
 

 

 

 

 

 

 

 

 

©2015 

Voshadhi Pansilu Amarasinghe 

ALL RIGHTS RESERVED 

 

 

 

 

 

 

 

 



 

SINGLE CRYSTALLINE SILICON CARBIDE THIN FILM 

EXFOLIATION FOR POWER DEVICE APPLICATIONS 

by 

VOSHADHI PANSILU AMARASINGHE 

A Dissertation submitted to the 

Graduate School-New Brunswick 

Rutgers, The State University of New Jersey 

in partial fulfillment of the requirements 

for the degree of 

Doctor of Philosophy 

Graduate Program in Chemistry and Chemical Biology 

Written under the direction of 

Prof. Jing Li 

and approved by 

________________________ 

________________________ 

________________________ 

________________________ 

________________________ 

New Brunswick, New Jersey 

October 2015 

 

 



 

 ii  

ABSTRACT OF THE DISSERTATION  

SINGLE CRYSTALLINE SILICON CARBIDE THIN FILM 

EXFOLIATION FOR POWER DEVICE APPLICATIONS 

By VOSHADHI PANSILU AMARASINGHE 

 

Dissertation Director: 

Prof. Jing Li 

 

Silicon carbide (SiC) is a wide-band gap material used in high power and high 

current electronic applications because of its high thermal conductivity and high 

breakdown field. Currently SiC is gaining a lot of attention because of the improvements 

seen in the SiC-MOSFET and SiC applications in the energy industry.  It is of great 

scientific and practical importance to integrate SiC with digital and analog circuits built 

on Si because it will give more flexibility for device engineers to come up with circuits 

with low power loss and faster communication between components. One such way of 

integrating SiC with Si is by transferring thin-films of SiC to Si or other process 

compatible substrates such as polycrystalline SiC, sapphire and low grade bulk SiC.     

        In this project, hydrogen ion (H
+
) implantation assisted exfoliation of single 

crystalline SiC was used transfer 1 to 5 µm thick films to various handle substrates. 

Optimum conditions for exfoliation and layer transfer were studied extensively. Once the 

layer transfer was successful surface quality was studied using AFM and chemical 

etching was used to flatten the post-exfoliation surface. Finally MOS-capacitors and 
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MOSFETs were fabricated on the transferred films and electrical quality of the 

transferred films was studied.  
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Chapter 1  

INTRODUCTION  

1.1. Silicon Carbide 

Since the introduction of Silicon (Si) electronics in the early 1950s there was no other 

semiconductor material capable of offering equally low defect densities, long minority 

carrier life times, excellent semiconductor-dielectric interfaces and doping control
1
. For 

these reasons electronics industry turned to Si as the material of choice
2
. But with the 

increase of demand for less conventional electronic applications such as light emitting 

diodes (LEDs) and high power transistors, other semiconductors gained prominence in 

niche applications
2,3

. Materials such as gallium arsenide (GaAs) have shown better 

performance in light-emission compared to Si, which is limited by its indirect bandgap
4
. 

Silicon carbide and gallium nitride became the materials of choice for high power 

applications because of their large band gaps and high electric breakdown fields
5
.  

                   

Figure 1.1: Tetrahedral Si-C building unit of SiC (Red: Si Blue: C) 

 



2 
 

 

                                           

 

Figure 1.2: Atomic layer stacking sequences for 4H-SiC
6
 and 6H-SiC

7
 (Red: Si Blue: C) 

 

Silicon carbide (SiC) is a wide bandgap semiconductor consisting of silicon (Si) and 

carbon (C) with a Si-C bond length of 1.89 Å. There are nearly 150 reported crystalline 

forms of SiC called polytypes, but only a handful of them are in use for electrical device 

and micro mechanical device (MEMS) applications because of their superior electrical 

properties and economically viable crystal growth advancements
3
. All of these polytypes 

consist of the same Si-C tetrahedral building block where each Si is bonded to four 

neighboring C atoms (Figure 1.1); and the main difference between all of the polytypes is 

that; they all have different Si-C bi-layer stacking sequences in the unit cell. Figure 1.2 

illustrates the structural difference between the two most technologically important 

polytypes of SiC; 4H-SiC and 6H-SiC used for electrical and micro mechanical device 

applications (H refers to hexagonal)
3
. Synthesis of each polytype is controlled by their 

temperature stability during the crystal growth process; for an example 3C-SiC (C refers 

to cubic) is known as a polytype stable in low temperatures and, 4H and 6H are known to 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

