
 

ABSTRACT 
 

LEE, JAESEOB. Direct Bonding of Gallium Nitride to Silicon Carbide: Physical, and 

Electrical Characterization. (Under the direction of Professor Robert J. Nemanich). 

 

The direct bonding method is applied to the GaN/SiC system, and the processing 

conditions for successful direct bonding are clarified. Direct bonding of GaN/SiC is 

achieved at 900oC. The direct bonding of GaN to Si-face SiC is very dependent on the 

choice of chemical treatments, but the bonding of GaN to C-face SiC is less dependent on 

surface preparation. If a native oxide is present when the bonded interface is prepared, the 

current through the interface is decreased, which is attributed to an energy barrier due to 

the presence of charged interface states. TEM images indicate 10nm spaced dislocations 

at the interface for the GaN/SiC (Si-face), and ~6nm for the GaN/SiC (C-face), which 

form to accommodate the lattice mismatch (3.4%) and twist (1~2o) and tilt misfit (0.2o for 

Si-face SiC and 3o for C-face SiC). In some regions (~30%) an amorphous oxide layer 

forms at the interface, which is attributed to inadequate surface preparation prior to 

bonding. The strain of the GaN film with a Ga/C interface was ~0.1%, tensile strain, and 

that of GaN with a Ga/Si interface was ~0.2%, tensile strain. Our analysis indicates that 

the GaN/SiC thermal misfit dominates the strain of the GaN after bonding. The electrical 

characteristics of n-p GaN/SiC heterojunctions display diode ideality factors, saturation 

currents, energy barrier heights, and band offsets of 1.5 ± 0.1, 10-13 A/cm2, 0.75 ± 0.10 

eV, and ∆EC= 0.87 ± 0.10 eV for the Ga/Si interface and 1.2 ± 0.1, 10-16A/cm2, 0.56 ± 

0.10 eV, and ∆EC= 0.46 ± 0.10 eV for the Ga/C interface.  
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1.1 Introduction 

Since the direct bonding (DB) method was proposed as a promising process for 

integrating lattice-mismatched materials, there have been many studies that explored the 

bonding mechanisms and its application in electronic devices with III-V materials. 

Particularly, direct bonding research has focused on the In-Ga-As-P materials system for 

applications in optoelectronic devices. In addition, since research of GaN materials and 

devices has increased dramatically there is an important need for direct bonding of GaN-

based devices,. In this introduction chapter the applicability of direct bonding in GaN-

based electronic devices is surveyed. 

First, the historical background and fundamental studies in direct bonding of III-V 

semiconductor are presented. Then in section 1.3, the applications in the optoelectronic 

devices are described. In sections 1.4 and 1.5 the limitation of GaN-based devices due to 

defects and the advantages of the direct bonding method are discussed. In the final 

section, 1.6, polarity effects are described.  

 

1.2 Direct bonding of III-V semiconductors 

Okuno, et al.1 and Ram, et al.2 have introduced the application of the direct 

bonding method into III-V semiconductors. Epitaxial growth techniques such as metal-

organic chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE) have 

given device designers precise control over heterostructure thickness and material 

composition. However, the freedom to combine materials of vastly different lattice 

constants is often restricted by the thermodynamics of the growth process. Transferring 

mismatched epilayers that are already in the solid phase provides a promising alternative 
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to conventional device fabrication. This solid phase epitaxial transfer has generally been 

referred to as direct wafer bonding. The direct wafer bonding technique (or referred as 

“bonding by atomic rearrangement” or “wafer fusion”) promises to become a powerful 

new tool for such integration. This technique combines two wafers by placing their 

mirror surfaces face to face without any glue, then heating them to cause an interaction 

such as dehydration or atomic migration between the surfaces. In direct wafer bonding, 

epitaxial layers are grown on a lattice-matched (source) substrate and then grafted onto a 

mismatched (target) substrate. Fig. 1.1 summarizes the wafer bonding process. 

There are various wafer bonding methods corresponding to the mechanism for 

attaching the grown epilayers to the target substrate. Silicon wafer bonding techniques 

utilize covalent bond formation between silicon oxide layers on the target and source 

substrates. Epitaxial lift-off utilizes van der Waals bonding between the target and source 

and usually involves the formation of a native oxide at the bonded interface. Since van 

der Waals bonds can form at low temperatures this technique offers compatibility with 

many existing device processes. Silicon nitride bonding provides an alternative low 

temperature process that involves hydrogen bond formation between the hydrophilic 

nitride surfaces of the source and target substrates. Because, all of these techniques 

involve the introduction of a dielectric between the two semiconductors of attachment, 

thermal and electrical conductivities will not be as high as for epitaxially grown samples. 

High thermal and electrical interface conductivities can be obtained by using Pd metal 

instead of oxide or nitride as the interface material. Unfortunately, optical absorption and 

scattering from the Pd layer are too great for most devices, e.g., surface emitting lasers 

that require a bonded interface within the optical cavity. In contrast to the other methods 
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of wafer bonding, the technique referred to originally as wafer fusion and later as 

bonding by atomic rearrangement requires no foreign material at the interface for 

bonding to occur. The fused interface is therefore most similar to a conventionally grown 

lattice-matched heterointerface. The wafers are joined by stable covalent bonding of the 

atoms on either side of the interface. Since fusion does not require any foreign materials, 

the electrical and optical quality of the fused interface is high.2 

This technique has primarily been studied as a tool to fabricate silicon-on-

insulator (SOI) wafers with the aim of obtaining higher quality wafers with lower 

processing costs. In 1990, Liau et al.3 applied this technique to combine III–V wafers. 

Thereafter, many reports were made on the fabrication of novel material-mismatched 

structures by direct bonding; InP or GaAs based structures onto Si wafers, InP-based 

long-wavelength surface-emitting laser or detector onto GaAs based highly reflective 

mirrors and other structures made using lattice-mismatched III–V wafers. The research 

has focused on the bonding techniques those do not utilize intermediate materials and do 

not rely on the van der Waals force, but that accomplish the bonding by heat treatment 

and atomic rearrangement. 

 

1.2.1  Comparison of heteroepitaxy and wafer fusion 

Ram, et al.2 noted the differences of both heteroepitaxial and wafer-fused 

structures in III-V compound semiconductors.  The two most important differences 

between interface dislocations resulting from heteroepitaxy and wafer fusion are: (1) 

misfit dislocations in wafer fusion are predominantly edge dislocations (Burger’s vector 

90º to the dislocation line) whereas heteroepitaxy usually involves mixed dislocations 
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(Burger’s vector 60º to the dislocation line) and (2) wafer fusion does not introduce 

threading dislocations. There has been discussion of a model for dislocation formation 

during heteroepitaxy and how the situation differs from wafer fusion.  

In order to relax mismatch strain at the heterointerface, heteroepitaxy requires the 

formation of dislocations that can easily thread and glide through the crystal. Growth of a 

mismatched epilayer typically begins with the formation of a strained pseudomorphic 

epilayer that is dislocation free. Beyond a critical thickness, pseudomorphic growth is no 

longer possible and misfit dislocations form. Because the most energetic atoms are at the 

growing surface it is here that the kinetic barrier for dislocation formation is most easily 

overcome. In order to relax the strain, these dislocations glide from the growing surface 

to the heterointerface along {111} planes. Upon reaching the heterointerface, a portion of 

the dislocation continues to extend from the surface, drawing out a length of misfit 

dislocation. The intersection of the {111} glide planes and the {100} interface planes are 

in the <110> directions, which is where dislocations are typically found. Because the 

dislocation lines form at an angle to the interface, the resulting Burger’s vector for this 

type of dislocation is oriented 60º to the dislocation line. These mixed dislocations are 

less effective than edge dislocations at accommodating strain resulting from lattice 

mismatch. From this mechanism the existence of threading dislocations and the mixed 

misfit dislocations at the interface are both consequences of the dislocations needing to 

propagate from the growing surface to the interface in order to relax the mismatch strain.  

In wafer fusion, however, the source of misfit dislocations is located at the fused 

interface. So, unlike in heteroepitaxial growth, the formation of glide dislocations is not 

warranted. Since the mismatch strain field does not extend into the crystal there is no 
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driving force for dislocations to thread deeper into the lattice. The energetics for 

conventional heteroepitaxy simply does not apply to wafer fusion.  

There is, however, a strain field associated with the difference in thermal 

expansion coefficients that may drive dislocations away from the fused interface. 

Experiments by Tachikawa and Meri4 have clearly shown that dislocations can thread to 

the surface during the cool down after epitaxial growth of GaAs on Si. This experiment is 

supported by theoretical estimates of the thermal strain and the stress required to generate 

and move a dislocation. The role of thermal stress must be examined more closely, Wada 

et al.5 have claimed that thermal stress is an important contribution to dislocation 

formation in InP to Si wafer fusion. 

 

1.2.2 Temperature effect 

Okuno, et al.1 and Wada et al.6 reported the effect of annealing temperature to 

bonding process. Lowering the bonding temperature is favorable for reducing thermal 

stress. Wada et al.6 joined GaAs and InP at 450ºC with enough strength to fabricate a 

laser. However, when a lower temperature is used, the bonding mechanism may be 

different. As Wada suggested, O-mediated bonding due to dehydration of hydroxyl 

molecules may be dominant in such a case. This resulted in the barrier height increase at 

the interface. Besides, since little migration of group III atoms is expected at lower 

temperatures, the wafer surfaces need to be made fairly flat, otherwise voids on the 

original surfaces will remain as voids at the interface. 

The dissociation of group V atoms plays a primary role in the bonding 

mechanism. The dissociation may promote migration of the group III atoms, which could 
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effectively reduce the surface roughness, and thereby dissociated atoms would help 

establish the bond between the two wafers.  A temperature of 600ºC–700ºC was high 

enough to cause a desirable level of dissociation in the In-Ga-P material system. Bonding 

at a temperature as high as 1000ºC was reported in that system, but such a high 

temperature caused an excessive dissociation of the group V atoms.  

In the GaN/GaN materials system the lowest temperature to fuse was 900°C.7 

With annealing at 1000°C, The reproducibility of fusing GaN/GaN was improved but Ga 

extraction at the interface was observed. It was suggested that bonding at 900ºC was high 

enough to cause a desirable level of N dissociation for GaN/GaN direct bonding. When 

the annealing process was carried out at 1000oC, excessive nitrogen desorption occurred, 

which led to the extraction of Ga.7 

 

1.2.3 Pressure effect 

Tokuda, et al.7 reported the effect of pressure in bonding process of III-V 

semiconductors, particularly GaN/GaN system. An approach to lower the process 

temperature and improve the reproducibility is to employ a larger weighting pressure. 

Because of the surface roughness, there is a distribution of the pressure in the contacted 

area. Consequently, some parts of the contacted area are under very high pressure. The 

large pressure induces local strain, which may enhance atomic redistribution and bring 

about strain relaxation. Therefore, successful wafer fusions at low-temperatures such as 

500-800°C, at which III-V semiconductors scarcely dissociate, are possible, and the 

reproducibility of the process may also be improved. 
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In the GaN/GaN materials system direct bonding has been observed at 500°C 

under a larger weighting pressure of 42 kgf/cm2. Although the fusion occurs partially at 

the interface, the reproducibility was quite good and it was expected that a slight 

modification of the process condition might enable a uniform and completely fused 

interface. It was also confirmed that the extraction of Ga did not occur at temperatures 

less than 900°C. Even at higher than 900°C, adopting the large weighting pressure, the 

amount of Ga extracted was very small. This result was attributed to an improvement of 

the uniformity in wafer contact. The results indicate that strong weighting pressure can 

enhance processes for fusion of III-V materials. Table 1.1 shows the relationship between 

fusion characteristics and weighting pressures in direct bonding of GaN/GaN. 

 

1.2.4 Dislocation networks at the directly bonded Interface 

The bonded interface microstructures including the interface dislocation network 

in III-V compound semiconductors have been carefully studied by Patriarche, et al.8 and 

Jin-Phillipp, et al.9 The structure of the interface and films are an important concern in 

direct wafer bonding. Misorientation may be introduced when the two wafers are brought 

together, due to either a misalignment between the wafers, or/and a miscut of the surfaces 

of the wafers. The difference in thermal expansion coefficients leads to a thermal lattice 

misfit during cooling from the bonding temperature. Furthermore, the interface of 

directly bonded wafers is greatly influenced by possible surface contamination due to 

inadequate removal of native oxide layers and adsorbed contaminants. An additional 

complication is introduced by the diffusion of atoms in the wafer and the interdiffusion of 
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atoms across the interface during bonding at elevated temperatures. Contaminants may be 

trapped between the wafers, resulting in unbonded areas or highly disordered regions.  

Careful structural investigations have been reported on the interfaces of directly 

bonded GaAs and InP where both conventional transmission electron microscopy 

(CTEM) and high-resolution transmission electron microscopy (HRTEM) have been 

used.  Chemical properties have been measured by spatially resolved energy dispersive x-

ray spectroscopy (EDS). In the following sections (1.2.5–1.2.8) the structural change 

during bonding will be described briefly based on analysis of the GaAs/InP interface.7, 8  

 

1.2.5 1st dislocation network: joint accommodation of lattice mismatch and twist 

In sphalerite structures perfect dislocations have Burgers vectors of a/2<110>, 

and glide on {111} planes. Edge dislocations may relax the lattice misfit most efficiently. 

In order to accommodate the lattice mismatch between the two lattices of the wafers, 

interface dislocations form at the bonding temperature, Tb, when the atomic bonds across 

the two wafers are formed. Assuming that all interface dislocations are of Lomer type, 

their distance is expected to be  

                                                      D1=b*/ε0*,                                                             (1)  

where b*=a*/v2 is the Burgers vector of a Lomer dislocation, a* the lattice constant, and 

ε0* the lattice mismatch, both at the bonding temperature. In a GaAs/InP interface the 

measured distance between these dislocations was 10 nm indicating an actual bonding 

temperature that was lower than the 630°C annealing temperature. The atomic bonds 

across the two wafers were apparently formed before the temperature reached its 

maximum (630°C), or other types of dislocations contributed to the interface relaxation. 
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The twist misorientation between the two wafers was measured to be around 1°–2°, 

which was accommodated by the first network of interface dislocations with their lines 

slightly inclined from <110>, so that they constitute mixed dislocations of both edge and 

screw components. 

 

1.2.6 2nd dislocation network: accommodation of tilt 

The tilt angle between the two wafers, ϖ, measured from double diffraction 

patterns, was close to the miscut angle of the wafers. This misfit must be accommodated 

at the bonding temperature by the second set of dislocations with their lines 

approximately parallel to the tilting axis. The Burgers vectors of these dislocations were 

observed to be inclined to the interface, and the distance between these dislocations was  

                                                     D2=bn*/ ϖ,                                                              (2)  

where bn*=a*/2 is the edge component of the Burgers vector parallel to [001], and a* the 

lattice constant at the bonding temperature. The extra atomic half-plane parallel to (001) 

demonstrated one of such dislocations with its edge component of the Burgers vector 

being a/2<001>. The experimental D2 value was 104 nm at a miscut angle of 0.2o in the 

GaAs/InP interface.  

 

1.2.7 3rd dislocation network: accommodation of the difference of thermal 

contraction upon cooling 

The difference in the coefficient of thermal expansion of GaAs and InP might 

lead to the formation of the third set of dislocations upon cooling from the bonding 
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temperature. Since dislocations become immobile at a temperature close to 400 °C, the 

distance between these dislocations was expected to be  

                                                      D3=bp /(ε0*-ε400*),                                                 (3)  

where bp=a/2 is the component of the Burgers vector parallel to the interface, ε0* and 

ε400* are lattice mismatches at the bonding temperature and 400 °C, respectively, and 

(ε0*-ε400*) is the part of thermal mismatch, which could be accommodated plastically by 

dislocations. For bonding temperatures of 630 and 550°C, D3 was expected from Eq. (3) 

to be 0.5 and 1 µm, respectively. The experimental results were closer to the latter. This 

suggested again that the actual bonding temperature might be lower than the 630°C 

annealing temperature employed in the present experiments and may actually be around 

550°C. In fact, GaAs and InP have been found well bonded at an annealing temperature 

of 550°C. The thermal misfit during cooling from ~400 °C to room temperature must 

then be accommodated elastically. Upon cooling, the GaAs lattice contracts to a greater 

extent than the InP lattice, and therefore is expected to be under tension. It is known that 

the nucleation of dislocations is facilitated through the formation of partial dislocations. 

A 90° partial, which experiences a larger force, is easier to nucleate than a 30° partial. In 

the case of tension the 90° partial leads, and the 30° partial trails, whereas in the case of 

compression the 30° partial leads. Therefore, the fact that the dislocations of the third 

network resided in the GaAs was evidence that they formed during cooling. 

 

1.2.8 Interdiffusion 

EDS results have revealed that interdiffusion can take place for both the group-III 

and group-V elements. It has been shown by magneto-optical transmission spectroscopy 
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that the interdiffusion processes of elements of group III and group V were different: the 

diffusion mechanism of group III elements involved interstitials, while that of group V 

atoms were vacancy related. The diffusion of group V was easier than that of group III. 

