully bonded to Si at temperatures as low as 850ºC. The detected bonding

covered ~40-60% of the sample area. Higher bonding temperature (950 ºC in the case of

polished HOD and 1150ºC in case of polished polycrystalline diamond films) resulted in

bonding across nearly 100% of the interface area. Complete bonding over the entire

interface region between unpolished diamond and Si was not achieved even at 1200ºC.
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Figure 3.9 shows an example of a SAM micrograph of an unpolished diamond

sample bonded to Si at 950ºC. Macroscopic unbonded areas appear as brighter regions in

a SAM image. The shape of these regions suggests that separated areas might be caused

by the presence of diamond crystallites that grew on the surface of an otherwise smoother

diamond film.

The SAM images of polished randomly oriented CVD diamond bonded to Si at

1050ºC and 1150ºC are presented in Figure 3.10. Unbonded area in the sample processed

at the lower temperature can be clearly seen. Similar results were obtained for all bonding

experiments performed below 1150ºC. Presumably, the stress across the sample was not

uniform and, as a result, the corner subjected to the smaller effective stress did not bond.

Table 3.1. Bonding results as a function of temperature and diamond film roughness.

750ºC 850ºC 950ºC 1050ºC 1150ºC 1200ºC

Polished HOD/Si

(diamond RMS

roughness < 5nm)

No

bonding

Partial

bonding

Complete

bonding

Complete

bonding

Complete

bonding

Polished poly-

diamond/Si: (diamond

RMS roughness =15nm)

No

bonding

Partial

bonding

Partial

bonding

Complete

bonding

Complete

bonding

HOD/Si (diamond RMS

roughness = 150 nm)

No

bonding

Partial

bonding

Partial

bonding

* Si RMS roughness = 0.5 nm.
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Figure 3.9. SAM image of an unpolished CVD diamond bonded to Si at 950ºC.

Unbonded regions are possibly associated with discrete crystallites that had

grown on the smoother highly oriented diamond surface.

(a) (b)

Figure 3.10. SAM images of polished polycrystalline CVD diamond bonded to Si at

1050ºC (a) and 1150ºC (b). Cracks formed in the diamond films during the

bonding process. Higher degree of cracking was observed at higher bonding

temperatures.

Cracks in the filmUnbonded area

Unbonded

areas
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(a) (b)

Figure 3.11. SAM images of polished HOD diamond bonded to Si at 850ºC (a) and

1050ºC (b).

An unwanted result of the bonding experiments with polished diamond was the

formation of a network of cracks in the diamond film. This cracking was observed in

almost all experiments performed above 950ºC, as shown in Figure 3.10 and Figure 3.11

(b). The degree of cracking was more pronounced at higher fusion temperatures, where it

extended over the entire fused region, while at lower temperatures, it was observed only

near the edges of the wafer. The thermal expansion coefficient of diamond above 700ºC

is higher than that of silicon, which causes the diamond film to be placed in tension upon

cooling from the bonding temperature. The higher the fusion temperature, the higher the

value of tensile stress. It seems to be likely that this difference in thermal expansion of

the bonded couple may have contributed to the crack generation.

Cracking was found to depend also on the hardness of the underlayment material

used to prevent alloying of the Si wafer and the Mo sample holder during the high

temperature bonding. In majority of experiments (Figure 3.9 – 3.11), graphite foil of 0.13

mm in thickness was used as underlayment. In recent experiments (see Figure 3.12),

Polishing defect:
delaminated film

Cracks in
the film
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however, the graphite film was substituted with a hard BN ceramic coating, which

strongly reduced crack generation, as evident from the comparison of Figure 3.11 (b) and

Figure 3.12. We expect that finding an optimum underlayment and improvements in the

stress uniformity during bonding may prevent the crack formation in diamond at

temperatures bellow 1050ºC.

Figure 3.12. SAM images of polished HOD diamond bonded to Si at 1050ºC, using a BN

coating to prevent alloying of Si and Mo at elevated temperatures. Hardness

of this ceramic coating strongly reduced the cracking of the diamond film.

Interestingly, no cracks were observed in unpolished HOD textured diamond

films after bonding under similar conditions with a graphite foil as a buffer layer (see

Figure 3.9). Two factors might have contributed to this difference in behavior: (1) the

unpolished HOD diamond was almost three times as thick as polycrystalline diamond and

at least twice as thick as polished HOD and (2) a possibly higher value of fracture

toughness for unpolished HOD diamond.

Crack in
diamond
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3.3.2 Transmission Electron Microscopy and Electron Energy

Loss Spectroscopy (EELS) of Si/polycrystalline diamond bonded

specimens

Cross-sectional samples for TEM were prepared using a focused ion beam

technique. TEM images of the polycrystalline diamond fused to silicon at 950ºC revealed

that the interface between the two materials was not uniform. Silicon was in intimate

contact with diamond only along portions of the interface (see Figure 3.13 (a)). Other

interfacial regions contained an intermediate layer of up to 40 nm in thickness. A high-

resolution image of Figure 3.13 (b) clearly shows an amorphous structure of this layer.

Interestingly, the size of the interlayer was on the order of the peak-to-valley roughness

of the diamond film used in the experiment.