C 

D 

A 

B  

A 

B 

C 

D 

E 

F 

c 

a 

 

R
e
p

e
a
tin

g
 u

n
it  

4H-SiC 6H-SiC 

 

R
e
p

e
a
ti
n

g
 u

n
it
  



3 
 

 

form at high synthesis temperature (Ó 1800° C). Because of their differences in the 

crystal structures all of these polytypes show unique electrical and optical properties. 

Table 1.1 summarizes the properties of above mentioned common polytypes and 

compares them to the properties of Si, GaAs and 2H-GaN
3
. 

 

Table 1.1: Comparison of electronic properties of major SiC polytypes and other 

common semiconductor materials such as Si, GaAs and GaN at 300 K
3
 

Property Si GaAs 4H-SiC 6H-SiC 3C-SiC 2H-GaN 

Bandgap (eV) 1.1 1.42 3.2 3.0 2.3 3.4 

Relative dielectric 

constant 

11.9 13.1 9.7 9.7 9.7 9.5 

Breakdown field at 

ND = 10
17

 cm
-3

 (MVcm
-

1
) 

0.6 0.6 Ɛc-axis 

3.0 

Ɛc-axis 

3.2 

>1.5 2-3 

Thermal conductivity 

(W cm
-1

 K
-1

) 

1.5 0.5 3-5 3-5 3-5 1.3 

Intrinsic carrier conc.  

(cm
-3

) 

10
10

 1.8x10
6
 ~10

-7
 ~10

-5
 ~10 ~10

-10
 

Electron mobility  

ND = 10
16

 cm
-3

 (cm
2
V

-

1
S

-1
) 

1200 6500 Ɛc-axis 

800 

Ɛc-axis 

60 

750 900 

Hole mobility 

NA = 10
16

 cm
-3

 (cm
2
V

-

1
S

-1
) 

420 320 115 90 40 200 

Standard commercial 

wafer diameter (cm) 

30 15 15 15 15 None 

(only epi) 
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Because of the high bandgap and the high breakdown field; SiC can be used in a variety 

of device applications in high temperature, high voltage and power, and high-frequency 

conditions where other semiconductors under perform
2,8

. Under these operating 

conditions SiC devices offer better energy efficiency due to the higher carrier saturation 

velocity and thermal conductivity
9
. Similar to Si, SiC is the only other semiconductor 

material where thermal SiO2 can be grown.  Because of this unique property, the 

integration of SiC device fabrication to Si process is far more viable compared to other 

semiconductor materials. It should be also noted that the controlled n-type and p-type 

doping can be done during crystal growth and selective doping of both acceptor and 

donor impurities can be carried out using ion implantation.  

        Other than its device applications, SiC is also used as a template substrate for the 

growth of epitaxial gallium nitride (GaN) which is used in light-emitting diode 

technology and for graphene which is a novel semiconductor material
10

. Because of the 

minimal lattice mismatch between GaN and SiC, large area epitaxial single crystalline 

GaN films on SiC have better crystalline quality than those grown on less expensive 

sapphire. Another advantage of growing GaN on SiC is that SiC substrates provide better 

thermal performance due to the high thermal conductivity of SiC compared to sapphire
11

.  

        Even though SiC is a very promising material for a variety of device applications, 

SiC crystal growth for large wafer production is still in its infancy
12

. Without precise 

control of synthesis conditions, polytype mixing affects the crystal growth process; for 

example presence of 3C-SiC and 15R-SiC in 4H-SiC can be caused by changes in 

temperature during the crystal growth. Since low-defect SiC crystal boules grow very 

slowly and at temperatures exceeding 2000° C, the price of a SiC wafer is nearly 100 
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times higher compared to Si
3
. Even then the wafer size is typically limited to 6 inches 

compared to common and cost effective 8 and 12 inch Si wafers in the market. During 

the past decade SiC wafer technology has immensely improved and the current 

commercial wafers have reached crystalline perfection with almost zero defects
2
.  