The chemical potential gradient, which drives the diffusion, must include terms of 

chemical interaction and strain. When the temperature is increased, the group-V 

elements, P and As, dissociated from their compounds and diffused into the interface 

region. Their further interdiffusion into the opposite side of the wafers was assisted by 

chemical interactions and thermal stress due to the difference in thermal expansion 

coefficients of GaAs and InP. A thermal misfit between the two wafers caused the 

dilation of the InP lattice and compression of the GaAs lattice. However, interdiffusion of 

group-V elements could compensate this misfit.  
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1.3  Application; optoelectronic devices 

Black, et al.10 and Zhu, et al.11 summarized the application of direct bonding 

method in electronic device fabrication, particularly opto-electronic device fabrication. 

Since the first reports of direct wafer bonding, tremendous progress has been made in 

optoelectronic device applications. Different research groups over the world have 

reported their studies on many innovative device applications. These include (a) visible 

light-emitting diodes (LED’s); replacing an absorptive substrate with a transparent 

substrate to reduce the substrate thermal resistance, (b) An 1.3- and 1.5-µm edge emitting 

and vertical-cavity surface-emitting lasers (VCSEL’s); where deeper quantum wells with 

strong optical confinement could be achieved by using AlGaAs as the outer confining 

layer for in-plane InGaAsP lasers and direct bonding of GaAs–AlAs mirrors to InGaAsP 

active regions could solve the fundamental limits in InP–InGaAsP mirror reflectivities in 

vertical cavity lasers, (c) integrated InGaAs-Si avalanche photodetectors (APD’s); where 

improved silicon telecommunication APD’s have been demonstrated by combining the 

ideal avalanche characteristics of silicon with the absorption characteristics of InGaAs to 

obtain higher gain bandwidth products, lower noise and reduced temperature sensitivity, 

(d) resonant-cavity photodetectors, (e) Non-linear optical devices for wavelength division 

multiplexing (WDM) applications; increasing the four-wave mixing power in waveguides 

and realizing sharper bandpass features in WDM detectors using GaAs-AlAs mirrors, (f) 

LiNbO3 optical waveguides, (g) Cleavable GaN-on-InP structures; fusing to a cubic 

crystal and removing most of the hexagonal crystal could solve the problem of cleaving 

perpendicular facets in hexagonal crystals, (h) Integrated micro-optoelectronic–

mechanical (MOEM) devices, (i) Wafer fusing III–V sources and detectors to Si with the 
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goal of optoelectronic-integrated circuits (OEIC), (j) 1.55-µm vertical-cavity optical 

bistable devices, (k) Highly compliant substrate on which defect-free heteroepitaxial 

layer with an exceedingly large lattice mismatch (~15%) to the substrate could be grown 

by employing bonding technology.  

The following sections present brief descriptions of a few device applications 

utilizing the wafer bonding process.  

 

1.3.1 Vertical cavity surface emitting lasers (VCSEL’s) 

Surface emitting optical devices basically consist of an active light-emitting 

heterostructure inserted between two multilayer Bragg reflectors. Such structures are 

used in all-optical switching devices and in vertical cavity surface emitting lasers 

(VCSEL’s). VCSEL’s are potentially important sources for fiber optic communications. 

They offer high modulation bandwidths at low bias currents as well as ease in testing and 

packaging. Lasers, which emit at wavelengths between 850–980 nm do not match up well 

with the minima in dispersion and loss of standard optical fibers. To effectively use 

VCSEL’s for fiber optic communications, sources with wavelengths near 1.3 and 1.5 µm 

must be fabricated. This was initially found to be a difficult task since the lattice-matched 

InP–InGaAsP mirror materials had reflectivities and thermal conductivities too poor to 

achieve room temperature continuous wave (CW) operation. The InP–InGaAsP-based 

mirrors, with lower differences in the indices of refraction, have a larger optical 

penetration depth and thus lower maximum reflectivity. High-performance operation of a 

VCSEL requires mirror reflectivities well above 99%.  
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Wafer fusion allows the integration of InP-based active regions with high 

reflectivity GaAs–AlAs based mirrors to achieve high performance operation. By 

bonding GaAs–AlAs Bragg mirrors to InP based quantum well active layers, one could 

solve one bottleneck problem for 1.3/1.55-µm VCSEL’s; the lack of effective 

semiconductor Bragg mirrors compatible with the InP-based material. Soon after the first 

wafer-bonded long wavelength VCSEL was demonstrated, tremendous progress has been 

made in this important but, recently, room temperature, continuous-wave (CW) VCSEL’s 

operating at both 1.3 and 1.55µm wavelength have been demonstrated. At present, nearly 

all high performing 1.3/1.55-µm VCSEL’s have two common features in their design: 

using the use of wafer bonded GaAs–AlAs Bragg reflectors and the use of strain-

compensated multiquantum-wells for the gain media. The wafer fused 1.55- µm 

VCSEL’s have recently been used in transmission experiments, with data rates as high as 

2.5 Gb/s over 200 km of optical fiber. This structure is shown in Fig. 1.2. 

 

1.3.2 Long wavelength in-plane lasers 

Working with lattice-matched (to InP) 1.55-µm materials alone, the characteristic 

temperature, To, values are in the range of 40–70 K, and the 1.55-µm lasers cannot be 

modulated as quickly nor work at as high an operating temperature as the 980-nm lasers. 

Recent work has shown that poor electron confinement in the GaInAsP–InP material 

system contributes to the low characteristic temperature. Some groups have suggested 

that, while Auger effects do indeed limit device performance, a two-fold increase in To 

can be achieved through a reduction in the amount of carrier overflow. However, the 
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enhanced electron confinement could only be achieved with an ensuing severe reduction 

in the optical overlap of the lasing mode in lattice-matched structure.  

Altenatively, wafer fusion allowed engineering an increased electron 

confinement, without compromising optical confinement. By wafer fusion Al0.7Ga0.3As 

formed the cladding layer, rather than the more conventional, lattice-matched InP or 

InAlAs material. With the lower index of refraction of the AlGaAs, the optical 

confinement of the laser could be kept high while the electron confinement was also 

increased. The elimination of carrier overflow by fusing to GaAlAs layers resulted in a 

significantly higher characteristic temperature To  (~200K). This is shown in Fig. 1.3 for a 

three quantum-well active region. 

 

1.3.3 InGaAs p-i-n photodetectors on Si substrates 

Wafer fusion has also had an impact in the field of avalanche photodetectors 

(APD’s). APD’s are designed to first convert absorbed light into an electrical signal, and 

then to amplify this signal through avalanche multiplication. To construct a fast, efficient 

APD one must choose materials with high optical absorption coefficients, and high speed, 

low noise amplification characteristics. In the near infrared, important to optical 

communications, the obvious choice for an absorber was InGaAs. For avalanche 

multiplication, Si was the semiconductor of choice due to the large disparity in its 

electron and hole ionization coefficients, which leads to the desired low-noise, high-

speed amplification. 

Efforts to integrate InGaAs with Si through epitaxial growth have resulted in 

hetero-interfaces with large numbers of threading dislocations due to the lattice mismatch 
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between the semiconductors. These threading dislocations have produced large dark 

currents in fabricated PIN photodetectors and caused premature breakdown in these types 

of devices, preventing them from being biased to the voltages necessary for avalanche 

multiplication. 

The silicon hetero-interface photodetector (SHIP) has been created by wafer 

fusing a Si substrate to epitaxial InGaAs layers grown lattice matched to InP. The 

structure is illustrated in Fig. 1.4. The fusion was done in a H2 atmosphere at a 

temperature of 650 °C, which is near the growth temperature of the InGaAs. The lattice 

mismatch between the two materials was accommodated by edge dislocations that 

remained at the junction and did not propagate through either semiconductor. To 

determine the effects of this hetero-interface on optical loss and carrier transport, a 

careful study was completed using PIN structures with undoped Si and InGaAs fused 

together. No loss in quantum efficiency was measured compared to InGaAs on InP PIN’s 

of similar thicknesses. This indicates that the InGaAs–Si fused interface causes little or 

no optical loss and does not act as a carrier transport barrier in the detectors. 

SHIP APD’s were designed with doping schemes similar to existing separate 

avalanche and multiplication region (SAM) APD’s. The electric field was kept low in the 

absorbing InGaAs layer and high in the multiplication layer of the silicon. Photocurrent 

gains of over 100 have been measured for SHIP’s with thick multiplication regions, and 

SHIP’s with thinner regions have demonstrated the highest gain-bandwidth product (315 

GHz) for a near-infrared APD measured to date, more than double the achievable gain-

bandwidth of InGaAs–InP APD’s.  
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1.3.4 Compliant substrates 

Besides optoelectronic device applications, wafer-bonding technology was also 

used to make a highly compliant substrate on which defect-free heteroepitaxial layers of 

large lattice mismatch can be grown. An ultra thin layer (e.g., 30–100 Å GaAs) and an 

etch stop layer (e.g., 0.5 µm AlGaAs) are grown on the “seed wafer.”  Then this seed 

wafer is bonded to the host wafer with a large (10° – 45°) angular misalignment. The 

process of forming a compliant substrate is completed after the ultra-thin layer is 

transferred to the new host substrate. The process of forming wafer-bonded compliant 

substrates is summarized in Fig. 1.5. A 30-Å thin GaAs layer was bonded to a bulk GaAs 

substrate with a large twist angle to form the compliant substrate.  

An In0.22Ga0.78As layer, which has a 1.5% lattice mismatch to GaAs, was grown 

first as a buffer layer before the growth of the In0.22Ga0.78As–In0.42Ga0.58As strained multi 

quantum-wells. Because of the compliant nature of the substrate, the quantum wells were 

grown as if they were being fabricated on an In0.22Ga0.78As ternary substrate. The higher 

quality buffer layer led to the growth of higher quality strained quantum wells. The room 

temperature luminescence intensity at 1.3 µm from the quantum wells grown on 

compliant substrates was two orders of magnitude stronger than that of the control 

sample. These results demonstrated significant improvement of heteroepitaxial material 

using the approach of twist-bonded compliant substrates. 

Another experiment was to grow InSb layers on GaAs compliant substrates with a 

lattice mismatch of nearly 15%. A thin, 30-Å GaAs layer was bonded to a GaAs bulk 

crystal with a 45-degree angular misalignment. After wafer cleaning and surface oxide 

desorption, the final thickness of the bonded thin layer was estimated to be about 10–15 
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Å. InSb layers were grown on the GaAs compliant substrates with nearly 15% lattice 

mismatch. The dislocation density for InSb grown on conventional GaAs substrates is 

about 1011 cm-2 in regions 100 nm from the growth interface, whereas the InSb layer 

grown on the compliant substrate showed essentially no dislocations even in regions very 

close to the growth interface. Defect-free heteroepitaxial layers of as large as 15% 

mismatch were obtained. Recently, the twist-bonding method was applied to silicon 

wafers to form all-Si compliant substrates for optoelectronic integration with Si circuits.  

The plastic deformation of the twist-bonded thin layer seemed to provide an 

energetically more favorable channel to form misfit dislocations for strain release than 

the conventional mechanism of generating threading dislocations in the heteroepitaxial 

layer. However, it is unclear yet how the plastic deformation of the thin layer takes place 

and which role a large angle twist boundary plays in this process. The twist-bonded layer 

needed to be thin but the twist angle was not critical over the range of 10° –45°. It was 

found that a 650 Å twist-bonded layer did not produce as appreciable effects on the 

heteroepitaxial growth as the 150 Å or thinner layers did. More investigation is required 

to establish quantitative relations between the layer thickness, twist angle, and substrate 

compliance.  

 

 

 

 

 

 



 20

1.4  Direct bonding of GaN and SiC 

1.4.1 GaN-based electronic devices 

GaN is desirable for electronics applications due to saturated electron velocities of 

2×107 cm/s, and its 3.4 eV band gap, which leads to a critical breakdown field of 2 

MV/cm and stability at high temperatures. Shur, et al.3 has introduced the advantages of 

GaN-based electronic devices. The electron peak velocity in GaN is triple that for Si, its 

electron mobility is about twice as large as for Si, and its thermal conductivity is 

comparable to that of Si. With an increase in the doping density, the electron mobility 

decreases more slowly than, for example, for GaAs. This allows researchers to obtain 

record values of the mobility-sheet carrier density product. The AlGaN/GaN material 

system is capable of supporting sheet carrier densities of the two-dimensional electron 

gas up to 1.5 × 1013 cm-3 (up to 5 × 1013 cm-2 in doped channel structures), which is 5-20 

times larger than in the AlGaAs/GaAs materials system. GaN epitaxial layers can be 

grown on SiC, which allows combining the superior transport properties of GaN with the 

exceptional thermal conductivity of SiC. Large piezoelectric constants of AlN and GaN 

can be used in piezoelectric and pyroelectric sensors, and electronic devices such as 

AlGaN/GaN HEMTs, where the polarization charge can be employed for enhancing the 

sheet carrier concentration and reducing leakage current. A recent analysis of hot 

electrons in GaN quantum wells seems to imply that the breakdown field in such wells 

will be determined by the AlGaN cladding layers and not by the quantum well material. 

All of this gives hope that electronic devices based on GaN will be prominent.  

The past several years have seen a dramatic increase in research of GaN materials 

and devices. Progress has been made in areas including electronic devices, high-voltage, 
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high-power transistors such as field effect (FETs) and bipolar transistors, as well as 

optoelectronic devices including lasers in the blue to the green, light-emitting diodes 

(LEDs), and solar-blind detectors.  

However, the reliability of these devices, as well as their realization, depends on 

eliminating threading dislocations from the active regions. This is, of course, not unique 

or peculiar to GaN semiconductors. Ashby, et al.13 stated that the great potential of wide-

band-gap group III nitrides (III–N) has been limited in many applications by the very 

high density of threading dislocations (TDs) that form when the III–N materials are 

grown on lattice-mismatched substrates. Growth of GaN on a planar substrate of 

sapphire, SiC, or Si(111) produces TD densities on the order of 108–1010/cm2. 

Although such high TD densities do not appear to seriously degrade light-emitting 

diode performance due to the vertical character of the TDs and the short minority carrier 

diffusion lengths found in III nitrides, they cause unacceptably short operation lifetimes 

for laser diodes. For GaN HBTs they cause an emitter–collector leakage path. This 

leakage path has been attributed to a local punch-through effect surrounding threading 

dislocations that propagate through the device structure. Also they result in excessive 

leakage current under reverse bias for p-n junction devices including field-effect and 

high-electron-mobility transistors. To solve these problems, a GaN substrate with <106 

TDs/cm2 would be required.  

Ashby, et al.13 reported that several approaches have achieved considerable 

success in reducing TD densities to the 106/cm2 range by growing on sapphire and SiC 

substrates and by using various dislocation-reduction strategies, such as epitaxial lateral 

overgrowth (ELO or LEO), pendeoepitaxy (PE), and lateral overgrowth from trenches 
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(LOFT) and Cantilever epitaxy (CE). While each technique produces selective areas on a 

wafer that possess the low TD densities (<107/cm2) required for electronic and long-lived 

laser devices, they are very time consuming, complex, and multistep processes, which 

includes ex situ deposition and etching of dielectric masks and regrowth. Also the low 

TD area is only a part of the whole wafer surface. Therefore, the full potential for GaN, 

such as for high-power devices, cannot be realized until low dislocation densities become 

available on the whole area of a wafer.  

 

1.4.2 GaN/SiC HBT structure 

Recently, Pankove, et al.14 suggested a high-temperature GaN/SiC heterojunction 

bipolar transistor with high gain. Silicon carbide exhibits many attractive characteristics, 

such as a large bandgap, 2.9 eV, and a high thermal conductivity, 5 W/cm ºC, which 

make it a suitable material for high temperature semiconductor device operation. 

Recently, 6-H SiC bipolar junction transistors have been fabricated with demonstrated 

high temperature operation of up to 400 ºC. Until now, these devices have achieved a 

maximum current gain of 10.4, an emitter efficiency of 0.94 and a base transport factor of 

0.96 at 300K. 

Gallium nitride was a natural choice for a high bandgap emitter. Gallium nitride 

not only has higher bandgap, 3.4 eV, than SiC, it also has a high thermal conductivity, 1.3 

W/cm ºC. With a lattice constant of 3.18Å for GaN and 3.08Å for SiC the materials 

exhibit a lattice mismatch of 3.4%. 

The cross section of the GaN/SiC HBT is shown in Fig. 1.6. The operation of 

silicon carbide bipolar junction transistors with an even larger bandgap emitter would 
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display increased current gain due to improved emitter efficiency. The larger bandgap of 

the emitter would restrict the diffusion of holes from the base to the emitter, resulting in 

high electron injection efficiency into the base. Additionally, the increased bandgap of 

the emitter allows the base to be heavily doped, thereby decreasing the base resistance 

and the sensitivity of the early effect without sacrificing the emitter efficiency. Also, 

since SiC is an indirect bandgap material, free carriers exhibit longer lifetimes, compared 

to a direct bandgap material such as GaN. The increased lifetime is appropriate for a long 

diffusion length, and a high base transport factor. Furthermore, these devices have a short 

base width, which further enhances the transport factor, thereby increasing the current 

gain.  

 

1.4.3 GaN epitaxial layer on SiC with/without buffer layer  

With a lattice constant of 3.18Å for GaN and 3.08Å for SiC epitaxy was possible, 

but the lattice mismatch (~3.4%) could significantly limit the quality of the epitaxial film.  