Figure 3.14 shows a region containing an abrupt interface adjacent to an

amorphous interlayer. Dislocations in silicon, seen in this micrograph, might be

connected to plastic deformation occurring near the diamond surface asperities, where the

stress would have been concentrated. Stresses could well have reached the values

exceeding the Si yield stress of ~1 GPa. Alternatively, the dislocations may be related to

time dependent creep deformation, which would not require such high stress values [17].

All dislocations found in the silicon were located in the abrupt interfacial regions

adjacent to the amorphous interlayer. No dislocations were seen elsewhere in the silicon,
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(a)

(b)

Figure 3.13. XTEM of the Si/diamond interface fused at 950ºC. High-resolution images

show an abrupt boundary between Si and diamond observed in some parts of

the interface (a) and an up to 40 nm thick amorphous interlayer between the

Si and diamond observed in other regions of the interface (b).
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and no dislocations associated with the bonding process were observed in the diamond

film, presumably due to the extremely high strength of diamond. Interestingly, in all areas

observed by TEM, the initially rough diamond (RMS roughness of 15 nm) was found to

be almost atomically smooth following the bonding. Conversely, an amorphous phase

was periodically observed to be protruding into what had been initially a smooth silicon

interface, as seen in Figure 3.14.

Figure 3.14. XTEM of the Si/diamond interface fused at 950ºC showing the transition

between the abrupt interface and an interlayer. Dislocations in Si are evident

in this region. Amorphous material occupied regions within the silicon,

creating amorphous wells in initially smooth silicon wafer.

Several observations made during various stages of the fusion process suggest

that unintentional surface contamination prior to bonding was not responsible for the

Amorphous
interlayer

Dislocations
in Si
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formation of the amorphous phase. First, a similar study involving bonding of Si to SiC,

using the same procedure did not result in the formation of a similar interfacial layer.

Secondly, XPS determined that less than three percent of carbon was present on the

cleaned Si surface, and conversely, EELS revealed that only sp3-bonded carbon

(diamond) was present on the cleaned diamond surface. Finally, optical microscopy of

the wet-cleaned wafers showed almost no particles present on the surfaces prior to

bonding, discounting the possibility that the interfacial phase of up to 15 µm in horizontal

dimensions is just a flattened particle that was originally residing on the wafer surface.

To investigate the origin and temperature dependence of the amorphous

interlayer, an XTEM study of a second sample bonded at higher temperature (1150ºC)

was performed. If the thickness of the interlayer were determined only by the kinetics of

the bonding process, then a considerably thicker interlayer was expected to be observed

at a higher bonding temperature. The TEM images, however, revealed an interface very

similar to that obtained at 950ºC. The maximum thickness of this interlayer was again on

the order of 40 nm (see Figure 3.15) and a mixture of abrupt interface and amorphous

interlayer regions were observed, although, the relative area of the intimate contact

between the diamond and the silicon appeared to be smaller. Again, the diamond surface

was very smooth across the entire region observed by TEM. Interestingly, no dislocations

were observed in the silicon portion of this sample. Because of the greater dislocation

mobility at the higher temperature they may have been absorbed into the interfacial

region.
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Figure 3.15. XTEM of the Si/diamond interface fused at 1150ºC showing a 40 nm

amorphous interlayer.

To investigate the composition of the amorphous layer observed in the

Si/diamond bonding interface, EELS was performed in the scanning mode of the

transmission electron microscope. This afforded a precise control over the area where the

spectra were taken. EELS spectra of the amorphous interlayer showed the presence of

oxygen, silicon, and carbon (see Figure 3.16). A typical composition profile across this

interlayer for the sample bonded at 950ºC is presented in Figure 3.17. Close to the silicon

wafer, the interlayer was comprised mainly of silicon. The silicon concentration

monotonically decreased while the carbon concentration increased as one crossed

towards the diamond layer until the interlayer became amorphous carbon. It is evident

that significant inter-mixing of carbon and silicon took place within the interlayer during

the bonding process.

Although adventitious oxygen was removed from the surface of the Si wafer prior

to bonding, there were significant amounts of oxygen (~40 at. %) detected within the

Amorphous
interlayer
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Figure 3.16. EELS specter (after background subtraction) of the area inside the

intermediate layer of the Si/diamond interface fused at 950ºC showing

presence of carbon, silicon and oxygen.

Figure 3.17. Composition change across an intermediate layer of the Si/diamond

interface fused at 950ºC demonstrating carbon diffusion from diamond.

amorphous layer, as can be seen in Figure 3.17. One likely source of oxygen

contamination is the CVD diamond. Although the level of oxygen impurities in these

diamond films is not known, it very likely exceeds the equilibrium solid solubility limit at
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the fusion temperature. The polycrystalline nature of the diamond samples would have

certainly permitted accelerated diffusion along the grain boundaries. So, it seems quite

plausible that oxygen diffusion out of the diamond film could account for the high

concentrations of oxygen found in the amorphous phase. A similar out-diffusion of

supersaturated oxygen from the silicon wafer towards the interface has been observed in

some Si-to-Si bonding experiments [18], but it is not believed to have been a primary

contributor here. Assuming that (1) the interlayer covered roughly fifty percent of the

interface, (2) the average thickness of the interlayer clusters was 30 nm, and (3) the

oxygen concentration in our Si wafers was 2.5 1018 cm-3 (which is the maximum reported

oxygen concentration in Si wafers), one can calculate that the oxygen concentration in the

interlayer should not have exceeded 3 % if Si were the sole source of oxygen. Finally, the

authors cannot rule out a possibility that the observed oxygen may have been introduced

during TEM sample preparation thus, leading to greatly exaggerated values. Nonetheless,

the amorphous nature of the interfacial layer does appear to be connected to the observed

high concentration of oxygen. Kanenko et al. [19] studied the structure and chemical

Figure 3.18. Composition change across an abrupt Si/diamond interface fused at 950ºC.
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bonding of Si-O-C ceramics and found that at higher oxygen contents it tended to form

an amorphous microstructure.