        In the device aspect the most challenging problem in fabricating the SiC metal-

oxide-semiconductor field-effect transistor (MOSFET) is the semiconductor-oxide 

interface quality and the inversion layer mobility
13

. This results in an undesirably high 

series resistance in the on-state of the MOSFET
9
. Silicon carbide requires very high 

processing temperatures such as 1150° C for thermal oxidation and, 1500-1600° C for 

dopant activation and epitaxial growth; at these high temperatures the surface atomic 

structure becomes non-stoichiometric due to the loss of C atoms from the semiconductor-

oxide interface leading to formation of dangling bonds causing the semiconductor-oxide 

interface to degrade
14

. Recent developments in the SiC MOS technology have introduced 

processing techniques that minimize the density of dangling bonds in the oxide 

interface
15

. Out of the numerous solutions, the most important techniques are post-

oxidation nitric oxide (NO) passivation
9,16-18

 and incorporation of phosphorus into SiO2 

by creating phosphosilicate glass (PSG) gate oxide
19,20

. But the reliability of the devices 

made using these processes has been problematic, especially in the case of the PSG 

process which undergoes severe degradation due to its high moisture sensitivity
19

. In 

2011 Cree, the leading producer of 4H-SiC wafers in the US, launched the first 

commercial MOSFETs based on NO passivation. This indicates that reliability of the 

devices is improving and the industry is starting to show faith in the SiC commercial 

viability.  
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1.2. Ion Implantation assisted exfoliation of single crystalline materials 

1.2.1. Silicon-on-insulator (SOI) technology 

The concept of monolithic integration was first demonstrated separately by Noyce at 

Fairchild Semiconductor
21

 and by Kilby at Texas Instruments
22

, showing that transistors 

could be fabricated on the same Si chip by isolating neighboring devices from each other 

using reverse biased p-n junctions. Due to the limitations created by the extra 

capacitance, reduced density of transistors and leakage currents at high temperatures; 

junction isolation was abandoned as method of achieving monolithic integration. Silicon-

on-insulator (SOI) was developed as a method to fabricate monolithic circuits by using 

dielectric materials for isolation. Since its inception SOI technology has grown rapidly 

with various applications in the ultra-large scale integration (ULSI) electronics
23

.  

        SOI structures consist of a thin film of single crystalline Si separated by a layer of 

silicon dioxide (SiO2) from the bulk substrates. Since itôs very difficult to deposit high 

quality single crystalline material without a matching crystalline lattice template below it, 

methods relying on thin film deposition on SiO2 had limited industrial applications. The 

most important methods for forming SOI today are based on ion implantation. The 

method developed first in 1980s and known as SIMOX, uses oxygen ion implantation to 

synthesize a layer of SiO2 under a thin single crystalline Si film
23

. The second method, 

developed in early 1990s relies on direct wafer bonding, where one wafer is used as a 

donor and the other wafer is used as the handle substrate
24, 25

. The donor wafer is 

implanted with hydrogen ions creating a clean and uniform damage layer at a depth that 

is a function of the implantation energy used. A thin single crystalline film above the 

damage zone can be separated (exfoliated) by thermal annealing at relatively high 
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temperatures (400-600° C)
26, 27

. To obtain a SOI (silicon-on-insulator) structure, after the 

ion implantation the donor wafer is bonded to a handle wafer and the sandwich structure 

is then heated to create layer splitting.  This process is known as the Smart Cut
TM

 in the 

semiconductor industry and it is the most common and reliable method of forming SOI 

structures used today. Figure 1.3 a) and b) illustrates the process flows of forming the 

above mentioned two types of SOI structures. Hydrogen ion implantation was first 

developed by LETI and it was later commercialized by SOITEC
23

. Since the first 

demonstration of film transfer on Si, hydrogen ion implantation assisted exfoliation was 

also demonstrated on other materials such as InP, GaAs, Ge and SiC
28, 29

. 