The poor wetting of GaN on 6H-SiC(0001) substrates impedes direct nucleation and 

frequently results in GaN films of poor crystallinity. The use of an AlN buffer layer has 

been demonstrated to be effective in improving the crystallinity as well as in reducing the 

defect density in the GaN films, but the AlN buffer layer simultaneously inhibits carrier 

injection across the AlN/SiC interface due to the insulating nature of AlN and its high 

band gap.  Reports of the growth of GaN directly onto 6H-SiC(0001) have noted the 

observation of an amorphous interlayer or zinc blende inclusions at or near the GaN/SiC 

interface.15 Epitaxial growth by conventional techniques, e.g., molecular beam epitaxy 

(MBE) and metal organic chemical vapor deposition (MOCVD), is affected by lattice 
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mismatch strain. During MBE and MOCVD growth dislocations form to relax the strain 

energy as the layer thickness exceeds a critical value, known as the critical thickness. It is 

energetically preferred for dislocations to nucleate on the surface of the layer, 

subsequently gliding down towards the interface, and drawing threading dislocations 

behind, most of which remain during further layer growth. The critical thickness is on the 

order of a few nm. The dislocation density observed for GaN on SiC at a thickness of 

0.5µm is typically about 5× 109cm-2. 15 
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1.5 Application of DB in GaN-based electronic devices 

1.5.1 Influence of emitter TDs into GaN/SiC HBT operation 

The noise spectrum in bipolar transistor operation is conventionally resolved into 

three components, the flicker (1/f) noise, the generation-recombination (g-r) noise, and 

the shot noise. 1/f noise is dominant at low frequencies, and it is well accepted that it is 

dependent on the surface of the device. At higher frequencies ‘shot noise’ is observed, 

which is independent of frequency and is attributed to the density fluctuations of the 

carriers. At intermediate frequencies the third type of noise is observed, and this is 

referred to as g-r noise. This g-r noise is caused by fluctuations in the occupation of traps 

in the depletion region. Fig. 1.7 illustrates the method by which the experimental curves 

are resolved into their component parts.16 It has been widely accepted that the shot noise 

was shown be independent of the dislocations, and g-r noise was shown to be a function 

of the parallel dislocation density. The 1/f noise was affected by the non-parallel 

dislocations such as threading dislocations, which emerged at the surface of the device 

near the junction. The threading dislocations predominantly affect the 1/f noise in bipolar 

transistors. 

Fonger17 has shown that there are two types of current, which contribute to the 1/f 

noise; leakage current and surface current. In forward biased diodes the effect of the 

leakage current across the junction will be low, and it is expected that the surface current 

will be the principal cause of the noise. In the case where the dislocations emerge at the 

surface in the region of the junction, the dislocation density affects the number of surface 

states in the junction. Since the surface states accept and emit electrons the 1/f noise 

occurs as the occupancy of the surface states fluctuates. The 1/f noise increases sharply 
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with increasing number of dislocations. The threading dislocations induce surface states 

in the emitter-base junction of npn transistors and produce 1/f noise. Taking into account 

the above considerations, the first mechanism whereby threading dislocations generate 

noise in bipolar transistor is the 1/f noise. 

This effect was examined by considering the 1/f component of the noise for non-

aligned devices in which the dislocation density of the top surface of the Si PN diode 

varied from 105 to 2x107/cm2. In this case, there was a distinct increase in 1/f noise at 

room temperature for a fixed current as the dislocation density increases. Sah and 

Hielscher18 have shown very good agreement between 1/f noise and the density of 

surface states. Green and Jordan16 also observed a relationship between dislocation 

density and excess surface states. They reported a significant increase in the 1/f noise 

magnitude, which occurred only when the dislocations emerged at the surface near the 

junction. The data sustained that the 1/f noise component was a mobility-fluctuation type. 

The dislocations affected the noise considerably when their density was in excess of 

106cm-2.  

 

1.5.2 Influence of TDs into III-nitride transistor operation; GaN HBT 

A common obstacle to the development of GaN HBTs is the existence of an 

emitter–collector leakage path.19, 20 This leakage is due to a local punch-through effect 

surrounding threading dislocations that propagate through the device structure. Due to the 

lattice mismatch between GaN and sapphire or SiC, thin GaN films (~2 µm) grown on 

these substrates have a threading dislocation density on the order of 108-1010 cm-2. Fig. 

1.8 (a) shows a TEM picture of the cross section of a ~ 5 µm GaN template grown on 
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sapphire, where threading dislocations are easily identified.20 Fig. 1.8 (b) illustrates the 

impact from threading dislocations running along the current flow in bipolar transistors.20 

As in other devices on GaN, threading dislocations are found to contribute to 

vertical leakage paths in HBTs. The leakage is caused by local compensation of the base 

material near the dislocation, and results in a punch-through from the collector to emitter 

under bias. In addition to dissipating power and possibly contributing to device 

degradation, this leakage can also cause erroneous information from Gummel plots and 

common base device measurements. Because of a large voltage drop across the base 

contact, the collector/base bias under the emitter is substantially higher than the bias 

under the base contact. This results in emitter–collector leakage when the base–collector 

contact voltage is zero, providing a forward current, which may appear in a Gummel plot 

as current gain. For this reason, only the common-emitter configuration, which requires 

low output conductance in the device, is reliable for establishing the current gain of the 

device.20 

In the literature, Gummel plot, and common emitter and common base 

characteristics have been widely used to characterize DC performance of GaN-based 

bipolar transistors, however, reported device performance varies widely. In some reports 

only common base operation was achieved, claiming that the base was too resistive to 

obtain a common emitter operation. Frequently, common emitter characteristics and 

Gummel plots were reported at low current levels and occasionally they are not 

consistent. The impact of non-ideal elements on characterization of common emitter 

operation and the Gummel plot was studied carefully, and the discrepancy in the 

literature was found to be largely due to the improper evaluation of non-ideal elements 



 28

including poor contacts and high leakage paths. It was found that common emitter I-Vs 

generally agree with Gummel plots when leakage characteristics are considered, and that 

device performance has been categorized into three rather distinct regions: 1) the low 

current region dominated by base-collector leakage currents, 2) the intermediate current 

region, manifesting base-emitter recombination current/leakage current and current gain 

flattening, 3) and the high current region, degraded by self-heating. Although the current 

gain of these devices is not limited by the dislocation density, it is clear that for working 

devices, dislocation densities must be reduced. 

Threading dislocations are effective leakage paths; therefore, a high dislocation 

density will cause a high collector-emitter leakage and base-collector leakage. For a high 

breakdown device, leakage currents cause soft breakdown at a voltage much lower than 

the avalanche breakdown voltage.  

 

1.5.3 Influence of TDs into III-nitride transistor operation; GaN HEMT/HFET 

1/f noise has been tentatively related to mobility fluctuations, due to fluctuations 

in the scattering rate of carriers with charged dislocations in the channel region. A model 

in which mobility fluctuations are generated by dislocations is introduced and the Hooge 

parameter associated with noise sources at dislocations have been determined.22 Using 

current heteroepitaxial GaN technology, AlGaN/GaN devices with a 108-1010 (cm-2) 

dislocation density (DD) are obtained. Fig. 1.9 shows the schematic device structures of 

the MOS-HFETs and the base line HFETs. A high level of 1/f noise in GaN films and 

GaN/AlGaN HFETs exists due to the fluctuations in the space charge regions 

surrounding the dislocations. These fluctuations, which might be either mobility 
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fluctuations or fluctuations of the width of the depletion regions surrounding the 

dislocations, modulate the resistance of the conducting layers, causing noise. Devices 

based on this material have been shown to possess higher noise power densities and 

Hooge parameters than equivalent GaAs and Si devices.24 

Low frequency noise (LFN) is a major drawback in microwave devices, since it 

limits the performance of ultra wide bandwidth circuits, oscillators, mixers and other 

nonlinear circuits in which such noise is upconverted to high frequency, limiting the 

performance of these transistors in the microwave range. The high density of linear 

defects leads to the problem that the low frequency noise in GaN high electron mobility 

transistors (HEMTs) would significantly exceed values found in other materials systems. 

This could make GaN devices less attractive for microwave applications. Also this noise 

controls the limiting detectivity of practically all types of photoreceivers.21  

In certain cases, the LF noise is used for step-by-step control of the technological 

cycle of semiconductor device production and for evaluation of semiconductor device 

reliability. The 1/f noise is particularly dependent on pure edge threading dislocations, 

and 1/f noise analysis is a transport-based method for determining crystal quality. The 1/f 

noise is a mobility noise. Hence, the high value of α (the Hooge parameter) is consistent 

with poor crystalline quality and a large level of structural imperfections, which are 

typically found in GaN.23 

 

1.5.4 Application of DB to III-nitride transistor fabrication 

It was found that for thicker GaN epitaxial films, the dislocations tended to 

annihilate. In fact, GaN (> 30 µm) on sapphire grown by HVPE can exhibit a dislocation 
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density as low as 105–106 cm-2. So thick film growth leads to better material on the top 

portion of the film. The full width at half maximum (FWHM) of on-axis (002) and off-

axis (102) X-ray rocking curves has been measured for different thickness GaN templates 

grown on c-plane sapphire. The FWHM of the (002) diffraction decreased with 

increasing heteroepitaxial GaN thickness, while that of the (102) kept almost flat in the 

investigated range. This indicates that screw dislocations annihilate each other in a 

thicker film while the edge dislocation density does not change significantly.20  

The direct bonding technique is a solid phase epitaxial transfer technique. In 

direct wafer bonding an epitaxial layer is transferred from a lattice-matched (source) 

substrate to a mismatched substrate. If this direct wafer bonding method is applied to the 

GaN materials, and the top portion of a GaN film is transferred to lattice mismatched 

material such as SiC, the heterostructure will have a low-density of defects. If devices are 

fabricated with this structure, there will be a reduction of the leakage current under 

reverse bias for p-n junction devices such as heterojunction bipolar transistor, and a 

reduction of the low frequency 1/f noise in field-effect transistors and high-electron-

mobility transistors. 

Also, direct bonding is an alternative method of forming a heterointerfce or 

heterojunction. It is an appropriate technique for materials of high lattice mismatch or 

with chemical instabilities. Reports of the growth of GaN directly onto 6H-SiC(0001) 

have noted the observation of an amorphous interlayer or zinc-blende inclusions at or 

near the GaN/SiC interface.15 If direct bonding method is applied successfully, the atomic 

bonds across atomically flat surfaces will be formed between the GaN/SiC system 

without introducing threading dislocations or stacking faults at the interface. This will 
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result in a true ballistic electron transport and extension of mean free path of electrons in 

vertical device structures.  

Besides this heteroepitaxial structure the wafer-bonding technology may be used to 

fabricate a highly compliant substrate on which defect-free heteroepitaxial GaN layers 

can be grown. Growing GaN on compliant substrates has been attempted but the free-

standing layer used was only silicon on oxide25, 26 or a variation such as SiC on SOI27, 28 

or lithium gallate (LiGaO2 (or LGO))29, 30. They reported a reduction of threading 

dislocation density (TDD) down to 1×108 cm-2. If a GaN compliant substrate is made by 

direct bonding and a large angle grain boundary is formed by large twist bonding, this 

will be an easy glide plane and provide an ideal and universal ‘compliant’ substrate.  
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1.6 Polarity effect in direct bonding of GaN/SiC 

In addition to the temperature and pressure effects, another basic piece of 

information concerns the polarity of the GaN with respect to the SiC. The SiC oriented in 

the hexagonal [0001] direction can be either Si-terminated or C-terminated, and the GaN 

also can be either ideally Ga-terminated or ideally N-terminated. It is evident that the 

bonding strength will be determined by the polarity matching of the GaN and the SiC. 

Fig. 1.10 shows the schematics of the polarity matching at the interface. Since both SiC 

and GaN are partly ionic and partly covalent bonded materials with different degrees of 

ionicity and bond strengths, we can determine which interface bonding configuration are 

strongest and most desirable for the bonding process. Because it is fundamental for the 

understanding of the bonding process in these materials, it is necessary to establish the 

polarity effects for direct bonding of GaN and SiC. 

A theoretical study using ab initio total energy methods explored interface 

bonding between 6H SiC and 2H GaN structures by Capaz, et al.31 The 6H SiC, which 

consists of a hexagonal Bravais lattice with a close packed stacking (…ABCACB…) 

along the c axis is the polytype most used. GaN also exists in a hexagonal structure with 

the simpler stacking sequence (…ABAB…) known as the wurtzite structure. Structural 

parameters obtained in the bulk calculations were a=3.040 Å, c/(pa)=0.8177, u=0.375 for 

6H-SiC and a =3.020 Å, c/(pa)=0.8130, u=0.376 for GaN, where c and a are the lattice 

constants, p is the number of bilayers per unit cell (6 for 6H-SiC and 2 for 2H-GaN) and 

u is an internal parameter describing the relative displacement between the Si(Ga) and 

C(N) layers along the hexagonal [0001] direction. For ideal tetrahedral coordination 
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c/(pa) = v(2/3) and u=3/8 were in good agreement with both the experimental 

measurements and the ab initio calculations. 

Contour plots of the total valence charge density and schematic ball-and-stick 

models for the four types of interfaces are displayed in Fig. 1.11. The plane of cut for all 

the figures is the hexagonal (10-10) plane, which contains two of the four bonds of the 

tetrahedrally coordinated atoms. The ball-and-stick models superimposed on each charge 

density plot give faithful description of the bond lengths and bond angles for each 

structure. The C and N atoms are surrounded by regions of a high density of contours, 

reflecting the displacement in the bond maximum density towards these two atoms with 

higher electronegativity. Accordingly, Si and Ga atoms correspond to regions of 

depletion of valence charge density and “look” smaller compared to C and N. The Ea, Eb, 

Ec, and Ed, denoted as the total energies of the four interfaces, are displayed in Figs. 1.11 

(a), (b), (c), and (d), respectively. Fig. 1.11 (a) corresponds to a Si-terminated SiC bonded 

to N-terminated GaN. Notice that the Si and N atoms at the interface form a nice partly 

covalent, partly ionic bond. The Si-N bond distance was calculated to be 1.77 Å. Fig. 

1.11 (b) still corresponds to Si-terminated SiC, but the GaN is now Ga-terminated. A 

covalent bond is formed between Si and Ga at the interface (the bond distance is 2.43 Å). 

However, this bond is very weak since most of the charge remains concentrated around 

the C and N atoms. Subtraction of Eb from Ea gave Ea–Eb= –1.08eV, indicating that for 

Si-terminated SiC, the N-terminated GaN with Si-N interfacial bonds is energetically 

favorable. These calculations were obtained with film growth as the objective, but they 

are certainly applicable to wafer bonded interfaces. 
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A similar situation occurred for C-terminated SiC [Figs. 1.11 (c) and 1.11 (d)]. In 

Fig. 1.11 (c), the ideally Ga-terminated GaN with C-Ga bonds at the interface is shown, 

and the charge density contours resembled very much those of Fig. 1.11 (a) with inverted 

polarity. A strong covalent and ionic bond between C and Ga (bond length 1.99Å) was 

formed at the interface. However, for ideally N-terminated GaN [Fig. 1.11 (d)] the 

situation was surprisingly distinct from all the previous cases. The N atoms at the 

interface preferred to make bonds along the c axis to the nearby Ga atoms (bond distance 

2.22Å) rather than to the C atoms on the substrate, yielding a very weakly coupled GaN-

SiC system. The angles between all the Ga-N bonds shown in the figure were very close 

to 90o, indicating sp2 hybridization of the GaN. Although carbon and nitrogen form 

strong covalent bonds in a large variety of situations, the presence of the surrounding 

atoms seemed to make polarization effects very crucial, and the C and N atoms behaved 

almost like two repelling negative charges. The total energy difference Ec-Ed=-1.07eV, 

suggests that for C-terminated SiC, the ideally Ga-terminated GaN with C-Ga bonds at 

the interface is energetically favorable for direct bonding. The electronegativity 

differences32 and the bond distances for the polarity matching are summarized in Table 

1.2 and 1.3. 

All the results above suggest that the importance of the strength of covalent bonds 

is diminished by the polarization induced by the surrounding atoms and the ionic 

components of the bond prevails. Thus those findings can be described in terms of a very 

simple rule of polarity matching at the interface. The lowest energy interfaces are those 

on which “positive” ions bind to “negative” ions. Besides being intuitively appealing, this 
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picture is strongly supported by the large energy differences (~1eV per surface atom) 

found in the ab initio calculations.  

As stated earlier in this chapter, direct bonding occurs by an atomic 

rearrangement often induced with heat treatment. We suggest that strong interface 

bonding will induce more atomic rearrangement, which results in a high density of strong 

bonds at the interface. The GaN/SiC structure having a high density of strong bond may 

well show better rectifying behavior for bonded p-n junctions.  

In this research we investigated the physical and electrical properties of the 

bonded GaN/SiC system, where 2H GaN(Ga-face) and 6H SiC(Si-face and C-face) are 

used. We concentrated on understanding effects related to the polarity of the bonded 

interfaces. 
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: fused with poor reproducibility  

: fused with good reproducibility  
Partial: Partially fused  
Extract: An extraction of Ga is observed.  

 
 

 

 

Table 1.1.  Feasibility of the wafer fusion of GaN/GaN. [Ref. 7] 
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Table 1.2. Electronegativities of each elements in GaN and SiC and Table 1.3. 