A series of EELS spectra were taken also across the abrupt Si/diamond interface

(see Figure 3.18). No silicon was observed in the diamond film and no carbon was found

to be present in the silicon wafer. Strong bonding of carbon atoms could prevent carbon

migration from the CVD diamond. This behavior is markedly different from that

previously described where significant intermixing of the silicon and carbon was

observed within the interfacial layer (see Figure 3.17). To explain this discrepancy a local

phase transformation of diamond to graphite near the observed silicon oxycarbon clusters

is suggested.

Under the ambient pressure conditions, diamond is a metastable form of carbon

with a high barrier preventing transformation to graphite. However, the graphitization

rate is greatly affected by various factors including temperature, ambient atmosphere,

applied pressure, defect structure, and crystallographic orientation [20], making simple

predictions difficult. For example, S. Kumar et al. reported on the stability of a diamond

surface in a hydrogen atmosphere (P = 1 atm total) at temperatures up to ~2200ºC [21].

At the same time, Evans and Phaal [22] have found that in the presence of oxygen (at

6·10-2 Torr) the {100} and {111} diamond surfaces start to graphitize at considerably

lower temperatures of 850ºC and 700ºC, respectively.

In other work, Gogotsi et al. [23] observed the transformation of diamond to

disordered graphite during indentation tests performed at room temperature in air. In

these studies, a nominal compressive stress at the maximum load (load divided by

indentation area) was slightly below 100 GPa. This finding appears to contradict the well-



66

known fact that graphite transforms into diamond at higher pressures. However,

Gogotsi’s study was performed under uniaxial (not hydrostatic) loading conditions and

was conducted in absence of a catalyst. Contact loading not only compresses the diamond

bonds but it also changes the bond angle and this apparently promotes the transformation

of diamond to graphite.

The mechanisms of diamond graphitization depend on the processing conditions

and are not well understood. Davies and Evans [24] concluded from their experiments

with diamonds performed at temperatures above 1880ºC under the UHV conditions that

for all diamond surfaces the primary mechanism of graphitization is the detachment of

single atoms. Butenko et al [25] studied graphitization of diamond at ambient pressure at

temperatures above 1100ºC and suggested that the outer diamond planes transform

progressively into graphite planes. Pantea et al. [26] investigated diamond surfaces at a

mechanical pressure of 0.1 and 2 GPa and temperature above 1500ºC in the atmosphere

of nitrogen and carbon dioxide. Based on their experimental findings, they proposed

normal growth of graphite layer by detachment of single atoms at 0.1 GPa of applied

pressure and lateral growth of graphite at 2 GPa of applied pressure. They noticed that the

formation of a step of a height equal to or greater than one atomic layer facilitated

graphitization. Note that in the presence of a step, fewer C-C bonds per atom need to be

broken for this phase transformation process to continue.

3.3.3 Model of the Si/polycrystalline diamond bonding process

Prior work indicates that high temperature (>700ºC), surface oxide, and applied

mechanical load should facilitate graphitization. It is also known that surface

graphitization is an auto-catalytic process which starts at discrete sites and then spreads



67

out. Thus, it seems very plausible that in present bonding studies graphitization originated

at diamond surface asperities, since they represent high stress concentration areas.

Following the initial graphitization, carbon atoms will then be free to interact with the

silicon wafer and any free oxygen to form regions of amorphous material. This process

will continue until the diamond surface roughness is completely accommodated by local

plastic deformation of silicon and inter-diffusion of silicon and carbon species. Some

dislocations, formed in Si due to the applied stress, might disappear in the amorphous

layer; others would stay near the abrupt boundary close to the areas of initial stress

concentration. Figure 3.19 shows schematically all steps of the proposed process.

The diamond-to-graphite transformation is accompanied by an increase in

volume. This leads one to conclude that the hypothesized graphitization of the diamond

surface would decrease dramatically as a continuous bonded interface is approached.

While the interface contains open gaps, the volume change can be easily accommodated

through lateral expansion into the open spaces. However, this is no longer possible once a

continuous bonded interface develops. At that point, the needed volume increase can only

be provided by working against the applied load. This should increase the activation

barrier for the transformation and considerably slow down its rate. Concurrently, the

value of stress is also dropping as the contact area spreads across the entire bonded

surface (compare Figure 3.19 (a) and (d)). In combination, these effects should

significantly decrease the phase transformation rate as the bonding process approaches

completion.

A possible lateral propagation of the graphitized diamond from surface steps

might explain the smooth diamond interface that was observed in our bonding studies.
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Figure 3.19. Proposed mechanism of Si/diamond bonding.

Differences in the oxidation and graphitization rates along different crystallographic

directions should also play some role in the observed phenomenon. It is well accepted

(a)

(b)

(c)

(d)

Graphitization of diamond surface starts near
stress concentrated areas. Oxygen present at

the interface may facilitate this process.
Upon initial contacts dislocation in Si may

form near the surface asperities.