        SOI structures have many advantages over using just single crystalline wafers; the 

initial interest in SOI was its increased radiation hardness, since the buried oxide can be 

used as a barrier to stop alpha particles from surging the current due to ionization
23

. But 

more in the recent time the main advantage of SOI structures has been attributed to its 

device performance due to low parasitic capacitance. This result in faster chips on SOI 

compared to chips built on bulk Si. This also led to lower power consumption for SOI 

chips due to low operating voltages compared to bulk Si based chips
23

.  

[Since this thesis work is based on the wafer-bonding assisted exfoliation more details 

about the process are explained in the following sections.] 
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Figure 1.3: a) Separation by implanted oxygen (SIMOX)
23

                                               

b) Hydrogen ion implantation assisted Si film exfoliation (Smart Cut
TM

) 

 

 

 

 

a) 

b) 
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1.2.2. Ion implantation
30

  

Ion implantation in semiconductor fabrication is the process of introducing dopants into 

semiconductors by using an electric field to accelerate and impact the desired ionized 

dopants into target materials
31

. These high energy ions lose their energy through 

collisions with electrons and nuclei in the semiconductor material and then come to rest 

within the semiconductor crystal lattice
30

. The average stopping distance can be 

controlled by changing the electric field. Figure 1.4 illustrates the Tr ansport of Ions in 

Matter (TRIM)
32

 simulation for the distribution of 100 keV H implanted into Si and SiC; 

the implantation peak distribution is controlled by the mass and the energy of the 

implanted ions and target material density. Ion implantation energy can be between 1 keV 

to 1 MeV with corresponding average implantation depths ranging from 10 nm to 10 µm. 

Usually the implantation doses for hydrogen ion implantation assisted exfoliation ranges 

from 1×10
16

 cm
-2 

H
+ 

to
 
1×10

17
 cm

-2 
H

+
 where the dose is expressed in terms of number of 

ions implanted into 1 cm
2
.  

 

Figure 1.4: TRIM
32

 simulations of 100 keV hydrogen ions implanted into a) Si b) SiC 

b)  a) 

Longitudinal range     8576 Å 
Longitudinal straggle 826 Å   

Longitudinal range     5707 Å 
Longitudinal straggle 512 Å   
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Figure 1.5: Schematic of a medium-current ion implanter
30

. 

A schematic diagram of an ion implanter is shown in the figure 1.5. The ion source has 

heated filament to vaporize solid materials (ex: B, As) to source gases which are then 

ionized using an extractor voltage of ~40 keV. Once the chargers, are generated the ions 

are moved into a mass analyzer which uses a magnetic field to separate the ions by mass-

to-charge ratio. Then selected ions are moved into an acceleration chamber where the 

ions are accelerated to a desired implantation energy. Finally the ion beam is collimated 

and scanned over the sample using electrostatic deflection plates.  

        Once inside the semiconductor the ions collide with electrons and nuclei of the 

substrate (also known as the target). These collisions reduce the total energy of the 

implanted ions and once the energy reaches 0 keV the ions come to rest. This resting 

distance is called its range (R). The projection of this distance along a desired axis is 

called the projected range (Rp). Since the number of collisions encountered by every ion 

is random the spatial distribution of the ions with same mass and energy.  This statistical 

fluctuation in the projected range is called the projected straggle (ůp). The distribution of 

a certain dose S per unit area can be calculated using the Gaussian distribution function 

equation 1.1.  



11 
 

 

                        ὲὼ
Ѝ p

Ὡὼὴ
p

            (Equation 1.1) 

Two mechanisms contribute to stopping an ion. One is the transfer of the incoming ion 

energy to the target nuclei thus causing deflection of the incident ions and causing some 

of the target nuclei to be dislodged from their original sites. And the second stopping 

factor is the interaction of the incoming ions with the electron clouds of the target 

material. The implanted ions lose energy through Coulombic interactions while the 

energy lost is gained by the target material electrons. Then these electrons get excited to 

higher levels or ejected causing ionization of the target material atoms. Therefore by 

taking nuclear Sn(E) and electronic Se(E) stopping powers into account the total distance 

traveled by the ion can be calculated using equation 1.2 where E is the energy of the ion 

at any point along the path.  