Electronegativity differences and bond distances of polarity matching.[Ref. 31, Ref. 32] 

 

 

Electronegativity values 

1.6 Ga 

1.8 Si 

2.5 C 

3.0 N 

Electronegativity Element 

Electronegativity differences  
and bond distances 

0.2 

0.5 

0.9 

1.2 

Electronegativity 
 difference 

2.43 

>2.22     

1.99 

1.77 

Bond distance 
(Å) 

Si-Ga 

N-C 

C-Ga 

N-Si 

Bond 
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Fig. 1.1. Direct bonding process flow. [Ref. 11]  
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Fig. 1.2. Schematic structure of double-fused laterally oxidized 1.55-µm VCL operating 

to 64oC CW. [Ref. 10] 
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Fig. 1.3. Proposed structure for improved performance of 1.55-µm in-plane lasers. [Ref. 

10] 
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Fig. 1.4. Cross section of an InGaAs/Si PIN detector. [Ref. 10] 
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Fig. 1.5. Process of forming twist-bonded compliant substrates. [Ref. 11] 
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Fig. 1.6. Cross section of the GaN/SiC transistor. [Ref. 14] 
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Fig. 1.7. Noise spectra illustrating how experimental 1/f and g-r components are obtained. 

[Ref. 16] 
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Fig. 1.8.  (a) TEM micrograph of a MOCVD GaN template showing dislocation 

reduction from the nucleation layer toward the top surface; (b) schmatic of dislocation 

induced leakage currents in a bipolar transistor: collector-emitter leakage current Iceo and 

base-collector leakage current Icbo . [Ref. 20] 
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Fig. 1.9. Schematics of AlGaN/GaN HFET and MOS-HFET structures. [Ref. 12] 
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 Fig. 1. 10. Schematic [11-20] projection of the GaN/SiC interfce  
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Fig. 1.11. Contour plots of electronic density for four interfaces. Twelve evenly spaced 

contours from 0.4 to 3.7 (in units of electrons/Å3) are used. Two additional contours at 

0.1 and 0.2 help to map the low charge density regions. Ball-and-stick models are 

superimposed for each case. Balls are placed at the actual atomic positions and differ by 

shade and size according to the atomic types. [Ref. 31] 
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2.1 ABSTRACT 

The direct bonding method is applied to the GaN/SiC system, and the 

processing conditions for successful direct bonding are clarified. Direct bonding of 

GaN/SiC is achieved at 900oC. The direct bonding of GaN to Si-face SiC is very 

dependent on the choice of chemical treatments but the bonding of GaN to C-face SiC 

is less dependent on surface preparation. It is found that an oxide-cleaned surface is 

essential to achieve good reproducibility of bonding. The electrical properties of the 

bonded interfaces are also characterized. If a native oxide is present when the bonded 

interface is prepared, the current through the interface is decreased, which is 

attributed to an energy barrier due to the presence of charged interface states. Cross 

section transmission electron microscopy indicates 10nm spaced dislocations at the 

interface, which form to accommodate the lattice mismatch and twist misfit. In some 

regions an amorphous oxide layer forms at the interface, which is attributed to 

inadequate surface preparation prior to bonding.  

Directly bonded GaN/SiC heterojunction diodes have been fabricated and 

characterized. The Ga-face (0001) n-type 2H GaN films were directly bonded to the 

Si-face or C-face (0001, 000-1) p-type 6H SiC. The I-V characteristics display diode 

ideality factors, saturation currents and energy barrier heights of 1.5 ± 0.1, 10-13 

A/cm2, 0.75 ± 0.10 eV for the Ga/Si interface and 1.2 ± 0.1, 10-16A/cm2, 0.56 ± 0.10 

eV for the Ga/C interface. The built-in potential was determined from capacitance–

voltage measurements to be 2.11 ± 0.10 eV and 2.52 ± 0.10 eV for the Ga/Si interface 

and the Ga/C interface, respectively. From the built-in potential the energy band 

offsets are determined to be ∆EC= 0.87 ± 0.10 eV and ∆EV= 1.24 ± 0.10 eV for the 
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Ga/Si interface and ∆EC= 0.46 ± 0.10 eV and ∆EV= 0.83 ± 0.10 eV for the Ga/C 

interface. 
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2.2 INTRODUCTION 

2.2.1. GaN/SiC HBTs and direct bonding method 

Recently, Pankove, et al.1 suggested a high-temperature GaN/SiC heterojunction 

bipolar transistor with high gain. Silicon carbide is considered for high power and high 

temperature semiconductor device operation because the material exhibits a wide 

bandgap (3.0 eV) and high thermal conductivity (5W/cmºC). The operation of silicon 

carbide bipolar junction transistors with an even larger bandgap emitter would display 

increased current gain due to improved emitter efficiency. The larger bandgap of the 

emitter would restrict the diffusion of holes from the base to the emitter, resulting in high 

electron injection efficiency into the base. Additionally, the increased bandgap of the 

emitter allows the base to be heavily doped, thereby decreasing the base resistance. Also, 

since SiC is an indirect bandgap material, free carriers exhibit longer lifetimes, compared 

to a direct bandgap material such as GaN. The increased lifetime yields a long diffusion 

length, and a high base transport factor. Furthermore, these devices have a short base 

width, which further enhances the transport factor, thereby increasing the current gain. 

Gallium nitride is a natural choice for a larger bandgap emitter for SiC. Gallium nitride 

not only has a higher bandgap, 3.4 eV, than SiC, it also has a high thermal conductivity, 

1.3W/cmºC.  

However with a lattice constant of 3.18Å for GaN and 3.08Å for SiC, the lattice 

mismatch (~3.4%) can significantly limit the quality of an epitaxial film. The poor 

wetting of GaN on 6H-SiC(0001) substrates impedes direct nucleation and frequently 

results in GaN films of poor crystallinity. The use of an AlN buffer layer has been 

demonstrated to be effective in improving the crystallinity as well as in reducing the 
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defect density in the GaN films, but simultaneously inhibits carrier injection across the 

AlN/SiC interface due to the insulating nature of AlN and its high band gap.2  Reports of 

the growth of GaN directly onto 6H-SiC(0001) have noted the observation of an 

amorphous interlayer or zinc-blende inclusions at or near the GaN/SiC interface.2 

Epitaxial growth by conventional techniques, e.g., molecular beam epitaxy (MBE) and 

metal organic chemical vapor deposition (MOCVD), is affected by lattice mismatch 

strain. During MBE and MOCVD growth dislocations form to relax the strain energy as 

the layer thickness exceeds a critical value, known as the critical thickness. It is 

energetically preferred for dislocations to nucleate on the surface of the layer, 

subsequently gliding down towards the interface, and drawing threading dislocations 

behind, most of which remain during further layer growth. The critical thickness is on the 

order of 2nm. The dislocation density observed for GaN on SiC at a thickness of 0.5µm is 

typically ~ 5× 109cm-2 . 2 

Direct wafer bonding is an alternative method of forming a heterointerface or 

heterojunction. It is an appropriate technique for materials of high lattice mismatch or 

with chemical instabilities. The method of direct bonding enables the formation of atomic 

bonds across atomically flat surfaces of different materials without introducing threading 

dislocations or stacking faults at the interface. This will result in a true ballistic electron 

transport and extension of mean free path of electrons in vertical structures. 

 

2.2.2. Important parameters in direct bonding of GaN 

In direct bonding of III-V compound semiconductors, annealing temperature and 

weighting pressure have been considered as critical parameters in the bonding process.  
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Wada, et al.3 reported that when a lower temperature is used, O-mediated bonding due to 

dehydration of hydroxyl molecules might be dominant. This effect would result in an 

increase of the barrier height at the interface. Besides, since little migration of group III 

atoms is expected at lower temperatures, the wafer surfaces need to be made flat on an 

atomic scale or roughness on the original surfaces will remain as voids at the interface.4 

Okuno, et al.4 and Tokuda, et al.5 suggested that the dissociation of group V atoms 

plays a primary role in the bonding mechanism of III-V materials. The dissociation 

promotes migration of group III atoms, which should effectively reduce the surface 

roughness, and thereby dissociated atoms would help establish the bond between two 

wafers. A temperature of 600ºC–700ºC was sufficient to cause a desirable level of 

dissociation in the In-Ga-P material system.4 Bonding at temperatures as high as 1000ºC 

was reported in that system, but the high temperature resulted in excessive dissociation of 

the group V atoms.6 

Tokuda, et al.5 reported bonding of a GaN/GaN materials system where the lowest 

temperature was 900°C. With annealing at 1000°C, The reproducibility of the bonded 

GaN/GaN interface was improved, but Ga extraction at the interface was observed. They 

suggested that 900ºC was sufficient to cause a desirable level of N dissociation for 

GaN/GaN direct bonding, which led to sufficient mobility of Ga. 

Tokuda, et al.5 used a larger weighting pressure in an attempt to lower the process 

temperature and improve the reproducibility with a larger weighting pressure. They 

proposed that because of the surface roughness there is a distribution of pressure in the 

contacted area and some regions of the contacted area are under very high pressure. The 

large pressure can induce a local strain, which enhances atomic redistribution to bring 
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about strain relaxation. Therefore, successful direct bonding may be possible at low-

temperatures, i.e. 500-800°C, at which III-V semiconductors scarcely dissociate. 

Moreover, reproducibility of the process may also improve. In their report of the 

GaN/GaN materials system, direct bonding occurred at 500°C when a large weighting 

pressure of 42 kgf/cm2 was employed.5 The interface showed partial bonding, but the 

reproducibility was quite good. They expected that a modification of the process 

conditions could enable a uniform and completely fused interface. They also confirmed 

that the extraction of Ga did not occur at temperatures lower than 900°C. Even at higher 

than 900°C, when using a large weighting pressure, the amount of Ga extracted was very 

small. This result was attributed to an improvement of the uniformity of the wafer 

contact. The results indicate that increased weighting pressure can enhance successful 

fusion of III-V materials.  

A theoretical model of the relationship between the weighting pressures, the 

amounts of strain of the contacted area, and the physical properties of the bonded 

interfaces has not been proposed for III-V materials bonding processes. But a model has 

been developed to describe Si bonding. Gui, et al.7 suggested that when an elastic sphere 

with high elasticity such as silicon and a rigid flat plane are contacted under a normal 

load P, the surface adherence forces act around the periphery of the contact area, and has 

a value of 2πωR where ω is the specific surface energy of adhesion (Nm-1) and R is the 

radius of the elastic sphere, as calculated by Deryagin, Muller, and Toporon8 and 

Maugis.9 The distribution of the stresses within the contact regime is assumed to be 

Hertzian. Thus the radius of contact, a, and the elastic displacement, δ, at the tip of the 

sphere are given by8, 9 
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where K=4/3[E/(1-ν2)] with ν the Poisson’s ratio and E the Young’s modulus of the 

sphere.  This model also indicated that a large pressure (P) could induce a local strain (δ). 

This may enhance atomic rearrangement at sufficiently high annealing temperature to 

bring about strain relaxation. 

 

2.2.3. Polarity effect in direct bonding of GaN/SiC 

In addition to the temperature and pressure effects, another basic piece of 

information concerns the polarity of the GaN with respect to the SiC in the direct bonding 

process. Because it is fundamental for understanding of the bonding process in these 

materials, we have focused attention on polarity effects for GaN/SiC direct bonding. The 

SiC oriented in the hexagonal [0001] direction can be either Si-face or C-face, and the 

GaN can also be either Ga-face or N-face. It is evident that the bonding strength will be 

determined by the polarity matching of the GaN and the SiC.  

Capaz, et al.10 calculated the total energies and bonding distances of four types of 

interfaces depending on the interfacial polarity matching with ab initio total energy 

methods.11 Their approach is as followings. The 6H SiC is the polytype most used, which 

consists of a hexagonal Bravais lattice with a close packed stacking (…ABCACB…) 

along the c axis. GaN also exists in a hexagonal structure with the (…ABAB…) stacking 

sequence known as the wurtzite structure. Structural parameters obtained in the bulk 
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calculations were a=3.040 Å, c/(pa)=0.8177, u=0.375 for 6H-SiC and a=3.020 Å, 

c/(pa)=0.8130, u=0.376 for GaN, where c and a are the lattice constants, p is the number 

of bilayers per unit cell (6 for 6H-SiC and 2 for 2H-GaN) and u is an internal parameter 

describing the relative displacement between the Si(Ga) and C(N) layers along the 

hexagonal [0001] direction. For ideal tetrahedral coordination c/(pa) = v(2/3) and u=3/8 

were used in good agreement with experimental results and ab initio calculations.12-16 

Contour plots of the total valence charge density and schematic ball-and-stick 

models for the four types of interfaces are displayed in Fig. 2.1. The plane of cut for all 

the figures is the hexagonal (10-10) plane, which contains two of the four bonds of the 

tetrahedrally coordinated atoms. The ball-and-stick models superimposed on each charge 

density plot give an accurate description of the bond lengths and bond angles for each 

structure. The C and N atoms are surrounded by regions of a high density of contours, 

reflecting the displacement in the bond maximum density towards these two atoms with 

higher electronegativity. 

Accordingly, Si and Ga atoms correspond to regions of depletion of valence 

charge density and appear smaller compared to C and N. Fig. 2.1 (a) corresponds to Si-

face SiC bonded to N-face GaN. Notice that the Si and N atoms at the interface form a 

partly covalent, partly ionic bond. The Si-N bond distance was calculated to be 1.77 Å. 

Fig. 2.1 (b) corresponds to Si-face SiC, but the GaN is now Ga-face. A covalent bond is 

formed between the Si and Ga at the interface (the bond distance is 2.43 Å). However, 

this bond is weak since most of the charge remains concentrated around the C and N 

atoms. The total energy difference between the two configurations gave E(a)–E(b)= –
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1.08eV per surface atom, indicating that for Si-face SiC the N-face GaN with Si-N 

interfacial bonds is energetically favorable over Ga-face GaN for direct bonding. 

A similar situation was found for C-face SiC [Figs. 2.1 (c) and (d)]. In Fig. 2.1 

(c), the Ga-face GaN with C-Ga bonds at the interface is shown, and the charge density 

contours resembled those of Fig. 2.1 (a), but with inverted polarity. A strong covalent and 

ionic bond between C and Ga (bond length 1.99Å) was formed at the interface. However, 

for N-face GaN [Fig. 2.1 (d)] the situation was surprisingly distinct from all the previous 

cases. The N atoms at the interface preferred to form bonds along the c axis to the nearby 

Ga atoms (bond distance 2.22Å) rather than to the C atoms of the substrate, yielding a 

very weakly coupled GaN-SiC system. The angles between the Ga-N bonds at the 

interface were very close to 90o, indicating sp2 hybridization of the GaN. Although 

carbon and nitrogen form strong covalent bonds in a large variety of situations, the 

presence of the surrounding atoms seemed to make polarity effects very crucial, and the 

C and N atoms behaved almost like two repelling negative charges. The total energy 

difference E(c)-E(d)= –1.07eV per surface atom, suggests that for C-face SiC, the Ga-face 

GaN with C-Ga bonds at the interface is energetically favorable for direct bonding. The 

electronegativity differences and the bond distances for polarity matching are 

summarized in Table 2.1. 

The results presented above can be described in terms of a very simple rule of 

polarity matching at the interface. The lowest energy interfaces are those on which 

“positive” ions bind to “negative” ions. Besides being intuitively appealing, this picture is 

strongly supported by the large energy differences (~1eV per surface atom) found in the 

ab initio calculations.10 
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2.2.4. Outline of this research 

The research is divided into two parts. The initial experimentation is to determine 

the optimum conditions such as annealing temperature and cleaning process for 

successful and reproducible bonding. The second experimental goal is to layer transfer 

the GaN film from the source substrate to the target substrate and to characterize the 

physical and electrical properties of the bonded structure.  

For initial experimentation GaN was grown by MOCVD on SiC with a 

conducting AlN buffer layer. The optimum conditions such as cleaning process and 

annealing temperature for successful and reproducible direct bonding of this system are 

clarified.  

After determining the optimum bonding conditions the bonding technique was 

applied to layer transfer of the GaN film from the source substrate to the target substrate. 

Although the lattice misfit between Si and GaN is as large as 20%, Si was selected as the 

source substrate due to the ease of removal after bonding. After layer transfer of GaN to 

SiC, the interface of the directly bonded GaN and SiC is investigated structurally by 

high-resolution transmission electron microscopy (HRTEM). The electrical 

characteristics of n-type GaN/p-type SiC directly bonded heterojunctions were studied 

using current–voltage (I-V) measurements in the temperature range of 300 to 600K and 

capacitance-voltage (C-V) measurements at different frequencies (1 MHz, 10 KHz).  

 

2.3  EXPERIMENT 

2.3.1  Direct bonding of GaN to SiC 
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The SiC wafers were obtained from Cree Research, and 50 mm 6H (0001)Si SiC 

and 50 mm 6H (000-1)C SiC wafers were used. A 1.5µm thick 2H(wurzite)  (0001)Ga n-

GaN film was grown by MOCVD onto (0001)Si n-SiC with a (conducting) 0.1 µm thick 

AlN buffer layer. The (0001)Si SiC wafer and the (0001)Ga GaN film were nominally on-

axis, but the (000-1)C SiC wafer was cut 3º off-axis. Doping levels were 2~4× 1018 cm-3  

in the n-type SiC,  3~6×1018 cm-3 in the p-type SiC wafers and 1× 1016~1017 cm-3 in the 

GaN film. The SiC wafers showed a resistivity of less than 0.1 ohm-cm for n-type and >1 

ohm-cm for p-type. The wafers were diced into 10× 10 mm2 or 6 × 6 mm2 pieces and 

subjected to a sequential bonding process consisting of ex situ wet cleaning, ex situ 

contact and in situ annealing. The ex situ wet cleaning includes a standard RCA SC1 

clean (NH4OH: H2O2: H2O=0.25:1:5, 80ºC, 10min), DI water rinse (3min), N2 blow dry 

and a standard RCA SC2 clean (HCl: H2O2: H2O=1:2:8, 80ºC, 10min), DI water rinse 

(3min), N2 blow dry. A final HCl dip was employed for the GaN and a final HF dip was 

used for SiC substrates (each 10min), where two different concentrations of HF (10:1), 

(100:1) were used.  