Upon graphitization, C, Si and O interdiffuse

forming an amorphous interlayer along parts
of the interface. Process continues slowly

until all gaps in the interface are filled

Finally almost all diamond surface
asperities are transformed into amorphous

layer. Some dislocation formed in Si may

stay after the bonding.
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that carbon atoms strongly enhance oxygen precipitation in silicon and that it is common

to find both oxygen and carbon in the same precipitate [27-29]. Presumably, carbon

atoms released from diamond following the graphitization acted as heterogeneous

precipitation centers for oxygen at the bonded interface. Separation of carbon and oxide

clusters would increase the interfacial energy [29] and may explain the concentration of

oxygen in the amorphous interlayer.

3.3.4 Transmission Electron Microscopy of Si/HOD bonded

specimen

The cross-sectional HRTEM image in Figure 3.20 shows the typical interface

between Si and diamond in a region away from the grain boundaries. Although only Si

was oriented exactly along the [011] zone axis, the misfit dislocations parallel to the

interface are clearly distinguished. The inset in the top right shows a digital diffractogram

obtained by Fast Fourier Transformation (FFT) of the HRTEM. Since each fringe in a

high-resolution image corresponds to a characteristic spot in the FFT, lattice-fringe

spacing and angles can be measured from the spot positions in the same way as by using

selected area diffraction (SAD). This image shows a typical diffraction pattern from two

diamond cubic (or, in general, fcc) crystal structures with the ratio of the lattice

parameters of ≈1.54. The comparison of this value with the ratio of 
  

a(silicon)

a(diamond)
= 1.52

suggests relatively weak strain of the lattices at the bonded interface.

Occasionally, areas with ordered strain fields were observed at the interface as
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Figure 3.20. XTEM of the Si/HOD interface fused at 1050ºC. High-resolution image

shows an abrupt boundary between Si and diamond observed away from the

grain boundaries. Misfit dislocations are clearly distinguished. The inset

shows the Fast Fourier Transformed (FFT) image of this area, which is

analogous to the selected area diffraction (SAD).
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shown in Figure 3.21. The period of this strain contrast was always close to 4 lattice

fringes. The origin of this strain is not yet understood. It might be connected to several

types of defects, including misfit dislocations, local concentration of impurities, local

nano-roughness of the diamond surface, or some planar defects laying in the plane at an

angle to the zone axis. Further analysis, using EELS, Z-contrast imaging, and convergent

beam electron diffraction might clarify the origin of this strain.

Planar defects, such as stacking faults (SF) and micro-twins, were also observed

in Si near the Si/HOD interface. They were concentrated near the diamond grain

boundaries, but also could be found in other areas. Away from the grain boundaries, SFs

did not propagate deep into the bulk of the material, terminating within 5-10 nm of the

interface (see Figure 3.22).

Low resolution TEM of the Si/HOD bonded specimen confirmed the AFM results

(Figure 3.3), that the mechanical polishing had decreased the average grain size at the

surface of HOD from ~20 µm to ~5 µm.  It also clearly showed depressions in the

diamond surface near the grain boundaries (see Figure 3.23). A higher content of sp2

bonds near the grain boundaries may have increased the polishing rate in these regions,

creating notches at diamond grain boundaries. As can be seen from Figure 3.23, voids

partially filled with amorphous material were found at the grain boundaries. These voids

and amorphous areas were not only located on the diamond side (which may be explained

by polishing grooves) but also intruded into the Si wafer. We suggest four possible

explanations. First, the observed voids might be at least partially a sample preparation

artifact. When a void exists at the interface of a cross-sectional sample, ion milling might
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Figure 3.21. XTEM of the Si/HOD interface fused at 1050ºC, showing periodic strain

field observed in some parts of the interface.

Figure 3.22. XTEM of the Si/HOD interface fused at 1050ºC, showing stacking faults

observed in some parts of the interface.

Periodic
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Figure 3.23. XTEM of the Si/HOD interface fused at 1050ºC. Low resolution images

show voids partially filled with amorphous material at the bonding interface

near diamond grain boundaries.

strongly increase its size. As such, the initial polishing grooves in diamond might have

led to milled wells in Si. Softer amorphous areas might be preferentially removed during

FIB preparation, creating voids at the interface. Second, during the high temperature

bonding process, Si atoms may leave the surface and get re-deposited in the diamond

Diamond SiliconDiamond Silicon

Diamond    SiliconDiamond  Silicon

Diamond grain boundaries

Diamond grain boundaries
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Figure 3.24. XTEM of the Si/HOD interface fused at 1050ºC, showing twins in silicon

near the diamond grain boundary area. FFT from the selected area clearly

shows twin spots in the Si crystal with (11-1) twinning plane.

Figure 3.25. HRTEM of multiple faults in Si observed near a diamond grain boundary.
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grooves. The deposited Si may (or may not) be removed during TEM sample preparation.

Third, out-diffusion of oxygen from the Si wafer (discussed in section 1.3.2 and reference

18) and its precipitation at the interface near the diamond grain boundaries might

contribute to the amorphous material formation. Fourth, hydrogen out-diffusion from

diamond can create interface bubbles in Si. Formation of bubbles is a well-known

phenomenon in any wafer bonding technology. When the HF treated Si wafers are

bonded ex-situ and annealed at temperatures above 300ºC, desorption of hydrogen causes

bubbles at the bonded interface [30].