                           Ὑ  ᷿ Ὠὼ  ᷿
n +e()

           (Equation 1.2) 

Where, R is the total distance traveled by the implanted ion and E0 is the initial energy of 

the ion.  

        According to figure 1.6 nuclear stopping process can be visualized as an elastic 

collision between an incoming hard sphere (with energy E0 and mass M1) and a target 

hard sphere (with zero initial energy and mass M2). Energy loss by the incoming ion is 

given by equation 3 where V1 and V2 are respective velocities of the two spheres after the 

collision.  
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Figure 1.6: Nuclear stopping approximation: collision of hard spheres
30

 

 

                                      ὓ2ὠ2  1 2

1  2

Ὁ0                                  (Equation 1.3) 

According to the equation 1.3 the nuclear stopping power increases linearly with 

implantation energy but detailed calculations show that the linear increase is only for low 

energies.  At high energies nuclear stopping power decreases because there is not enough 

time to transfer energy for implanted high velocity ions. Electronic stopping power Se(E) 

is found to be proportional to the velocity of the implanted ions. This is given by the 

following equation 1.4.  

                                      Ὓ Ὁ ὯЍὉ                                (Equation 1.4) 

The coefficient ke is a function of the atomic mass and the atomic number of the target 

atoms. Figure 1.7 shows the nuclear and electronic stopping power for As, P and B 

implanted into Si. According to figure 1.7 when the incident atomic mass decreases 

electronic stopping power overwhelms the total stopping mechanism. This observation 
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proves that smaller atoms such as hydrogen create more electronic defects (broken bonds) 

compared to displacement of host lattice atoms during implantation.   

 

 

Figure 1.7: Nuclear stopping power and electronic stopping power for As, P and B in Si. 

The intersection points in curves represent energies at which nuclear stopping power is 

equal to electronic stopping power
30

. 
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The implanted ion distribution also depends on the sample orientation with respect to the 

incoming ion beam. If a semiconductor crystal channel is oriented parallel to the 

incoming ion beam the ions can travel much further than the predicted projected ranges 

due to reduced nuclear and electronic stopping. Therefore it is important to have a 

blocking amorphous layer such as SiO2 on the surface or to intentionally misalign the 

semiconductor surface from the ion beam so there is no ion channeling occurring during 

implantation.  

1.2.3. Implantation induced damage  

As discussed in section 1.2.2 the implanted ions loss their energy due to nuclear and 

electronic collisions within the target semiconductor crystal before coming to a complete 

stop. During this process electronic stopping causes electron excitation and electron-hole 

pair generation while lattice displacement (also called lattice disorder) is caused by 

nuclear stopping. If the number of displaced atoms per unit volume approaches the 

atomic density, the target material reaches amorphization. The lattice disorder caused by 

a light atom is mainly caused by electronic collisions and is very different from that for 

heavy ions. Figure 1.8 illustrates the difference in lattice disorder caused by light and 

heavy implanted ions. Heavy atoms produce displaced host atoms by the large amount of 

energy transferred from nuclear stopping. A lighter atom with the same implantation 

energy transfers a small amount of energy during each collision and is deflected through 

a large scattering angle causing it to travel deeper into the target material. Since the 

transferred thin-film of SOI materials need to retain its crystalline integrity the least 

damaging implants are necessary, therefore in the case of SOI the most suitable 

implantation ions are H and He due to their low atomic weight.  
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In the next section more details on H and He induced defects will be discussed.  