After wet cleaning SiC/GaN pairs were positioned in a chuck and loaded into 

UHV.  Bonding was initiated through pressure applied to the surfaces while at room 

temperature.  After the initial contact, in situ annealing was employed to form a high 

density of bonds at the heterointerface. The in situ UHV annealing process included 600-

1000oC 1hr annealing, except for some GaN/SiC (Si-face) samples, which were annealed 

up to 5 cycles at 900ºC for times up to 30min. The same processes were applied for n-p 

GaN/SiC pairs. 
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The surfaces were characterized prior to bonding with AFM and AES. After the 

bonding sequence, visible light images of the bonded pairs were recorded to characterize 

the degree of bonding. I-V measurements were completed after deposition of 2000Å of Ti 

on both sides of the bonded pair.  

 

2.3.2  Layer transfer of GaN to SiC 

The 0.5µm thick 2H GaN (0001) epitaxial film was prepared by MOCVD growth 

onto 50mm diameter Si (111) with a 0.1µm AlN buffer layer. The GaN was grown under 

conditions that the uncompensated Si impurity concentration in the n-type GaN layer was 

found to be 2×1018 cm-3 in CV measurements of Schottky barrier diodes. Both faces of 

6H SiC (Si-face (0001) or C-face (000-1)) were used for the bonding pair.  

Wet cleaning included standard RCA SC1, SC2 cleans with a final HCl dip for 

the GaN and a final HF (10:1) dip for the SiC substrates (each 10min). The surface RMS 

roughness measured by atomic force microscopy was 20 ± 10 Å in 20 µm × 20 µm scans 

for both the GaN and SiC surfaces. The AES showed ~7 atomic percent of O contaminant 

on both the GaN and SiC, and ~2 atomic percent of C on the GaN after wet cleaning.  

The GaN/SiC pairs were then positioned in a chuck, and the initial weak bonding was 

derived through manual pressure applied to the surfaces while at room temperature.  

The pairs were loaded into the UHV chamber, and UHV annealing was employed 

to form a high density of bonds at the heterointerface. It was found that through UHV 

annealing, Ga-face 2H-GaN films (0001) were strongly bonded to the on-axis (0001) Si-

face and 3o off-axis (000-1) C-face 6H-SiC substrates. The anneal temperature was kept 

at 900oC and the anneal time was 30 to 120 min. The heating and cooling rates were 
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controlled to be 5oC/min. After bonding the Si substrate was removed using 

HF+HNO3+H2O (1+1+1) for 30min (termed HNA etching). After Si removal the sample 

structures consisted of a 0.5 µm-thick n-type (2x1018 cm-3) 2H-GaN layer bonded to bulk 

p-type (3~6x1018 cm-3) Si-face or C-face 6H-SiC. The crystal quality of the bonded GaN 

layer was studied by X-ray diffraction and room temperature photoluminescence. The full 

width at half maximum of the double crystal X-ray ω−mode rocking curve for the GaN 

(0002) reflection was ~1000 arcsecs indicating good crystal quality.17 Near-band edge 

photoluminescence was observed from the GaN with additional broad defect-related 

yellow luminescence. High-resolution transmission electron microscopy (HRTEM) was 

used for analysis of the interfacial microstructure using a JEOL 2010F operating at 200 

kV.  

The films were then cleaned with organic solvents, dipped in buffered oxide etch 

(H2O: HF, 6:1), and rinsed in H2O immediately prior to being loaded into a thermal 

evaporator. Using a shadow mask an array of 500µm diameter circles of 500Å thick Al 

contacts was formed by vacuum thermal evaporation onto the n-GaN layer. No 

passivation was used for the mesa contact structure. The as-deposited Al contacts were 

ohmic without annealing.1 Whole area, 1000Å thickness Al was used as the backside 

ohmic contact to the p-type SiC.18 To investigate the electrical characteristics of the p-n 

heterojunctions, current–voltage (I–V) and capacitance-voltage (C–V) measurements 

were performed using a Keithley 236 source measure unit and a HP4284A LCR meter (in 

parallel mode), respectively. The I-V characteristics were measured in the temperature 

range of 300 to 600K. Conventional C-V measurements were performed at different 

frequencies (1 MHz, 10 KHz) and room temperature.  



 66

 

2.4  RESULTS AND DISCUSSION 

2.4.1  Direct bonding of GaN to SiC: Optimum bonding conditions 

Table 2.2 shows the relationship between bonding characteristics and the 

pretreatment process. When the final wet cleaning is an HF (100:1) 10min etch, the 

lowest temperature to bond GaN/SiC was 900°C. The GaN/SiC (Si-face) can be bonded 

at 900°C, however the reproducibility was poor. Only after repeated heating was a 

bonded interface formed. Even after annealing at 1000°C, the GaN/SiC (Si-face) was not 

bonded during the first annealing. In contrast, the GaN/SiC (C-face) samples were 

reproducibly bonded. The GaN/SiC (C-face) was bonded at 900oC without repeated 

heating, and the reproducibility of bonding GaN/SiC was improved by adopting a higher 

annealing temperature. When a final wet cleaning of SiC is an HF (10:1) 10min etch, the 

bonding characteristics of both samples, GaN/SiC (Si-face) and GaN/SiC (C-face) were 

similar. Repeated heating was not required and bonding occurred at 900oC with good 

reproducibility.  

Figure 2.2 presents plan-view images of the GaN/SiC bonded pairs. The images 

show three typical characteristics of the bonded interfaces. When the direct bonding 

process is carried out under appropriate conditions, the two wafers are completely bonded 

together. As shown in Fig. 2.2 (a), neither voids nor GaN dissociation is evident at the 

interface, and it appears that the GaN and SiC are bonded uniformly. If the sample 

configuration is not completely parallel and the annealing process is carried out 

repeatedly at high temperature, GaN dissocation can occur, which may be due to nitrogen 

desorption, and can lead to the agglomeration of Ga.5 The interface in which Ga 
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agglomeration occurs locally exhibits local dark areas as shown in Fig. 2.2 (b), which is 

similar to the plan-view image of the GaN/GaN fusion bonding in Tokuda’s experiment.5  

If bonding does not occur at the interface, the GaN/SiC pairs appear as shown in 

Fig. 2.2 (c). Interference fringes are observed in the unbonded pairs. Insufficient cleaning 

or low-temperature annealing tends to result in this type of unbonded interface. 

Figure 2.2 (d) shows a plan-view image of a partially bonded interface attributed to an 

annealing temperature gradient at the interface. A molybdenum bar contacted and pressed 

the sample during annealing, and heat loss occurred through the contacted area. This 

results in an annealing temperature gradient at the interface and, finally, partial bonding 

at the high temperature rim area of the sample. The cooler central region under the bar-

contacted area was not bonded. This may indicate that there is a critical annealing 

temperature for bonding. 

The bonding improvement, which results from adopting a high temperature, is 

also partly attributable to the surface roughness.5 Although the epitaxial growth technique 

of GaN has been developed in recent years, a certain roughness and thickness distribution 

is unavoidable in GaN epilayers. Because of such roughness, the GaN/SiC cannot be 

contacted completely over the whole area. The well-contacted region depends on the 

roughness, particularly the macroscopic undulations that can be observed using a surface 

roughness profiler. The contacted region induces local strain, which can enhance atomic 

redistribution to bring about strain relaxation.5 The atomic redistribution is also enhanced 

by annealing the sample. Therefore, successful direct bonding is possible at temperatures 

high enough to induce a considerable amount of atomic rearrangement. For this reason 

the reproducibility of the process is improved at increased temperatures.   
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Fig. 2.3 indicates the crystal quality of the GaN layer bonded to SiC, where the 

GaN was layer transferred from Si to SiC. For the 900oC-annealed sample, the GaN XRD 

peak was detected at an angle of 2θ=34.4o. But for the 1000oC-annealed sample, a GaN 

XRD peak was not observed suggesting that excessive dissociation of GaN is suppressed 

at 900oC but occurs at >1000oC. The GaN surface has been reported to dissociate due to 

N desorption at above 700oC.19 But the critical temperature for dissociation of GaN is 

increased in the direct bonding process because of the capping effect of another material 

on top of the GaN. Tokuda, et al.5 reported in their GaN/GaN direct bonding experiment 

that the extraction of Ga due to N desorption was not detected at lower than 900oC, and 

even at higher than 900oC, the amount of Ga extracted is very small when a large 

weighting pressure is employed. In our GaN/SiC bonding experiments evidence of the 

dissociation of GaN was not observed for the 900oC-annealed sample as is shown in Fig. 

2.2 (a), where a uniform coloration was observed. Moreover, as shown in Fig. 2.3(a), the 

GaN XRD peak was detected.   

Fig. 2.4 shows an SEM image of samples annealed at different temperature. At 

800oC and 850oC partial bonding was achieved, while whole area bonding was found 

above 900oC. We suggest that 900oC is sufficient to cause atomic rearrangement through 

which the interfacial bonding takes place. Fig. 2.5 shows the bonded GaN on SiC for 

different duration times all at 900oC. The fraction of bonded area increased as the 

annealing time increased. This also indicates that the bonding involves atomic 

rearrangement.  

 

2.4.2  Direct bonding of GaN to SiC: I-V Characteristics  



 69

The graphs in Fig. 2.6 (a) demonstrate the difference of the I-V characteristics of 

the bonded samples prepared from SiC (Si-face) with different surface pretreatments. 

These surface pretreatments were obtained by treating the SiC (Si-face) by the standard 

RCA cleaning procedure followed by either a diluted HF (100:1) etch or a concentrated 

HF (10:1) etch each for 10min. As is shown in Fig. 2.6 (a), the bonded samples with SiC 

(Si-face) pretreated with a diluted HF (100:1) etch showed a high-resistance and nonlinear 

behavior up to high voltages in the current-voltage curve.  Figure 2.6 (c) shows the 

electrical characteristics of the n-p GaN/SiC (Si-face) bonded pairs. Again the GaN/SiC 

(Si-face), where SiC was pretreated by HF (100:1), showed high resistance, but the 

GaN/SiC (Si-face) pretreated by HF (10:1) showed lower resistance.  

However, the influence of the chemical treatment on the I-V characteristics was 

not clear in the GaN/SiC (C-face). Figures 2.6 (b) and (d) show the I-V characteristics of 

the n-n or n-p GaN/SiC (C-face), where the SiC was pretreated by a HF (100:1) or HF 

(10:1) 10min dip. There was no considerable difference in current-voltage behavior 

compared with the behavior of the GaN/SiC (Si-face) in n-n and n-p structures (Figs. 2.6 

(a) and (c)).  

The AES data showed that the HF (10:1) treated SiC (Si-face) has ~7 atomic 

percent of O, and the HF (100:1) treated SiC (Si-face) has >50 atomic percent of O (Fig. 

2.7 (a)). However, the C-face SiC had an unchanged atomic percent (~7%) of O on 

surfaces prepared with either the HF (100:1) or HF (10:1) chemical treatment (Fig. 2.7 

(b)). The GaN was treated by the standard RCA cleaning precedure and a 10min HCl dip. 

The AES showed ~7 atomic percent of O and ~2 atomic percent of C on the GaN surface 

after the wet cleaning (Fig. 2.7 (c)).  
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The electronegativity of C atoms (2.5) is higher than Si atoms (1.8),20 and 

consequently, the electronegativity difference with O atom (3.5) is different. The 

electronegativity difference of C-O (1.0) is much smaller than the difference of Si-O 

(1.7). We suggested that this effect leads to a reduced amount of native oxide on the C-

face SiC, which results in the similar O concentration after the different HF etching 

processes.  

The influence of chemical treatment on current versus voltage linearity and 

differential resistance and thereby on the density of interface charges is evident. These 

results indicate that the thin native oxide layer present on the SiC surfaces treated in a 

diluted HF etch contributes to the formation of the interface states, giving rise to a barrier 

at the interface. Electrically charged defects at an interface may result in an increased 

barrier at a junction as shown in Fig. 2.8.  The heterobarrier (qVb) at the nonideal 

interface increases with the interface state (charged defect) density.6, 21 A defect density 

due to interfacial oxide forms the barrier, and this adversely affects the I–V 

characteristics.21 That is, increasing high-resistance nonlinearities in the I–V curves occur 

as the interfacial oxide amount increases.21  

The effects of interface states are illustrated in the n–n GaN/SiC heterojunction in 

Fig. 2.8. Fig. 2.8 (a) represents low-resistance conduction across an ideal junction with a 

heterobarrier (qV0) that is sufficiently small. The band diagram in Fig. 2.8 (b) represents 

an interface with defect states for two n-type materials at thermal equilibrium. Here 

acceptor states as well as donor states are present at the interface. The Fermi-level has a 

position at the interface so that a number of acceptor states are filled with electrons.21 
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These filled acceptor states trap negative interface charge and produce an electron energy 

barrier as shown in Fig. 2.8 (b). 

Engström, et al.21 suggested that when a voltage, V, is applied as shown in Fig. 

2.8 (c), the Fermi-levels on the two sides are separated by an energy corresponding to qV. 

This results in a decrease of the energy barrier qV1 for electrons in the conduction band 

of the negatively biased side of the structure while the applied voltage is taken up mainly 

by increasing the barrier, qV2, on the positively biased side. Decreasing the barrier height 

qV1, by increasing V, results in a flow of majority carriers across the interface which are 

collected by the back biased space charge region on the positive side and transported into 

the external circuit. The separation of the Fermi-levels at the interface means that a 

repopulation takes place among the interface states.21 As is realized from Fig. 8 (c), in the 

n-n case, the separation of Fermi-levels then gives an increasing negative charge at the 

interface, which counteracts the lowering of qV1 when the bias voltage V is increased. 

Consequently, the interface states may have a pronounced influence on the resistance of 

bonded interfaces.21 

 

2.4.3. Layer transfer of GaN to SiC: Interfacial microstructure 

The interface morphologies of the GaN/SiC (Si-face) and GaN/SiC (C-face), 

which were bonded at 900°C for 1 hour, are imaged using high-resolution TEM 

(HRTEM) (Fig. 2.9). It is evident that the interface region was restructured after bonding. 

Apparently, significant atomic-rearrangement processes occurred during the high 

temperature annealing, resulting in a structurally ordered crystalline fused interface.  
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Figures 2.9 (a) and (b) display the dislocation network at the bonded interface. 

Misfit dislocations are observed at the interface and found to be spaced at an equal 

interval. The average spacing is about 10nm for the GaN/SiC (Si-face) interface and 

around 6nm for the GaN/SiC (C-face) interface.  

The bonded interface microstructures including interface dislocation network in 

III-V compound semiconductors have been carefully studied by Jin-Phillipp, et al.22, and 

Patriarch, et al.23. They suggested that after bonding two kinds of dislocation networks 

should form at the interface. The first dislocation network is to accommodate the lattice 

misfit and twist orientation. A single two-dimensional network of mixed dislocations can 

accommodate both misfit ε0* and twist θ. Since the edge and screw segments associated 

with a given Burgers vector are perpendicular, this can be achieved through a network 

whose lines incorporate screw and edge segments in the proportion le/ls, thereby 

producing a square network of jagged lines with spacing D1 with 

,)(/ 22*
0

*
1 θε += bD     (3) 

where b*=a* for GaN, SiC where perfect dislocations have Burgers vector of a/3<11-20> 

with a glide on {0001} planes,24, 25 and a* the lattice constant, and ε0* the lattice 

mismatch, both at the bonding temperature. The expected distance D1 is ~ 9 nm with the 

assumption that the twist misorientation is around 1o-2o. 

The second dislocation network is to accommodate the tilt misfit. 

Accommodation of this tilt requires dislocations with Burgers vectors having an edge 

component bn normal to the bonding plane. In the limit of small tilt ω, the distance 

between these dislocations is expected to be 
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,/*
2 ωnbD =      (4) 

where bn*=c* is the Burgers vector parallel to the c-axis at the bonding temperature. The 

expected distance D2 is ~150nm for the GaN/SiC (Si-face) where ω is less than 0.2o and 

~10nm for the GaN/SiC (C-face) where ω is ~3o.  

The average spacing of dislocations is about 10nm for the GaN/SiC (Si-face) 

interface and around 6nm for the GaN/SiC (C-face) interface, which is consistent with the 

calculated values. Therefore, we suggest that the interfacial dislocations in Figs. 2.9 (a) 

and (b) are basically formed by mixed dislocations to adapt a lattice misfit in addition to 

twist  and tilt misorientation. For the GaN/SiC (C-face) interface, the 2nd dislocation 

network would be spaced similarly to the 1st dislocation network. This would result in an 

average dislocation distance less than 9nm. 

As shown in Fig. 2.9 (c), some areas (~30%) contain a thin amorphous-like layer 

with a thickness of a few nanometers. Such an amorphous layer at the interface was 

observed in all samples of GaN/SiC (Si-face) and GaN/SiC (C-face) pretreated by the HF 

(10:1) 10min dip. The formation of such an amorphous interlayer is attributed to the 

native oxide layer that formed on the wafer surface before the onset of the bonding 

process.22 The amorphous native oxide layer is attributed to an incomplete removal of 

oxide layers of the SiC and GaN prior to bonding. We note that ~7 atomic percent of O 

was present on both the surfaces of SiC and GaN (Fig. 2.7). 