As discussed already, multiple planar defects were found in Si near the diamond

grain boundaries containing voids or amorphous material. Figure 3.24 shows a twin in the

Si wafer. The FFT from the selected area of image, containing the observed defect,

clearly shows the twin spots. Figure 3.25 shows a highly faulted region in Si near one of

the amorphous regions.

The growth of SF has been generally believed to be governed by the

concentration of Si interstitials, which may have been generated as a result of the applied

pressure or from the growing SiO2 during the thermal oxidation processes [31]. Both high

local micro-roughness of the diamond film and possible oxide precipitation near the grain

boundaries may explain higher concentration of defects in these regions.

3.4 Summary

Polished and unpolished (100) highly oriented diamond films with a RMS

roughness of 5 nm and 150 nm, respectively, as well as polished, polycrystalline diamond

films with an RMS roughness of 15 nm were bonded to single-side polished silicon in

ultra high vacuum at 32 MPa of applied uniaxial pressure. Successful fusion of
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unpolished HOD and polished polycrystalline diamond was observed at temperatures as

low as 950ºC while bonding of polished HOD to silicon was achieved at 850ºC.

Fusion of polished polycrystalline diamond to silicon resulted in the formation of

non-uniform bonded interfaces. Mechanically abrupt interfaces between the wafers

existed only in some parts of the interface, while other parts contained an amorphous

interlayer up to 40 nm thick consisting of C, Si and O. A local phase transformation of

diamond to graphite near the diamond surface asperities followed by inter-diffusion of C

and Si has been suggested as the source of this amorphous layer.

Fusion of polished HOD to Si resulted in the formation of an abrupt interface

between the wafers in the areas removed from diamond grain boundaries. Voids partially

filled with amorphous material were observed at the fusion interface near diamond grain

boundaries. Diamond polishing defects combined with possible out-diffusion of hydrogen

from the diamond and oxygen from the Si are believed to cause the observed non-

planarity of the bonded interface.

It is anticipated that further reduction of diamond surface roughness, applied

stress and bonding time should improve the quality of the bonded interface, further

reducing the presence of amorphous areas and defects.
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4 Bonding of Silicon Carbide to Silicon Carbide

4.1 Objective

SiC is a promising material for high-power and high-temperature electronics. Its

chemical inertness, high thermal conductivity ( ~5 Wcm-1K-1), and wide band gap (2.4 eV

to 3.3 eV, depending on the polytype) may lead to significant improvements in

applications like high voltage switching in power distribution lines, power microwave

devices in radars, high temperature sensors and controlers in aircraft engines [1]. Metal

oxide semiconductor and metal semiconductor field effect transistors (MOSFET and

MESFET) as well as bipolar homojunction transistors (BJT) based on SiC have shown

that their performance would exceed even the theoretical limits of Si and GaAs

counterparts [1,2].

Heterojunction devices can offer improved efficiency compared to the

homojunction devices. The leakage currents associated with heterojunction field effect

transistor (HFET) structures are typically much lower than those obtained in Schotky

barrier transistors [3]. Heterojunction bipolar transistors (HBT) offer higher emitter

efficiency, decreased base resistance, improved frequency response, and wider

temperature range of operation as compared to BJT’s [4].

Until recently, the idea of using different SiC polytypes in the fabrication of

higher efficiency heterojunction devices (e.g. see SiC n-p-n HBT in Figure 4.1) was

thought to be impractical due to difficulties in controlling the polytype change during

growth. Koitzsch et al. [5] suggested a wafer-bonding technique to fabricate an

electronically useful interface between the polytypes. They performed empirical
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molecular dynamic studies on SiC (0001) surfaces and bonded interfaces and determined

that the formation of contamination free SiC wafer-bonded interfaces in ultra high

(a)

(b)

Figure 4.1. (a) A possible design of 4H-SiC/ 6H-SiC n-p-n HBT. Blocking the flow of

holes from the base to emitter witgh a higher energy barrier (4H-SiC has

higher bandgap) improves emitter efficiency. Higher doping of the base

(without sacrificing emitter efficiency) decreases base resistance and

improves frequency response. Larger bandgap increases the maximum

temperature of operation. (b) Schematic energy-band diagram of 4H-SiC/

6H-SiC n-p-n HBT.

4H-SiC 6H-SiC

6H-SiC3.23 (3.27*) eV 3.0 (3.17*) eV

Metal contact

Metal contact

n-type 6H-SiC Collector

p-type 6H-SiC Base

n-type 4H-SiC Emitter

Metal contact
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vacuum (UHV) should be possible. Torvik et al. [6] experimentally demonstrated wafer

bonding of SiC at temperatures above 1000ºC.

In the present study, we investigated the microstructure of the bonded interface

and the influence of temperature and wafer orientation on the quality of the bonding and

electrical junction.

4.2 Experiments

In all bonding experiments, on-axis Si-face (0001) SiC wafers (either 6H or 4H-

SiC) obtained from Cree, Inc., were used. SiC wafers were n-type doped to a level of

~3·1018 cm-3 (in case of 6H-SiC) or to a level of ~1.5·1018 cm-3 (in case of 4H-SiC).

4.2.1 Atomic force microscopy and optical interferometry

The RMS surface roughness of as received SiC wafers was measured by atomic

force microscopy (AFM) using a Digital Instruments D3000 microscope. These

measurements revealed RMS surface roughness of ~2 nm, which is higher than the 0.5

nm limit required for room temperature bonding (see Chapter 1). Figure 4.2 shows

topography of a typical SiC surface. Dark lines in the image correspond to polishing

scratches.