 

Figure 1.8: Implantation induced damage in semiconductor materials
33
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1.2.4. Hydr ogen ion implantation induced layer splitting mechanism 

Ion implantation induced layer transfer was invented by M. Bruel
24,25

 and its physical 

mechanism was investigated by many authors. One of the early detailed studies of Si 

exfoliation was by Weldon et.al.
27

. Reviewing the splitting mechanisms of other 

semiconductor materials such as Ge (Ferain et al., 2010
34

) and III-V compounds (Hayashi 

et al., 2006
35

) show that the Si mechanism can be transposed to other materials because 

the exfoliation mechanism can be summed up as defect induced bond breaking of the host 

crystal. In the following section a detailed discussion of the current understanding of 

hydrogen ion assisted exfoliation of Si is discussed.   

        The key to the implantation assisted exfoliation is the point defects created during 

the ion implantation process that subsequently agglomerate into platelets filled with 

hydrogen gas during the post-implantation thermal annealing process (figure 1.9)
36

. 

Further thermal annealing of the implanted region increases the amount of hydrogen 

inside the platelets causing them to form blisters on the surface so that the strain in the 

implanted region can be elastically relaxed
36

. If the implanted wafer is bonded to a handle 

substrate (stiffener) the relaxation via blisters is no longer allowed, this results in lateral 

splitting of the implanted region as illustrated in the figure 1.3a. Weldon et al.
27

 showed 

that the blister formation process can be summarized into the following five steps based 

on infrared spectroscopy and transmission electron microscopy studies:  
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1. Formation of hydrogenated point defects and vacancies near the implanted region. 

During this step H atoms cause the formation of Si-H bonds and form extensive 

voids called platelets measuring between 50-100 Å.  

2. Upon annealing the defective structure collapses and releases the H atoms 

forming H2. This process leads to agglomeration of the platelet regions causing 

the platelets to be filled with H2 gas.  

3. Then the Si-H defect inside platelets rearrange producing an internal H terminated 

(100) and (111) Si surfaces.  

4. Remaining H in the damage region generate more H2 gas inside the platelets 

creating microcracks and increasing the internal pressure.  

5. Finally these microcracks grow to macroscopic scale and form blisters on the 

surface for samples without handle wafers to strain the film. In the case of bonded 

samples the voids grow parallel to the surface and complete layer splitting occurs.  

 

Diffusion of hydrogen inside the crystal can be seen using infrared spectroscopy, which 

suggests that the interaction of hydrogen within the Si lattice is chemical in nature. Figure 

1.10 illustrates the unique stretching modes created by the Si-H bond for different anneal 

temperatures. These stretching modes can be assigned to two specific classes of defects, 

which are: isolated point defects of the type VxHy (V is used to denote Si vacancy x = 1 

or 2 and y = 1 to 4) and multivacancy defects with x = 3 or 4 and y = 1 (this defect is 

commonly seen in amorphous Si). It was found that isolated point defects were not dose 

dependent while multivacancy signature increased with the hydrogen concentration. This 

suggests that point defects are the first to form and further loading of hydrogen from 



18 
 

 

implantation increases the amount of multi-vacancies resulting in amorphization of the 

implanted region
27

. During the thermal anneal process the hydrogen diffusion leads to 

formation of Si-H bonds (Note: HðH bond is not visible in IR spectroscopy); which 

gives rise to the increase of 2161 cm
-1

 and 2182 cm
-1

 bands corresponding to the Si-H 

bond. And finally increasing the anneal temperature to 650° C left the sample only with 

Si-H on newly formed Si (100) surface along the damage plane. This result was further 

proved using TEM data (figure 1.9), where the as implanted TEM cross section showed 

amorphization and the annealed sample showed the signs of 50-100 Å in length platelet 

formation along the Si (100) plane. The rationale being, the damaged region consists of 

more point defects and some platelets; when the sample is annealed the agglomeration of 

hydrogen defects form micro cracks along the Si (100) plane and the density of Si-H 

significantly increases.   
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Figure 1.9: Cross-sectional TEM images of Si(100) implanted with 1×10
17

 cm
-2

  H
+
        

a) Room temperature implantation: damaged area caused by ion implantation                  

b) Annealing the sample at 475° C: micro-cracks formed during anneal
27
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Figure 1.10: Infrared spectrum of Si-H stretching modes of hydrogen implanted Si for the 

implantation dose 6×10
16

 cm
-2

 H
+
 (i) As implanted (ii) 300° C (iii) 425° C (iv) 500° C  

(v) 550° C (vi) 650° C
27
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1.2.5. Activation energy for the hydrgen ion implantation induced layer splitting  