Shi, et al.26, 27 reported that generally during high temperature annealing, local 

formation of the amorphous regions takes place in the bonding process. A complex 

transformation process involving impurity atom interdiffusion has taken place, resulting 

in the formation of the amorphous area during annealing. Consequently a change of the 
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interface morphology occurs. Diffusion and interdiffusion of the materials in the interface 

layer will even out the surface and may enable the bubble like regions to agglomerate, 

reducing the overall surface tension by becoming geometrically spherical. The thickness 

of the amorphous layer collapses to almost zero in most areas. However there will be an 

amorphous layer in some areas, and the areal percentage of the amorphous layer over the 

whole interface area will be dependent on the amount of the surface contaminant prior to 

bonding. During the formation of the bonded area, those impurities, contaminations, and 

defects will diffuse along the interface boundary and will be trapped into bubble like 

regions, forming the disordered nonconductive area. Through this process an irregularly 

distributed array of nanoscale, bubblelike regions formed at the bonded interface area.26  

 

2.4.4  Layer transfer of GaN to SiC: I-V characteristics 

Fig. 2.10 presents a plot of semilog I –V curves for the GaN/SiC n-p 

heterojunctions at different temperatures 300-600K. The electronic properties exhibited 

typical diode behavior. The forward current varies exponentially with applied voltage and 

can be expressed by I= I0exp(qVa/nkT), where I0 the saturation current (A), n the ideality 

factor, Va the applied voltage (V), k the Boltzman constant, and T temperature (K). At 

forward bias, the ln (I) vs. V plot exhibited linear regions before the effect of the series 

resistance becomes predominant. For the diode having a Ga/Si interface, at 300-500K 

temperatures, an extracted ideality factor of 1.5 ± 0.1 was obtained.  

For the diode having a Ga/C interface, the ideality factor was determined to be 1.2 

±  0.1. At 600K, the current was early saturated, and the ideality factor was >2 for both 

interface diodes. The room temperature extrapolated saturation current densities are 
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1×10-13 and 1×10-16 A/cm2 for the Ga/Si interface diode and the Ga/C interface diode, 

respectively. These values are similar to those measured for AlGaN/SiC diodes (n= 1.4, 

Jsat= 2×10-17 A/cm2)28 but much higher than the predicted value by classical 

drift/diffusion theory (~10-43 A/cm2)29, 30 for an ideal diode (n=1). These diodes displayed 

high leakage currents of 6.4 ± 0.1 mA/cm2 for the Ga/Si interface diode and 2.3 ± 0.1 

mA/cm2 in the Ga/C interface diode at –0.5V with catastrophic reverse failures between –

30 and –50V.  

To explain our experimental results, let us consider the energy-band diagram of 

the n-p heterojunction with interface traps shown in Fig. 2.11. This diagram suggests that 

mechanisms other than thermal recombination-generation are involved. Kuznetsov, et 

al.31 supposed that the electronic transport in the GaN/SiC n-p heterojunction, in the 

forward direction, is limited by the tunneling rate of electrons from the conduction band 

of GaN into the interface traps with subsequent recombination with holes via the 

interface traps. This recombination rate depends on the effective mass of electrons in 

GaN, on the dielectric constant of the semiconductor, on the donor concentration in GaN, 

and on the effective barrier height. For reverse bias, the dominant leakage mechanism 

would include carrier generation mechanisms induced by a high density of morphological 

defects and also electrons tunneling from the bottom of the SiC valence band into the 

conduction band of the GaN, i.e. the so-called Zener effect.31  

 

2.4.5  Layer transfer of GaN to SiC; activation energy measurement   

We have attempted to draw activation energy plots of either the reverse currents 

at fixed bias voltage or the saturation current densities extrapolated from I-V forward 
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characteristics. Neither yielded linear Arrhenius-like results. This is attributed to the 

various mechanisms of carrier recombination-generation explained above. To obtain the 

activation energy of such a device with a considerable amount of interfacial defects, we 

constructed Richardson plots of the forward current densities from the temperature 

dependence of the current-voltage characteristics.32  

The usual Richardson formula is given by:   















 Φ
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TAJ fIV
f expexp2*                          (5)  

where A* is an effective Richardson constant ( A*= meff × 120 A cm-2 K-2), ΦIV is the 

apparent barrier height as obtained from I-V measurements and Jf , Vf are the forward 

current density (A/cm2) and forward voltage (V). 

In Fig. 2.10 the forward current-voltage characteristics obtained at different 

temperatures in the range from 300 to 600 K are shown. The deviation from linearity in 

the high forward voltage region in Fig. 2.10 is attributed to the series resistance. In Fig. 

2.12 the logarithm of Jf/T2 vs. 1000/T is plotted (Richardson plot). The Jf-values used 

here are taken at a forward voltage of 0.5 V in order to avoid both the influence of 

currents additional to the thermionic emission in the low forward voltage region and the 

influence of series resistance at high forward voltage.32 From Fig. 2.10 it is evident that at 

0.5 V, a linear relationship is obtained at all temperatures investigated. The straight line 

in Fig. 2.12 is in accordance with equation (5), which can be expressed as:  
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From the temperature dependence of the current-voltage characteristics the 

apparent barrier height ΦIV is obtained by the equation: 
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The barrier height obtained from this equation was 0.75 ± 0.10 eV for the Ga/Si 

interface diode and 0.56 ± 0.10 eV for the Ga/C interface diode. The Ga/Si interface 

showed higher values of the ideality factor, the saturation current density, the leakage 

current density and the energy barrier height than the Ga/C interface. The extracted 

values are summarized in Table 2.3. 

 

2.4.6 Layer transfer of GaN to SiC: C-V characteristics 

Complementary C-V measurements have been performed using two different test 

signal frequencies. The capacitance was observed to change slowly as a function of 

frequency but there was no significant deviation in the extracted value for the built-in 

potential. The C-V characteristics were non-linear when plotted in C-2 versus V co-

ordinates. This is attributed to the tunneling-recombination processes involving the 

interface traps. Because of this it was not possible to determine directly the built-in 

voltage from a conventional Anderson’s treatment33 of the capacitance measurements.  

The Anderson’s energy band model does not take into account the effects related 

to the interface states.  However, it should be pointed out that a C-n-V plot (see Fig. 2.13) 

does show a linear dependence with n= 2.5. The 1/C2.5 was a linear function of the 

applied reverse bias up to at least 10V. This result suggests a conduction mechanism in 

these devices where the interface has a high density of defects that are effective tunneling 

centers. We used a modified Donnelly-Milnes model34 of the C-V measurements in order 

to account for the presence of traps. Our result shows that the actual interfacial defects 
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effect is described by the Donnely-Milnes theory. Regarding the value of n= 2.5 in a C-n-

V plot, our results are very similar to those obtained by Kuznetsov, et al.31 who made 

GaN/6H-SiC n-p heterostructures by HVPE growth. Kuznetsov also attributed the n= 2.5 

value instead of n= 2 to tunneling-recombination processes due to the participation of the 

interface traps. 

The (1/C2.5)–V curves of an abrupt heterojunction can be analyzed using the 

following expression34: 
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where NGaN , NSiC , εGaN , εSiC are the donor and acceptor densities (cm-3) and 

permittivities (F/cm) of n-GaN and p-SiC, respectively, A is the cross sectional area (cm2) 

of the heterojunction, q is the electronic charge (C), Φbi is the built-in potential (V), φm is 

the interfacial dipole (V), QIS is the charge on interface states (C/cm2), and VC is the cut-

off voltage (V) in the heterojunction. The number of charged interface states, that is, the 

minimum density of interfacial defects, is obtained by dividing QIS by q. We used n= 

2.5 instead of n= 2 from the original Donnelly-Milnes equation. Since the film and the 

substrate are highly doped (2~6x1018 cm-3), the capacitance of the contact is assumed to 

be much larger than the capacitance in the heterojunction (Ccontact»CHJ). Furthermore, the 

bulk series resistance is negligible. 

If the cut-off voltage is assumed to represent the built-in potential as in the 

conventional Anderson’s theory, then equation (8) is simplified into equation (9), where 

the measured built-in potential Φbi
* contains the interfacial dipole and interfacial charge 

density.  
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Because the measured built-in potential represents the bulk built-in potential 

reduced by the amounts of the interfacial dipole and the interfacial state charge, the 

measured built-in potential will be lower than the built-in potential. The cut-off voltage of 

the C-V characteristics was found to be 2.11 ± 0.10 V for the Ga/Si interface diode and 

2.52 ± 0.10 V for the Ga/C interface diode. The C-V cut-off voltage is significantly less 

in the Ga/Si interface diode than the Ga/C interface diode.  

 

2.4.7  Layer transfer of GaN to SiC: Flat band energy diagram 

From the measured built-in potential (Φbi*), the band offsets (∆EC, ∆EV) in these 

heterostructures can be determined as follows35: 

             ])()[( *
, GaNCFbiSiCVFSiCGC EEEEEE −−Φ+−−=∆         (10) 

and                  ])()[( *
, GaNCFbiSiCVFGaNGV EEEEEE −−Φ+−−=∆         (11) 

where EG is the bandgap energy, EF is the Fermi level, and EC and EV  are the conduction 

and valence bands, respectively. The calculation of the Fermi levels in the p-SiC and in 

the n-GaN was performed using the Fermi-Dirac integrals and doping concentrations.35 

The values are (EF -EC)GaN= 0.005eV (n= 2×1018 cm-3), and (EF -EV)SiC = 0.045eV (p= 

6x1018 cm-3). The conduction and valence band offsets are ∆EC= 0.87 ± 0.10 eV and 

∆EV= 1.24 ± 0.10 eV in the Ga/Si interface diode and ∆EC= 0.46 ± 0.10 eV and ∆EV= 

0.83 ± 0.10 eV in the Ga/C interface diode, respectively. The values are a statistical 

average from ~5 diodes, and the total experimental error is ±0.1 eV. The built-in potential 
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and the band offsets of the GaN/SiC heterojunction as determined from the C–V data are 

listed in Table 2.3. 

It has been proposed that the conduction band offset of the GaN/SiC 

heterojunction is an intrinsic feature, i.e. the energy barrier height.36 From our C-V 

measurements the energy barrier heights are 0.87 ± 0.10 eV for the Ga/Si interface diode 

and 0.46 ± 0.10 eV for the Ga/C interface diode. These values are slightly different from 

the apparent barrier height as obtained from I-V measurements (0.75 ± 0.10 eV for the 

Ga/Si interface diode and 0.56 ± 0.10 eV for the Ga/C interface diode). Song, et al.32 

proposed that the difference in apparent barrier height as obtained from capacitance-

voltage and current-voltage measurements could be explained by introducing a 

distribution of barrier heights over the measured area and a temperature dependence of 

the real barrier height. Taking into account this barrier height distribution and the 

temperature dependence of the barrier height, C-V measurements also showed the same 

trend, namely that the Ga/Si interface has the higher barrier height than the Ga/C 

interface. 

The flatband energy diagram for the 6H-SiC/GaN p-n heterojunction constructed 

according to the modified Donnelly-Milnes theory is shown in Fig. 2.14. This diagram 

shows the measured built-in potential (Φbi
*), the energetic distance from the Fermi level 

to the nearest band edge (δ), the discontinuities in conduction-band and valence-band 

edges (∆EC and ∆EV). The basic characteristics of the flatband energy diagram were 

calculated from the cut-off voltage in the C-V measurements. The energy-band profile 

near the interface plays an important role in understanding the current flow mechanism in 

the heterojunction.  
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In the bonding process, the interface traps are at the heterojunction interface, and 

the density of interface traps depends on the lattice misfit and the twist and tilt 

misorientation of the two semiconductors.22, 23 Besides the misfit and misorientation 

effects, the polarity matching effects between the directly bonded GaN/SiC 

heterojunctions are also important. In our work values of ∆EC= 0.87 ± 0.10 eV and ∆EV= 

1.24 ± 0.10 eV for the Ga/Si interface diode and ∆EC= 0.46 ± 0.10 eV and ∆EV= 0.83 ± 

0.10 eV for the Ga/C interface diode were obtained. This result indicates that the band 

offset is apparently dependent on the interfacial polarity matching. Städele, et al.37, 

Agrawal et al.38, and Binggeli, et al.39 reported that the electronic band offsets of 

GaN/SiC were found to depend strongly on the chemical composition of the interface 

layers. However, considering the origin of the interfacial charge related to the interfacial 

polarity matching, a detailed explanation of the interfacial charge effect is beyond the 

scope of this paper. The presence of interfacial charges is evident, but the knowledge of 

their influence on band alignment is still very limited.  

 

2.5  CONCLUSION 

In this research we have studied the application of the direct bonding technique 

for a novel material integration, namely the GaN/SiC materials system. We extensively 

examined the direct bonding of combinations of Ga-face GaN with C-face or Si-face SiC. 

The results from direct bonding of the different surfaces of SiC established that wet 

chemical cleaning prior to direct bonding is important. The feasibility of successful direct 

bonding depends on the pretreatment of the SiC. A SiC surface with a minimum amount 

of O on the surface can be fused with good reproducibility with GaN at 900°C. To obtain 
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a minimum amount of O on the SiC surface an HF (10:1) 10 min dip was required for the 

Si-face SiC. For the C-face SiC, there was no specific change of the O amount by 

different HF concentration and this was attributed to a low electronegativity difference 

(1.0) between C and O. The reproducibility of the GaN/SiC bonding increased at 1000oC, 

but degradation of the GaN attributed to the dissociation of GaN was observed. The fact 

that the bonded area increased with the time duration at 900oC indicates that the bonding 

takes place by atomic rearrangement, and the amount of the atomic rearrangement is 

related to the annealing time. 

The current-voltage characteristics of directly bonded GaN/SiC heterointerfaces 

have been investigated. Both GaN/SiC (Si-face) and GaN/SiC (C-face) interfaces were 

prepared by direct bonding. The properties of the GaN/SiC (Si-face) interfaces have been 

found to be very dependent on the choice of chemical treatments in the bonding 

procedure. When a native oxide layer is present on the SiC surface during a GaN/SiC 

interface preparation, a significantly higher density of charged interface states is found, 

compared to the case when the native oxide layer is removed as the last step before the 

direct bonding. A model similar to the one for hydrophilic and hydrophobic Si/Si 

interfaces21 was used which explains the general electronic properties of the GaN/SiC 

(Si-face) interface. The measured current-voltage characteristics of the n-n interfaces can 

be explained by interface charges, which give rise to a potential barrier at the interface. 

For the bonded GaN/SiC (C-face) interfaces, low resistance I-V curves were found, 

indicating that a small amount of charge is present, which may be associated with the low 

amount of oxide during the direct bonding procedure. This latter structure is relatively 

insensitive to the different chemical treatments.  
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After determining the optimum bonding conditions (i.e. annealing temperature 

and cleaning process), the bonding technique was applied to obtain a layer transfer of 

GaN film from source substrate to target substrate. Although the lattice misfit between Si 

and GaN is large (i.e. 20%), Si was selected as the source substrate because of the ease of 

removal after bonding. After layer transfer of GaN to SiC an interfacial microstructure 

analysis, strain analysis and electrical characterization were completed for the GaN/SiC 

materials structure. 

The interface microstructures of the GaN/SiC  interface prepared by direct 

bonding were explored with HRTEM. The experimental results suggest that the high-

temperature bonding results in a significant change of the interface morphology. 

Dislocations are observed in cross-sectional micrographs. The dislocations form to 

accommodate the lattice misfit and twist misorientation. For the GaN/SiC (Si-face) 

interface, the spacing of dislocations, ~10nm, indicate that it is the 1st network of 

dislocations. For the GaN/SiC (C-face) interface, the spacing of dislocations was ~6nm. 

We suggest that this is attributed to the overlap of the more closely spaced 2nd dislocation 

network (due to the large tilt misorientation, ~3o) to the 1st dislocation network (due to 

the lattice misfit, 3.4% and twist misorientation, 1~2o). An annealing at 900 °C for 60 

minutes forms an interface layer, which is composed of a structurally ordered crystalline 

interface with about 30% of nanoscale, bubblelike amorphous or disordered regions. An 

amorphous layer of native oxide(s) may form at the interface due to incomplete removal 

of surface oxide prior to bonding. An atomically sharp interface without any interlayer, 

therefore, could be achieved by improving the surface preparation process, e.g., in-situ 

cleaning followed by an in-situ bonding.  
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The calculations of band offsets were accomplished by an empirical approach 

where band offsets result from the properties of the two components of the heterojunction 

and model calculations account for charge transfers across the interface. The temperature-

dependent current-voltage and capacitance-voltage techniques were employed to 

determine the band offsets. The band offsets of directly bonded GaN/SiC n-p 

heterojunctions was compared with respect to the different interfacial polarity matching. 