Macroscopic surface roughness (waviness) of SiC wafers was studied on the Zygo

GPI XP Laser Interferometer. The observed surface profile (see an example in Figure

4.3) varied with samples, although, the value for the peak-to-valley waviness was

consistently 5-7 µm for our 12x22 mm2 samples, which is comparable to the 3-6 µm

value found in similarly sized Si samples (see Figure 3.4). This level of macroscopic
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flatness was found suitable for the well-established Si/Si (or Si/SiO2) wafer bonding and

thus was not expected to create any major obstacles to the bonding of SiC wafers.

Figure 4.2. AFM surface analysis of a SiC wafer shows polishing scratches. Estimated

RMS surface roughness is ~2 nm.

Figure 4.3. SiC surface analysis by Interferometry. Estimated long range waviness is 5-7

µm.
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4.2.2 Sample cleaning and XPS analysis

SiC samples were ultrasonically cleaned in BakerClean solution for 10 min, in

10% hydrofluoric acid for 10 min, in BakerClean solution for another 10 min, in

deionized water for 1-3 min, and were finally blow-dried with nitrogen. The final

cleaning procedure was performed in a UHV chamber with a base pressure ~10-9 Torr.

Inside this chamber, SiC samples were desorbed for several hours at 300-500ºC and for

60 minutes at 1100ºC. The chemical analysis of the sample surface was performed before

and after the cleaning procedure.

As-received SiC wafer surfaces were oxidized and had considerable carbon

contamination. Wet cleaning alone was able to remove carbon contamination but left SiC

surface hydrophilic (with a newly developed native oxide and several monolayers of

water). In-situ UHV desorption at 1100ºC removed the remaining oxide from the SiC

surface. Figure 4.4 displays XPS spectra taken of the SiC surface before and after

annealing in UHV. A comparison of the O1s core level spectra with the C1s or Si2p core

level spectra suggest a decrease of the surface oxygen level to less than 2%. The adopted

cleaning procedure also diminished the remaining carbon contamination. The C1s core

level from the SiC surface is shown in Figure 4.4 (c). A strong peak at ~283 eV

corresponds to the carbon-silicon bonding state; a small peak at ~285 eV, that

disappeared after the UHV cleaning, corresponds to the carbon surface contaminants.

4.2.3 Bonding process

Wafer bonding was performed under a uniaxial stress of 20 MPa for a period of

15 hours in a temperature range of 800ºC to 1100ºC. Figure 4.5 displays two
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(a)

(b) (c)

Figure 4.4. XPS of the SiC surface before and after UHV annealing: survey (a), O1s core

level (b), and C1s core level (c). The disappearance of O1s peak after the

cleaning confirmed the removal of the surface oxide. Disappearance of the

small shoulder of C1s peak at higher binding energies (which corresponds to

adventitious carbon) suggests reduction of carbon contamination.
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molybdenum sample-holders taken out of the chamber after the fusion process; the one at

the upper left contains a bonded SiC/SiC couple.

Structural properties and chemical composition of the bonded interface were

investigated using XTEM, while the electrical character of the interface was assessed by

I-V measurements.

Figure 4.5. SiC bonded to SiC (top left).

4.3 Results and discussion

4.3.1 Optical Microscopy

Transparency of SiC to the visible light makes it possible to observe unbonded

areas of the interface with the naked eye. Figure 4.6 (a), (b), and (c) show examples of
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specimens bonded at 800ºC, 950ºC, and 1100ºC, respectively. The bright areas in the

figures correspond to the portions of the specimens that were not bonded. As discussed in

Chapter 1, when the separation between the wafers in these areas exceeds half of the

wavelength of light, interference fringes (see Figure 4.6 (a)) appear. Small interface

voids, observed in Figure 4.6 (a) and Figure 4.6 (b) may be related to either interface

particles or polishing defects.

(a) (b) (c)

Figure 4.6. Optical images of 6H-SiC wafers bonded at 800ºC (a), 950ºC (b), and 1100ºC

(c). Light features correspond to areas that are not bonded.

Table 4.1 summarizes general observations of 6H-SiC/6H-SiC bonding

experiments in the temperature range between 650ºC and 1100ºC. Results reveal that at

20 MPa of applied stress, 6H-SiC wafers can be bonded at temperatures greater than

800ºC. Complete bonding over the whole area of the specimen was achieved at

temperatures above 950ºC. The ability of SiC wafers to bond did not significantly depend

on the mutual orientation of wafers. Since the roughness and coefficients of thermal

24 mm24 mm 24 mm



88

expansion of various SiC polytypes have very close values, we believe that the obtained

results are generally applicable to wafer bonding between different polytypes of SiC.

Figure 4.7 shows an optical image of 4H-SiC bonded to 6H-SiC at 1100ºC. As in

the case of 6H-SiC/ 6H-SiC, the bonded area covered almost 100% of the contact area.

Table 4.1 Summary of bonding results.

Bonding T [ºC] 650 800 950 1100

Bonded area [%] NO bonding Up to 80% Up to 100% Up to 100%

Figure 4.7. Optical images of 4H-SiC bonded to 6H-SiC at 1100ºC.