Activation energy (Ea) for the layer splitting process can be calculated by plotting the 

time taken to observe splitting vs. the corresponding anneal temperature (Arrhenius plot: 

further details about this calculation can be found in chapter 2). By comparing the time vs 

1000/T (T: temperature) curve for observing first blisters for a given temperature and 

same curve for full exfoliation suggests that the activation energies for the two processes 

are the same (figure 1.11), which suggests that the same atomic level mechanism is 

involved in both processes. This observation can be further asserted by comparing the 

activation energies of dissimilar materials with different crystalline properties. Figure 

1.12 illustrates the activation energies for diamond, SiC, Si and Ge. By comparing the 

densities and bond energies in these materials it is possible to conclude that platelet 

formation for high density material is difficult and need a higher thermal budget to 

achieve the micro-crack formation
44

.  

        The physical meaning of the activation energy is still under debate, earlier work by 

Tong et al. suggested that the rate limiting step is due to the breaking of the host lattice 

bonds at the edge of expanding micro-cracks
28

, but later work by Bruel et al
37

. showed 

that the activation energy of Si layer transfer was related to the algebraic sum of the 

diffusion energy barrier (0.48 eV) and the Si-H bond energy (1.8 eV) below 550° C and 

pure diffusion alone at temperatures above 550° C.  
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Figure 1.11: Anneal time vs 1000/T plots for complete layer splitting and first blister 

formation
28

. 

 

Figure 1.12: Anneal time vs 1000/T plots for different materials
28

. 
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1.2.6. Semiconductor wafer bonding 

Annealing an implanted wafer without bonding to a handle wafer will give rise to buildup 

of hydrogen gas inside the micro-platelets leading to blister formation. With further 

annealing these blisters will burst open leaving just flakes of exfoliated film. With the 

reinforcement of the implanted wafer with a handle wafer, the cracks will grow laterally 

throughout the whole wafer enabling full wafer area exfoliation (fig 1.13). Wafer bonding 

is the process used to connect the two wafers together so that full wafer exfoliation is 

possible and the exfoliated film can be handled without breaking
29

.  

  

Figure 1.13: Schematic illustration of a) the blistering step and b) the mechanical action 

of the handle wafer that leads to the lateral propagation of the cracks
27
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When mirror polished, flat and clean wafers of any material are brought into contact at 

room temperature van der Waals forces on the two surfaces attract and the two wafers 

can be bonded to each other without any external force; this process is known as wafer 

bonding. Initial wafer bonding applications for SOI fabrication involved bonding two 

regular wafers without implantation and mechanical thinning of one wafer to the required 

thickness
23
. In the early 1990s Bruelôs patent

25
 introduced the concept of bonding one 

wafer with hydrogen ion implantation and other as the handle substrate, and this method 

was later commercialized as the SmartCut
TM

 method
23

. Wafer bonding technology 

enabled scientists and engineers to fabricate single-crystalline layers on a variety of 

substrates such as amorphous, poly-crystalline or single crystalline with a large lattice 

mismatch and such structures cannot be fabricated by any other means such as epitaxial 

growth
38

.  

        Depending on the chemistries of the bonding surfaces wafer bonding can be divided 

into two main categories, they are (i) Hydrophilic bonding: the two bonding surfaces 

have an oxide layer which is saturated with OH groupsô (ii) Hydrophobic bonding: the 

two bonding surfaces are Si-H terminated: this can only be done under UHV conditions 

so that trapped water molecules do not oxidize the bonded interface
29

. The method of 

wafer bonding used depends on final application of the bonded structure. For example 

when the top crystalline layer needs to have good thermal contact with the bottom 

substrate, oxide free hydrophobic bonding is done under UHV conditions. During the 