Using of the modified Donnely-Milnes theory34, we conclude that direct bonding-induced 

polarity matching across the interface play a primary role in determining the GaN/SiC 

heterojunction potential step near the atomically “abrupt” interface. Besides the lattice 

misfit and misorientation, the polarity matching between directly bonded GaN/SiC 

heterojunctions is important. The Ga/Si interface showed larger band offsets (∆EC= 0.87 

± 0.10 eV and ∆EV= 1.24 ± 0.10 eV) than the Ga/C interface (∆EC= 0.46 ± 0.10 eV and 

∆EV= 0.83 ± 0.10 eV). 
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Bond Electronegativity 

 difference 

Bond distance 

(Å) 

N-Si 1.2 1.77 

C-Ga 0.9 1.99 

N-C 0.5 >2.22 

Si-Ga 0.2 2.43 

 

 

Table 2.1. Electronegativity differences and bond distances of polarity matching in the 

GaN/SiC interface. [Ref. 10, 20] 
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 Si-face SiC  C-face SiC Annealing 

Temperature  HF 

(100:1) 

10min dip 

HF  

(10:1) 

10min dip 

 HF 

(100:1) 

10min dip 

HF  

(10:1) 

10min dip 

600oC  × ×  × × 

700oC  × ×  × × 

800oC  × ×  × × 

900oC  v o  o o 

1000oC  v o  o o 

 

 

Table 2.2. Summary of direct bonding of GaN/SiC surfaces with (100:1) or (10:1) HF 

etch of the SiC. All samples were UHV annealed for 60min at the indicated temperature 

except the GaN/SiC (Si-face) (100:1) HF, which was processed with 5 UHV anneal 

cycles from RT to 900oC. The results are represented as: × : not bonded, v: bonded with 

poor reproducibility, o: bonded with good reproducibility 
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Table 2.3. A summary of saturation current (Jsat), ideality factor (n), deduced barrier 

height (ΦIV), and deduced built-in potential (Φbi
*) measured in the directly bonded 

GaN/SiC n-p heterojunctions having different interfacial polarity matching. Conduction 

and valence band offsets (∆EC, ∆EV) were calculated from the measured built-in potential 

(Φbi
*). The total experimental error is ±0.10 eV. 

 

I-V  C-V 

Interfacial 

Bonding 

Jsat 

(A/cm2) n 

ΦIV 

(eV)  

Φbi
* 

(eV) 

∆EC 

(eV) 

∆EV 

(eV) 

Ga/Si ~10-13 1.5(±0.1) 0.75  2.11 0.87 1.24 

Ga/C ~10-16 1.2(±0.1) 0.56  2.52 0.46 0.83 
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Fig. 2.1. Contour plots of electronic density for four interfaces. Twelve evenly spaced 

contours from 0.4 to 3.7 (in units of electrons/Å3) are used. Two additional contours at 

0.1 and 0.2 help to map the low charge density regions. Ball-and-stick models are 

superimposed for each case. Balls are placed at the actual atomic positions and differ by 

shade and size according to the atomic types. [Ref. 10] 
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Fig. 2.2. Plan-view visible light images of directly bonded GaN/SiC pairs. Individual 

figures show (a) complete bonding after UHV annealing at 900ºC for 60min, (b) bonding 

showing GaN dissociation after 5 UHV annealing cycles between RT and 900ºC, (c) no 

bonding after UHV annealing at 800ºC for 60min, and (d) partial bonding after UHV 

annealing at 900oC for 60min with contact by a molybdenum bar. 
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Fig. 2.3. θ-2θ X-ray diffraction peak from directly bonded GaN/SiC samples. Although 

the reproducibility of bonding GaN/SiC was improved by adopting an annealing 

temperature of 1000oC, such a high temperature caused excessive dissociation of the 

GaN.  
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Fig. 2.4. SEM images of samples annealed at different temperature. Below 900oC partial 

bonding was found, and above 900oC whole area bonding was observed. 
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Fig. 2.5. The ratio of bonded area/whole area of GaN/SiC samples annealed at 900oC 

with different duration time (30, 60, 90, 120min). An increase of the ratio on the 

annealing time is evident for the 60 to 120min annealed samples. 
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Fig. 2.6. Current vs. voltage characteristics of GaN/SiC samples: (a) n-n type, (c) n-p 

type GaN/SiC (Si-face) samples, (b) n-n type, and (d) n-p type GaN/SiC (C-face) 

samples.  SiC was wet-cleaned with HF (100:1) or HF (10:1) 10min dip prior to bonding 

and GaN was cleaned with a 10min HCl dip. (Resistivity: 0.1 Ω⋅cm for GaN and n-type 

SiC, and > 1 Ω⋅cm for p-type SiC.) 
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Fig. 2.7. AES data for (a) Si-face SiC treated by a 10min HF (100:1) dip or a 10min HF 

(10:1) dip, (b) C-face SiC treated by a 10min HF (100:1) dip or a 10min HF (10:1) dip, 

and (c) GaN treated by a 10min HCl dip.   
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Fig. 2.8. Energy band diagrams for an n-n GaN/SiC hererojunction with an (a) ideal 

interface, (b) interfacial states at thermal equilibrium, and (c) interfacial states with an 

applied voltage V. The interface states increase the potential barrier at the heterojunction 

(qVb) from the ideal case (qVo) and results in nonlinearities in the I-V curves. 
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Fig. 2.9. Cross-sectional high resolution electron micrograph of (a) the GaN/SiC (Si-face) 

interface and (b,c) regions of the GaN/SiC (C-face) interface. The downward arrows in 

(a) and (b) indicate the presence of dislocations. In some areas (~30%) the interface was 

not as perfect, rather it contained a thin amorphous-like layer with a thickness of a few 

nanometers as shown in (c). 
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Fig. 2.10. I-V characteristics at different temperatures, 300 to 600K, from the directly 

bonded GaN/SiC n-p heterojunction diodes, with different interfacial polarity matching. 

The device area is a 500µm diameter circle. 
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Fig. 2.11. Band diagrams of GaN/SiC n-p heterojunction, where the injection process and 

the tunneling assisted generation-recombination process have been indicated with arrows. 

These band alignments are of type II, and will result in decreased current in (a) forward 

direction and increased current in (b) reverse direction. 
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Fig. 2.12. Plot of log Jf/T
2 vs. 1000/T as obtained from Fig. 2.10 at Vf = 0.5V. It is found 

that ΦIV= 0.75 ± 0.10 eV for the Ga/Si interface and 0.56 ± 0.10 eV for the Ga/C 

interface. 
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Fig. 2.13.  C-V characteristics, i.e., (1/C2.5) vs. V, for the directly bonded GaN/SiC n-p 

heterojunction diodes that have different interfacial polarity matching. The device area is 

500µm diameter circle and the measurement was performed at two different test signal 

frequencies, 1MHz and 10kHz.   
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Fig. 2.14. Flatband energy diagram for the directly bonded GaN/SiC n-p heterostructures, 

with different interfacial polarity matching. This diagram is constructed from the 

measured built-in potential Φbi
* in CV characteristics. The zero energy is arbitrarily 

chosen at the top of the SiC valence band. EF(broken line) is the Fermi level, and EC and 

EV(solid lines) are the conduction and valence bands. 
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3.1 ABSTRACT 

We study the interfacial microstructure and strain state of 2H GaN layers directly 

bonded to 6H SiC (0001) or (000-1) wafers. The GaN films are Ga-face polarity and 

bonded structures are prepared with Ga-face GaN bonded to Si-face or C-face SiC.  

Cross section transmission electron microscopy indicates 10nm spaced 

dislocations at the interface for the GaN/SiC (Si-face), and ~6nm for the GaN/SiC (C-

face), which form to accommodate the lattice mismatch (3.4%) and twist (1~2o) and tilt 

misfit (0.2o for Si-face SiC and 3o for C-face SiC). In some regions (~30%) an 

amorphous oxide layer forms at the interface, which is attributed to inadequate surface 

preparation prior to bonding. 

Using a combination of structural, optical, and vibrational characterization 

methods, we show that GaN film bonded with a Ga/C interface exhibits ~0.1%, tensile 

strain, and that of GaN with a Ga/Si interface displayed ~0.2%, tensile strain. This means 

that the GaN/SiC thermal misfit dominates the strain of GaN after bonding. The 

difference of tensile strain for Ga/Si or Ga/C interfaces is attributed to the interfacial 

polarity matching. 
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3.2  INTRODUCTION 

The development of heterojunctions between different wide bandgap 

semiconductors may provide opportunities for new high power devices.  For instance, a 

GaN-SiC interface could prove important for development of a compact high power 

heterojunction bipolar transistor.1 However with a lattice constant of 3.18Å for GaN and 

3.08Å for SiC, the lattice mismatch (~3.4%) can significantly limit the quality of an 

epitaxial film. The poor wetting of GaN on 6H-SiC(0001) substrates impedes direct 

nucleation and frequently results in GaN films of poor crystallinity. The use of an AlN 

buffer layer has been demonstrated to be effective in improving the crystallinity as well 

as in reducing the defect density in the GaN films, but simultaneously inhibits carrier 

injection across the AlN/SiC interface due to the high band gap and insulating nature of 

AlN.2 Reports of the growth of GaN directly onto 6H-SiC(0001) have noted the 

observation of an amorphous interlayer or zinc-blende inclusions at or near the GaN/SiC 

interface.2 As an alternative approach, we have explored the formation of a GaN-SiC 

heterojunction interface through direct bonding. Direct bonding is an alternative method 

of forming a heterojunction. The method of direct bonding enables the formation of 

atomic bonds across atomically flat surfaces of different materials without introducing 

threading dislocations.3, 4 This method may be a promising method for the GaN/SiC 

system.  

The direct bonding method is a layer transfer method. In direct bonding, epitaxial 

layers are grown on a (source) substrate and then grafted onto a (target) substrate. 

Because of this layer transfer process and different kinds of substrates generally used for 

the source/target substrates, the epitaxial layer will be subjected to different strain 
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conditions with the substrates during the layer transfer process. Because the lattice and 

thermal misfit with the substrates influence the strain state of the epitaxial layer,5 the 

strain of the film will change after layer transfer.   

Also for the GaN/SiC system it was reported that polarity matching at an interface 

plays a fundamental role in determining the lower-energy structures. It has been proposed 

that due to the electronegativity difference strong bonding occurs for the N-Si and Ga-C 

interfaces and weak bonding is predicted for the Ga-Si and N-C interfaces.6 Capaz, et al.7 

demonstrated that N-Si and Ga-C interfaces have a total energy per surface atom ~1.1eV 

lower than that of Ga-Si and N-C interfaces.7 The different interfacial bonding energy 

and different interfacial bond distance may result in a different interfacial strain. The aim 

of this report is to study the effect of interfacial polarity matching on the strain state of 

GaN film directly bonded to SiC. 

 

3.3  EXPERIMENT 

The 0.5µm thickness of 2H GaN(0001) was prepared by MOCVD growth onto 

50mm diameter (111) Si with a 0.1µm AlN buffer layer. Both faces of 6H SiC (0001) or 

(000-1)  were used for the bonding experiments. The (0001)Si SiC wafer and the (0001)Ga 

GaN film were nominally on-axis, but the (000-1)C SiC wafer was cut 3º off-axis. Prior to 

bonding the wafers were diced into 6 mm × 6 mm sections. Wet cleaning with a final HCl 

dip was employed for GaN and a final (10:1) HF dip was used for SiC (each 10min). 

Surface characterizations were done with AFM (Atomic force microscopy) and AES 

(Auger electron spectroscopy). The UHV bonding process was accomplished at 900oC 

for 30 to 120min with 5oC/min heating and cooling rates. The original Si substrate was 
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etched away by an HNA etching process using HF+HNO3+H2O (1+1+1) 30min dip. The 

GaN film transferred to SiC were characterized by photoluminescence (PL) at room 

temperature using the 325 nm line of a 50 mW He–Cd laser. Raman measurements are 

performed at room temperature by focusing the 514 nm line of an Ar+ ion laser on the 

sample and detecting the backscattered light. X-ray diffraction (XRD) ω–2θ scans are 

recorded in a double crystal configuration using CuKα1 radiation. High-resolution 

transmission electron microscopy (HRTEM) is performed using a JEOL 2010F operating 

at 200 kV. 

 

3.4  RESULTS AND DISCUSSION 

3.4.1 GaN film crystallinity and TEM of the interface 

The quality of the GaN film grown on Si was examined by x-ray diffraction and 

photoluminescence. Rocking curves at ω scanning modes were measured for the GaN 

(0002) reflection. The full widths at half maximum of the XRD ω scans were ~ 1000 

arcsecs. The FWHM of the band edge emission measured at room temperature was ~ 80 

meV.  These features are similar to other reported values of the crystal quality of the GaN 

film grown on Si.8 The surface RMS roughness measured by atomic force microscopy 

was 20 ± 10 Å in 20 µm × 20 µm scans for both GaN and SiC surfaces.(Fig. 3.1) The 

AES showed ~7 atomic percent of O contaminant on both GaN and SiC surfaces and ~2 

atomic percent of C on GaN after wet cleaning. (Fig. 3.2) 

After bonding the GaN/SiC interface was investigated by HRTEM. Fig. 3.3 shows 

HRTEM micrographs of cross sections at different magnifications. The interface is 

atomically flat and coherent. Figures 3.3 (a) and (b) display the dislocation network at the 
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bonded interface. Misfit dislocations are observed at the interface and found to be spaced 

at an equal interval. The average spacing is ~ 10nm for the GaN/SiC (Si-face) interface 

and ~ 6nm for the GaN/SiC (C-face) interface.  

Patriarch, et al.9 and Jin-Phillipp, et al.10 suggested that after bonding two kinds of 

dislocation networks should form at the interface. The first dislocation network is to 

accommodate the lattice misfit and twist orientation. A single two-dimensional network 

of mixed dislocations can accommodate both misfit ε0* and twist θ. Since the edge and 

screw segments associated with a given Burgers vector are perpendicular, this can be 

achieved through a network whose lines incorporate screw and edge segments in the 

proportion le/ls, thereby producing a square network of jagged lines with spacing D1 with 

,)(/ 22*
0

*
1 θε += bD     (3) 

where b*=a* for GaN, SiC where perfect dislocations have Burgers vector of a/3<11-20> 

with a glide on {0001} planes,11, 12 and a* the lattice constant, and ε0* the lattice 

mismatch, both at the bonding temperature. The expected distance D1 is ~ 9 nm with the 

assumption that the twist misorientation is around 1o-2o. 

The second dislocation network is to accommodate the tilt misfit. 

Accommodation of the tilt requires dislocations with Burgers vectors having an edge 

component, bn, normal to the bonding plane. In the limit of small tilt, ω, the distance 

between these dislocations is expected to be 

,/*
2 ωnbD =      (4) 
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where bn*=c* is the Burgers vector parallel to the c-axis at the bonding temperature. The 

expected distance D2 is ~150nm for the GaN/SiC (Si-face) where ω is less than 0.2o and 

~10nm for the GaN/SiC (C-face) where ω is ~3o.  

The average spacing of dislocations is about 10nm for the GaN/SiC (Si-face) 

interface and around 6nm for the GaN/SiC (C-face) interface, which is consistent with the 

calculated values. Therefore, we suggest that the interfacial dislocations in Figs. 3.3 (a) 

and (b) are basically formed by mixed dislocations to accommodate a lattice misfit in 

addition to twist and tilt misorientation. For the GaN/SiC (C-face) interface, the 2nd 

dislocation network would be spaced similarly to the 1st dislocation network. This would 

result in an average dislocation distance less than 9nm. 

In some areas (~30%) the interface was not as perfect as shown in Fig. 3.3 (c), but 

rather contains a thin amorphous layer with a thickness of a few nanometers. We 

suggested that the amorphous layer is due to an incomplete removal of native oxide 

layers of the GaN and SiC prior to bonding. The amorphous interlayer was found in both 

of the Ga/Si and Ga/C interfaces. 

 

3.4.2  Strain analysis 

In order to determine the nature of the measured strain, it should be verified that 

the strain is purely biaxial. Independent measurement of the a and c lattice constants by 

XRD scans across the on-axis and off-axis reflections can be used to deduce the biaxial 

strain. Although the on-axis (0002) GaN reflection was readily obtained, the off-axis 

reflections were too weak to be distinguished from the background noise. So it was not 

possible to test if the strain exhibited pure biaxial. However, others have reported that 
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GaN film is under pure biaxial strain.5 Therefore, it is reasonably assumed that the GaN 

film will undergo pure biaxial strain and any additional hydrostatic strain components 

induced by point defects, if present, average to zero and can therefore be neglected.5 

Waltereit, et al.5 proposed that the homogeneity of the strain could be deduced by 

the strain distribution gained from the different penetration depths κ of PL, XRD, and 

Raman (κPL < κXRD < κRaman). We employed their approach to evaluate the in-plane strain 

from PL, XRD and Raman data. In analyzing the biaxial strain-induced shift of the GaN 

(0002) XRD reflection, the Poisson relationship ε- / ε ¦ = -2C13 /C33 was used where ε ¦ , ε-  

are the in-plane strain and out-of-plane strain. The lattice constants of unstrained GaN 

measured by Porowski13 and the comprehensive sets of elastic parameters calculated by 

Kim14 were employed. For 300K PL data, the band gap, Eg,A , is assumed to be shifted 

according to ∆Eg,A=3agεh-1.5d5εu/60.5  with the deformation potentials ag= -6.9 eV and d5= 

-5.3 eV.14 Where in-plane and out-of-plane strains are composed of a hydrostatic and a 

uniaxial component, namely, εh =2/3(ε ¦ +ε- /2) and εu=1/3(ε ¦ -ε- ), respectively.  