4.3.2 Transmission Electron Microscopy

Standard preparation techniques were used for XTEM samples: polishing to 40

µm, dimpling, and ion milling. A 200 kV field-emission transmission electron

24 mm
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microscope (JEOL 2010F) with an imaging filter (Gatan GIF) was used for TEM

analysis.

TEM images revealed the presence of an atomically abrupt interface between the

bonded wafers without any intermediate layer between them. This indicates that the

removal of SiO2 was sufficient and suggests that the employed wafer cleaning procedure

preserved the crystalline structure of the SiC surface. Figure 4.8 – 4.12 show high-

resolution images of SiC wafers bonded at 1100ºC. Occasionally, the interface contained

thin (up to 2 nm thick) amorphous regions (see e.g. Figure 4.12) of less than 200 nm in

length. These regions occupied less than 5% of the observed area and were not expected

to significantly influence the measured macroscopic characteristics of the junction.

 Wafers bonded with a twist about the z-axis relative to each other (in other words

with an azimuthal misalignment) represent an example of a twist boundary. A twist

boundary can be envisioned as a regular array of screw dislocations with Burger’s vectors

parallel to the plane of the boundary (see appendix 5.1 or refer to the book by W.T. Read

[7]). The lattice parameters of the wafers in the x-y plane and the angle of the twist

determine the spacing between the dislocations. Table 2 shows the distances between the

screw dislocations calculated for SiC wafers bonded with an azimuthal misalignment of

0.3º, 2º, 3º, and 5º.  The distance between dislocations was found to be in reasonable (for

a hexagonal system) agreement with the calculated values. For example, in case of 6H-

SiC/6H-SiC wafers bonded with an azimuthal twist of ~0.3º, the spacing between the

most strained areas (presumably projections of screw dislocations) was found to be 20–60

nm (see Figure 4.13 ) when observed in TEM along  the <11-20> direction, which is in

the agreement with the estimated value of ~30 nm.
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 (a)

(b)

Figure 4.8. HRTEM image of 6H-SiC bonded to 6H-SiC at 1100ºC (a). Relation of

crystal axes between these SiC wafers with a schematic of the lattice

structure (b).
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(a)

 

(b)

Figure 4.9. HRTEM image of 6H-SiC bonded to 6H-SiC at 1100ºC (a). Relation of

crystal axes between the SiC wafers with a schematic of the lattice structure

(b).
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(a)

(b)

Figure 4.10. HRTEM image of 6H-SiC bonded to 4H-SiC at 1100ºC (a). Relation of

crystal axes between these SiC wafers with a schematic of the lattice

structure (b).
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(a)

(b)

Figure 4.11. HRTEM image of 6H-SiC bonded to 4H-SiC at 1100ºC; 4H-SiC is ~ 2

degrees off the Zone Axis (a). Relation of crystal axes between the SiC

wafers with a schematic of the lattice structure (b).
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Figure 4.12. HRTEM image of the amorphous interlayer regions occasionally observed

at the bonded interface. This micrograph was obtained from 6H-SiC bonded

to 6H-SiC at 1100ºC.

Figure 4.13. TEM image of the strain field created at the bonded interface of a 6H-SiC/

6H-SiC sample due to the azimuthal twist of ∼ 0.3° between the wafers.

bonded
interface
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Table 4.2. Calculated spacing between screw dislocations as a function of the azimuth

misalignment between wafers in the bonded SiC pairs.

Twist angle between two bonded

SiC wafers

0.3º 1º 2º 3º 5º

Spacing between screw dislocations, [nm] 58.8 17.6 8.8 5.9 3.5

Distance between the projections of screw

dislocations on <11-20> plane, [nm]

29.4 8.8 4.4 3.0 1.8

As expected for the bonded interface, the two-beam images of the fused

specimens clearly indicated an absence of threading dislocations. These dislocations

would create a strain field that would appear as contrast fringes away from the interface.

The absence of the dislocations and planar defects emanating from the interface

was a bit surprising for the described high temperature bonding process. Several factors

might have helped to preserve the SiC crystalline quality. First, due to the similarity of

the coefficients of thermal expansion in 6H-SiC and 4H-SiC, thermal stress was

minimized. Second, the applied mechanical stress was normal to the slip plane for SiC

(basal plane). Lastly, SiC has high (nearly two times the processing temperature) melting

point and mechanical properties superior to those of Si and most of other semiconductor

materials.
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4.3.3  Electrical measurements

TEM studies revealed that wafer fusion enables the creation of heterointerfaces

using the commercially available SiC wafers without causing crystalline degradation.

However, to apply this method to device fabrication, evaluation of the electrical

properties of the bonded interfaces is needed.

Deposition of two 3x3 mm2 contact pads on each side of the bonded pair allowed

us to test the contact resistance before performing subsequent current-voltage (I-V)

measurements across the interface. The electron-beam deposited contacts (60 nm Ti, 80

nm Au) exhibited Ohmic behavior even without the high temperature annealing (see

Figure 4.14). This is due to not only the high doping level in SiC wafers but also due to a

high carrier recombination rate at the unpolished surface on the back-side of the wafers.

Figure 4.14. Typical I-V characteristics of the top (or bottom) contacts (Ti/Au) deposited

on the SiC surface.
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Electrical measurements across the bonded SiC wafers showed that an essential

requirement for low-resistance conduction across a directly fused interface is the proper

mutual azimuthal alignment of the wafers. This finding agrees well with the previous

studies of directly bonded III-V wafers [8 – 10], where strong influence of the wafer twist

on the interface resistance was also observed.