SOI fabrication process almost always hydrophilic bonding is used as the bonding 

method because an oxide interface is necessary to obtain the SOI structure (insulator such 

as SiO2 is essential to isolate the top crystalline film from the bulk). 
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The first step in the wafer bonding process is to obtain clean surface, since without a 

clean surface trapped particles in the interface would produce unbonded areas which will 

later form holes on the transferred films. In order to clean the sample from organic, 

inorganic and particulate contaminates a series of chemical cleaning steps is involved 

(Explained in detail in chapter 3). Once the cleaning is done the wafers are brought 

together in a clean environment to achieve bonding.  Soon after bonding the wafer 

interface only consists of weak hydrogen or van der Waals bonds. In the case of Si the 

bond strength is around 150 mJ/m
2
, and in order to strengthen the interface and to make 

sure that the two wafers do not separate during the device processing the bonded wafers 

are annealed at a higher temperature (> 600° C for Si) to convert the weak bonding 

between the two surfaces to much stronger covalent bonds
39

. This interface conversion 

increases the bond energy significantly, for Si the post anneal bond strength is around 

2000 mJ/m
2
.  

        According to the IR studies done by Weldon et al. the spectra showed the presence 

of Si-O, Si-H and O-H stretching signals for hydrophillically bonded samples. The 

suggested bonding model consists of 3-5 monolayers of water trapped between the two 

wafers (figure 1.14). During the heating process (from room temperature to 300° C) 

about 75% of this water is lost by diffusion and some of this water contributes to 

formation of about ~4 Å of additional SiO2 on the Si/SiO2 interface. Upon further heating 

(above 600° C) the remaining water diffuses away from the bond interface leaving 

opposing -OH groups of the two surfaces to react and form Si-O-Si bonds (stronger 

covalent bonds). At temperatures above 1100° C complete closure of the interface occur 

by combining the reaming OH groups.   
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Oxidation of bulk Si                    Si/SiO2 + H2O         SiOx/SiO2 + H2 

Covalent bond formation             Si-OH + HO-Si         Si-O-Si + H2O 

 

 

 

Figure 1.14: Schematic illustration of water mediated hydrophilic bonding structure 

between two oxidized Si surfaces
29

. 

 

 

 

 



27 
 

 

The bonding energy between the two surfaces can be further increased by using surface 

activation processes such as oxygen plasma exposure. Kissinger et al
40

 found that, 

surface activation using oxygen plasma can also reduce the post bonding anneal 

temperature (for O2 plasma activated Si, 300° C post bonding anneal will give the 

bonding energy equivalent to 600° C without plasma). The exact mechanism for the 

plasma induced increase in bonding efficiency is still under debate but the general 

consensus is that O2 radicals created in the oxygen plasma increase the bonding sites by 

breaking Si-O-Si bonds and producing more hydroxyl groups. This theory is further 

supported by the fact that the hydrophilicity of the surface is retained several days after 

plasma exposure while chemically enhanced hydrophilicity by increasing OH groups 

decreased after serval hours
40

.   
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1.2.7. Post exfoliation layer quality  

Electrical and physical properties of transferred film depend on the crystalline quality and 

the surface roughness. During ion implantation host lattice bonds break due to point 

defect formation and make the crystal more amorphous. Furthermore, during the post 

implantation anneal process (exfoliation) the above mentioned defects causes micro-

platelet formation along the Si (100) face (figure 1.15). In order to recover the crystalline 

film back to its original state further thermal anneals are necessary. In the modern SOI 

process surface roughness is reduced using sacrificial oxidation and H2 anneals where the 

Si surface atoms rearrange to form a chemically stable flat surface. Further roughness 

reduction can also achieved using chemical-mechanical polishing (CMP) where chemical 

etching is used in conjunction with external mechanical pressure to remove the hills and 

valleys formed during splitting.  

        The only way to improve the quality of the transferred film is to anneal the film after 

exfoliation so that the broken bonds will be annealed out, but other methods such as 

controlling the implantation conditions such as dose and temperature have also been 

explored.  

 



29 
 

 

 

Figure 1.15: Cross-sectional TEM of ion implanted Si with micro-platelets                

along the Si (100) plane
45

. 

 

 

 

 

 

 

 

 

 

 

 

 




























































































































































































