The relationship between the Raman E2 mode shift, ∆ω, and the strain 

∆ω=3ωγεh+βεu was used.5 The Grüneisen parameter, γ=1.8, and the constant, β=5692 cm 

-1 , were selected from Ref. 14 and Waltereit’s approach.5 Representative data probing the 

strain state of the layers are presented in Table 3.1 in comparison with recent values 

reported for homoepitaxial GaN layers.5 The in-plane strains, ε ¦ , obtained from the values 

given in Table 3.1 are summarized in Table 3.2 and fig. 3.4. Considering the uncertainty 

of the parameters entering this determination, the agreement of the strains derived from 

the various methods is quite acceptable. This agreement strongly suggests that the 

measured strain is in fact homogeneous.5 These data show that all GaN films are under 
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tension. The amount of tension is reduced after bonding, and specifically, the drop in the 

Ga/C interface strain is greater than that in the Ga/Si interface. The representative graph 

of the Raman shift (Fig. 3.5) displays the GaN peak shifting indicating the presence of 

tensile strain decrease from GaN/Si to GaN/SiC having Ga/Si interface, GaN/SiC having 

Ga/C interface and finally strain-free in a delaminated GaN/SiC processed with an 

additional 900oC 2hr anneal following the Si removal. Fig. 3.6 showed an apparent 

degradation of the transferred GaN. This displays the more degradation for the GaN 

having a Ga/C interface than the GaN having a Ga/Si interface. 

If lattice mismatch strains are fully relieved at the interface by interfacial 

dislocations formed during bonding, the tensile strain will be due to the thermal 

mismatch. The expected value of tensile strain of the film will be about ∆T x ∆α= 

+0.29% for GaN/Si or +0.12% for GaN/SiC according to our growth or annealing 

temperature (1000oC for growth of GaN on Si, 900oC for bonding GaN to SiC) and the 

thermal expansion coefficient difference (α2H-GaN=5.6x10-6/K, α6H-SiC=4.2x10-6/K, 

αSi=2.6x10-6/K).15  

We observe a decrease of the in-plane tensile strain of the GaN after layer 

transfer. We suggest that this indicates that the strain of GaN film in both cases is 

attributed to the thermal misfit between the GaN and Si and the GaN and SiC.  

However, there was a difference of the strain of GaN bonded to SiC depending on 

the interfacial polarity matching. The GaN with a Ga/Si interface has higher tensile strain 

than the GaN with a Ga/C interface. We suggested that this is attributed to the different 

density of interfacial misfit dislocations. The Ga/C interface has a higher density of 
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dislocations to accommodate 3o off-axis of SiC. This may result in more strain release at 

the Ga/C interface.  

 

3.5  CONCLUSION 

In this research we have studied the interfacial microstructure and the strain state 

of GaN for the directly bonded GaN/SiC materials system. We have extensively 

examined the bonded pairs of Ga-face GaN with C-face or Si-face SiC.  

The interface microstructures of the GaN/SiC  interface prepared by direct 

bonding were explored with HRTEM. The experimental results suggest that the high-

temperature bonding results in a significant change of the interface morphology. 

Dislocations are observed in cross-sectional micrographs, and we suggested that the 

dislocations form to accommodate the lattice misfit and twist misorientation. For the 

GaN/SiC (Si-face) interface, the spacing of the dislocations, ~10nm, indicates that it is 

related to the 1st network of dislocations. For the GaN/SiC (C-face) interface, the spacing 

of dislocations was ~6nm. We suggest that this is attributed to the overlap of the more 

closely spaced 2nd dislocation network (due to the large tilt misorientation, ~3o) to the 1st 

dislocation network (due to the lattice misfit, 3.4% and twist misorientation, 1~2o). An 

annealing at 900 °C for 60 minutes forms an interface layer, which is composed of a 

structurally ordered crystalline interface with about 30% of nanoscale, bubblelike 

amorphous or disordered regions. An amorphous layer of native oxide(s) may form at the 

interface due to incomplete removal of surface oxide prior to bonding.  

All three measurements indicate in-plane tensile strain for the GaN on Si and the 

GaN on SiC. The amount of tension is reduced after bonding. If lattice mismatch strain is 
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fully relieved at the interface by interfacial dislocations, the amount of tensile strain 

induced by cooling will be about ∆T x ∆α= +0.29% for GaN/Si or +0.12% for GaN/SiC. 

We suggested that a decrease of the in-plane tensile strain of the GaN after bonding 

shows that the strain of the GaN film in both cases is attributed to the thermal misfit 

between the GaN and Si and the GaN and SiC. 

The GaN having a Ga/C interface displayed the lowest residual in-plane tensile 

strain, and we suggest that the higher density of misfit due to the tilt of the SiC allows 

more strain relaxation.  
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Tabel 3.1. Representative experimental data for GaN grown on Si and GaN directly 

bonded to SiC having Ga/Si or Ga/C interface probing their strain state: E300K of the free 

exciton PL transition at 300K, θ(0002) of the GaN(0002) reflection in x-ray ω−2θ scans, E2 

of the E2 phonon at 300K, and the corresponding FWHMs. Reference values of 

unstrained materials (GaN/GaN) are given for comparison. The given ranges are due to 

different samples. 

 GaN on Si Ga/Si Ga/C GaN/GaN* 

E300K(eV) 3.382 3.390 ± 0.002 3.391 ± 0.004 3.413 

θ(0002)(o) 17.299 17.296 ± 0.002 17.292 ± 0.002 17.279 

E2(cm-1) 562.9 564.8 ± 1.0 566.3 ± 0.2 567.9 

∆E300K(eV) 0.08 0.08 ± 0.01 0.08 ± 0.01  

∆θ(0002)(
 //) 60 62 ± 1 72 ± 4 30 

∆E2(cm-1) 7.6 8.0 ± 0.3 7.9 ± 0.5 4.0 

*P. Waltereit, etc (Appl Phys Lett, 74(24) 3660-3662) 
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Tabel 3.2. In-plane strains ε11(percent) of GaN grown on Si and GaN directly bonded to 

SiC having Ga/Si or Ga/C interface obtained by PL, XRD and Raman 

 

 

 

 

 GaN on Si Ga/Si Ga/C 

PL300K 0.26 0.20 ± 0.02 0.19 ± 0.03 

XRD 0.19 0.16 ± 0.02 0.11 ± 0.02 

Raman 0.34 0.21 ± 0.07 0.11 ± 0.01 
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Fig. 3.1. AFM image of GaN and SiC. RMS roughness is 20 ± 10 Å in 20 µm × 20 µm 

scans for both GaN and SiC surfaces. 
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Fig. 3.2. AES data showed ~7 atomic percent of O contaminant on both GaN and SiC 

surfaces and ~2 atomic percent of C on GaN after wet cleaning. 
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Fig. 3.3. Cross-sectional high resolution electron micrograph of (a) the GaN/SiC (Si-face) 

interface and (b,c) regions of the GaN/SiC (C-face) interface. The downward arrows in 

(a) and (b) indicate the presence of dislocations. In some areas (~30%) the interface was 

not as perfect, rather it contained a thin amorphous-like layer with a thickness of a few 

nanometers as shown in (c). 
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Fig. 3.4. All three measurements indicate in-plane tensile strain for all samples. After 

layer transfer, a decrease of the in-plane tensile strain of the GaN was observed for both 

GaN/SiC (Si-face) and GaN/SiC (C-face). 
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Fig. 3.5. Position of the E2 Raman mode in GaN grown on Si, GaN directly bonded to 

SiC having Ga/Si or Ga/C interface and delaminated GaN after post-bonding annealing, 

which shows strain-free. The shifts of the line position are caused by an amount of tensile 

strain in the film. 
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Fig. 3.6. There was apparently a degradation of the transferred GaN. This is due to the 

difference of thermal contraction upon cooling. The GaN having a Ga/C interface was 

more degraded than the GaN having a Ga/Si interface. This is attributed to the different 

interfacial bonding energy. 
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4. SUMMARY  

In this research we have studied the application of the direct bonding technique 

for a novel materials integration, namely the GaN/SiC materials system. We extensively 

examined the direct bonding of combinations of Ga-face GaN with C-face or Si-face SiC. 

The results from direct bonding of the different surfaces of SiC established that wet 

chemical cleaning prior to direct bonding is important. The feasibility of successful direct 

bonding depends on the pretreatment of the SiC. A SiC surface with a minimum amount 

of O on the surface can be fused with good reproducibility with GaN at 900°C. To obtain 

a minimum amount of O on the SiC surface, an HF (10:1) 10 min dip was required for 

the Si-face SiC. For the C-face SiC, there was no specific change of the O amount by 

different HF concentration, and this was attributed to a low electronegativity difference 

(1.0) between C and O. The reproducibility of the GaN/SiC bonding increased at 1000oC, 

but degradation of the GaN attributed to the dissociation of GaN was observed. The fact 

that the bonded area increased with the time duration at 900oC indicates that the bonding 

takes place by atomic rearrangement, and the amount of the atomic rearrangement is 

related to the annealing time. 

The current-voltage characteristics of directly bonded GaN/SiC heterointerfaces 

have been investigated. Both GaN/SiC (Si-face) and GaN/SiC (C-face) interfaces were 

prepared by direct bonding. The properties of the GaN/SiC (Si-face) interfaces have been 

found to be very dependent on the choice of chemical treatments in the bonding 

procedure. When a native oxide layer is present on the SiC surface during a GaN/SiC 

interface preparation, a significantly higher density of charged interface states is found, 

compared to the case when the native oxide layer is removed as the last step before the 
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direct bonding. A model similar to the one for hydrophilic and hydrophobic Si/Si 

interfaces was used, which explains the general electronic properties of the GaN/SiC (Si-

face) interface. The measured current-voltage characteristics of the n-n interfaces can be 

explained by interface charges, which give rise to a potential barrier at the interface. For 

the bonded GaN/SiC (C-face) interfaces, low resistance I-V curves were found, 

indicating that a small amount of charge is present, which may be associated with the low 

amount of oxide during the direct bonding procedure. This latter structure is relatively 

insensitive to the different chemical treatments.  

After determining the optimum bonding conditions (i.e. annealing temperature 

and cleaning process), the bonding technique was applied to obtain a layer transfer of the 

GaN film from source substrate to target substrate. Although the lattice misfit between Si 

and GaN is large (i.e. 20%), Si was selected as the source substrate because of the ease of 

removal after bonding. After layer transfer of GaN to SiC an interfacial microstructure 

analysis, strain analysis and electrical characterization were completed for the GaN/SiC 

materials structure. 

The interface microstructures of the GaN/SiC  interface prepared by direct 

bonding were explored with HRTEM. The experimental results suggest that the high-

temperature bonding results in a significant change of the interface morphology. 

Dislocations are observed in cross-sectional micrographs. The dislocations form to 

accommodate the lattice misfit and twist misorientation. For the GaN/SiC (Si-face) 

interface, the spacing of dislocations, ~10nm, indicate that it is the 1st network of 

dislocations. For the GaN/SiC (C-face) interface, the spacing of dislocations was ~6nm. 

We suggest that this is attributed to the overlap of the more closely spaced 2nd dislocation 
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network (due to the large tilt misorientation, ~3o) to the 1st dislocation network (due to 

the lattice misfit, 3.4%, and twist misorientation, 1~2o). An annealing at 900 °C for 60 

minutes forms an interface layer, which is composed of a structurally ordered crystalline 

interface with about 30% of nanoscale, bubblelike amorphous or disordered regions. An 

amorphous layer of native oxide(s) may form at the interface due to incomplete removal 

of surface oxide prior to bonding. An atomically sharp interface without any interlayer, 

therefore, could be achieved by improving the surface preparation process, e.g., in-situ 

cleaning followed by an in-situ bonding.  

The determination of band offsets were accomplished by an empirical approach 

where band offsets result from the properties of the two components of the heterojunction 

and model calculations account for charge transfers across the interface. The temperature-

dependent current-voltage and capacitance-voltage techniques were employed to 

determine the band offsets. The band offsets of directly bonded GaN/SiC n-p 

heterojunctions was compared with respect to the different interfacial polarity matching. 

Using the modified Donnely-Milnes theory, we conclude that direct bonding-induced 

polarity matching across the interface plays a primary role in determining the GaN/SiC 

heterojunction potential step near the atomically “abrupt” interface. Besides the lattice 

misfit and misorientation, the polarity matching between directly bonded GaN/SiC 

heterojunctions is important. The Ga/Si interface showed larger band offsets (∆EC= 0.87 

± 0.10 eV and ∆EV= 1.24 ± 0.10 eV) than the Ga/C interface (∆EC= 0.46 ± 0.10 eV and 

∆EV= 0.83 ± 0.10 eV). 

The strain state of GaN for the directly bonded GaN/SiC materials system was 

studied. We extensively examined bonded pairs of Ga-face GaN with C-face or Si-face 
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SiC. All three measurements (XRD, PL, Raman) indicated in-plane tensile strain for the 

GaN on Si and the GaN on SiC. The amount of tension is reduced after bonding. If lattice 

mismatch strains are fully relieved at the interface by interfacial dislocations, the amount 

of tensile strain of the film induced by cooling will be about ∆T x ∆α= +0.29% for 

GaN/Si or +0.12% for GaN/SiC. We suggest that a decrease of the in-plane tensile strain 

of the GaN after bonding shows that the strain of the GaN film in both cases is attributed 

to the thermal misfit between the GaN and Si and the GaN and SiC. 

The decrease of in-plane tensile strain is greater in GaN having a Ga/C interface 

than GaN having a Ga/Si interface. The Ga/C interface has more defects than the Ga/Si 

interface from the off-axis of C face SiC. We suggested that the more interface defects 

might result in the more strain release. This came into the more drop of in-plane tensile 

strain in GaN having a Ga/C interface. 
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5. RECOMMENDATIONS FOR FUTURE WORK 

Since the direct bonding (DB) method was proposed as a promising process for 

integrating lattice-mismatched materials, there have been many studies that explored the 

bonding mechanisms and its application in electronic devices with III-V materials. 

Particularly, direct bonding research has been focused on the In-Ga-As-P materials 

system for their application in optoelectronic devices. Chapter 1 details the research 

related to the mechanisms and applications in direct bonding of III-V materials.  

Although there have been studies on the bonding mechanisms, still there are many 

unknowns. It is now established that weighting pressure, annealing temperature, 

annealing time, annealing ambient, etc are important as process parameters, and surface 

roughness, flatness, cleanliness, bulk modulus, etc are important as materials properties 

for the direct bonding of III-V semiconductors. Some papers treated these parameters 

theoretically and experimentally. However, the current studies represent a very limited 

understanding of the process. Additional experiments as well as more detailed theoretical 

models focusing on these parameters are needed to understand the bonding process at a 

fundamental level.  

For the GaN/SiC system, there is another important parameter to be considered. 

That is the polarity matching effect. In this research, we have described aspects such as 

band offsets, strain, and film degradations, which were completed from the viewpoint of 

interfacial polarity matching. However, these experiments represent only the initial 

studies of this effect.  More detailed and direct experiments are needed, which employ all 

of the different interfacial polarity matching possibilities. Among the many experiments, 
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a determination of polarity and atomic arrangement at interface using high-resolution 

imaging should be an important and useful direct experiment.  

In contrast to the fundamental research, the application studies have been more 

focused. Those on the In-Ga-As-P materials system specifically addressed optoelectronic 

devices. Several studies were completed on nitride materials, i.e., transfer of (In, Ga) N 

LED arrays to Si, wafer fusion of InGaP to GaN, GaN to GaN, infrared LDs to GaN 

LEDs, GaN to InP, GaN to Si, GaN to GaAs, etc. All of these studies were motivated by 

optoelectronics applications. In addtion to the specific optoelectronic applications, other 

applications, such as microelectronics may prove important.  

The direct bonding technique is a solid phase epitaxial transfer technique. In 

direct wafer bonding an epitaxial layer is transferred from a lattice-matched (source) 

substrate to a mismatched substrate. If this direct wafer bonding method is applied to 

GaN materials, and the top portion of a GaN film, which has a relatively low defect 

density, is transferred to a lattice mismatched material such as SiC, the heterostructure 

will have a interface based on these low-defect films. If devices are fabricated with this 

structure, there is the potential to realize a reduction of the leakage current under reverse 

bias for p-n junction devices, and a reduction of the low frequency 1/f noise in field-

effect transistors and high-electron-mobility transistors. 

Also, direct bonding is an alternative method of forming a heterointerface or 

heterojunction. It is an appropriate technique for materials of high lattice mismatch or 

with chemical instabilities. Reports of the growth of GaN directly onto 6H-SiC(0001) 

have noted the observation of an amorphous interlayer or zinc-blende inclusions at or 

near the GaN/SiC interface. If the direct bonding method is applied successfully, atomic 
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bonds across atomically flat surfaces will be formed between the GaN/SiC system 

without introducing threading dislocations or stacking faults at the interface. This could 

result in true ballistic electron transport and an extension of the mean free path of 

electrons in vertical device structures.  

Besides this heteroepitaxial structure the wafer-bonding technology may be used 

to fabricate a highly compliant substrate on which defect-free heteroepitaxial GaN layers 

can be grown. Growing GaN on compliant substrates has been attempted but the free-

standing layer used was only silicon on oxide or a variation such as SiC on SOI or 

lithium gallate (LiGaO2 (or LGO)). They reported a reduction of threading dislocation 

density (TDD) down to 1×108 cm-2. If a GaN compliant substrate is prepared by direct 

bonding and a large angle grain boundary is formed by large twist bonding, this could be 

an easy glide plane and provide an ideal and universal ‘compliant’ substrate.  