A Bruker AXS Inc. diffractometer equipped with an area detector and GADDS

software was used to precisely determine the angle between the bonded SiC wafers.

Figure 4.15 shows room temperature I-V characteristics of the bonded 6H-SiC/6H-SiC

specimens and its dependence on the twist between the wafers. A higher value of the

azimuthal misalignment generally leads to a higher value of interface resistance. One

Figure 4.15 I-V measurements across the bonded 6H-SiC/ 6H-SiC interface as a function

of azimuthal twist between the wafers. Even a misalignment as small as two

degrees noticeably influences the electrical properties of the junction.
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should note that the contact resistance was not subtracted from the I-V curves and the

major contribution to the overall resistance of the well-aligned samples (see e.g. curve 1)

comes from the contacts (compare Figure 4.15 and Figure 4.14).

The sensitivity of the interface resistance to the wafer alignment is generally

attributed to the change in the density of screw dislocations [8-11]. Unless the twist

between the bonded wafers exceeds 
  

360o

2n
 (for n-fold symmetry of the wafers), a higher

twist angle always corresponds to a higher density of screw dislocations (see Table 4.2 ).

The mechanisms of which screw (or misfit) dislocations degrade electrical

properties of the bonded interface are not yet completely understood. Laporte et al. [11]

has suggested that screw dislocations at the interface become electrically active because

of precipitation of impurities at their cores. Another research group has proposed that the

lattice distortion, the dislocation array, may create additional states within the band-gap

of the bonded materials [8]. These interface states capture carriers and constitute an

interface energy barrier. Another possible effect of misfit dislocations may arise from a

local change in donor (or acceptor) concentrations. For example, if nitrogen atoms in SiC

are gettered at dislocations the donor concentration in the interface region will decrease.

Since silicon vacancies in SiC act as acceptors and carbon vacancies as donors [12 - 14],

any disturbance of the stoichiometry introduced by dislocations will alter dopant

concentrations near the interface and thus will influence its electrical properties.

Preliminary electrical measurements were also performed across the bonded 6H-

SiC/4H-SiC wafers (see Figure 4.16). The smallest relative twist between the bonded

wafers was 1.6 degrees. As one can see from Figure 4.19, the junction shows a non-linear

I-V characteristic. Both the energy barrier at the interface due to the difference in the
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electron affinities of the two SiC polytypes (see Figure 4.17) and the network of screw

dislocations are believed to be the primary contributors to the observed behavior.

Figure 4.16. I-V measurements across the bonded 6H-SiC/ 4H-SiC interface. A positive

potential was applied to 6H-SiC.

Figure 4.17. Schematic band diagram of a 4H-SiC/ 6H-SiC n-n junction.

4H-SiC
6H-SiC

3.23 (3.27*) eV 3.0 (3.17*) eV
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4.4 Summary

SiC wafers with an RMS roughness of 2 nm were successfully bonded at

temperatures as low as 800ºC. Cross-section transmission electron microscopy (XTEM)

of specimens bonded at 1100ºC revealed an atomically abrupt interface between the

bonded wafers with no intermediate layer. The bonded SiC retained its high crystalline

quality; no extended defects emanating from the interface were observed within the

sampling region. Electrical measurements showed that the azimuthal orientation of the

bonded couple significantly influences the electrical character of the junction. Low

resistance ohmic junctions can be created by high temperature fusion of aligned 6H-

SiC/6H-SiC wafers.
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5 Appendix: Twist boundary.

A twist boundary can be envisioned as a regular array of screw dislocations with

Burger’s vectors parallel to the plane of the boundary. Figure 5.1 (a) shows a classical

image of a slip that produces a screw dislocation where AD is the dislocation core. Figure

5.1 (b) shows the arrangement of atoms near the dislocation core. Here and in the next

figure, the open circles represent an atomic plane above the slip plane and the solid

circles represent an atomic plane below the slip plane. An illustration of how a grid of

screw dislocations forms during a twist between the two bonded wafers with a cubic

symmetry is shown in Figure 5.2. The wafers are joined continuously however, the

interface contains screw dislocations, where the atoms undergo graduate displacement

caused by the twist. Figure 5.3 shows a schematic of a 5º twist boundary between two

(0001) SiC wafers (which have a 6-fold symmetry). The lattice parameters of the wafers

in the x-y plane and the angle of the twist determine the spacing between the dislocations.

In the given case, the distance between the dislocations in each set is ~3.5 nm.

Note that for large twist angles, the twist boundary may no longer be presented as

an array of screw dislocations as the area of coherent interface nearly disappears. In this

case one can describe this interface as a complex array of misfit dislocations.
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(a)

(b)

Figure 5.1. A slip, producing a screw dislocation (a). Arrangement of atoms around a

screw dislocation; open circles are the atoms above the slip plane, closed

circles are the atoms bellow the slip plane (b).
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Figure 5.2. A twist boundary between two cubic wafers. The boundary is parallel to the

plane of the figure. Open circles are the atoms above the twist boundary;

closed circles are the atoms bellow the twist boundary. The wafers are joined

together coherently, except for the two sets of screw dislocations, which form

a crossed grid.
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Figure 5.3. Schematic of screw dislocation formation at the interface of SiC wafers

bonded with an azimuthal misalignment (twist) of 5º.


