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The intensity gradients for C, Ga, and N atoms become more abrupt with the reduction of the
intermediate layer thickness. Diffusion of the C atom into the GaN adjacent to the
heterointerface is observed, with the C atom acting as a dopant that compensates for the nitrogen

vacancies in the GaN to increase the breakdown voltage.
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1. Introduction

Diamond is one of the most promising candidates as a next-generation semiconductor
material for high-output and low-loss power devices thanks to its superior material properties
such as ultra-wide band gap, high carrier mobility,!! high saturation velocity,? high chemical
inertness, and the highest electrical breakdown field strength.’] Accordingly, the figures of
merit for high-power, high-frequency, and low-loss devices are extremely high.[! Furthermore,
diamond possesses the highest thermal conductivity among known materials and is the most
promising material for a superior heat-spreading substrate for power devices. Unfortunately, n-
type doping diamond with a sufficiently high electron conductivity has not yet been realized.
Phosphorus (P) and nitrogen (N) are currently used for n-type diamond dopants, and the doped
diamond exhibits a deep impurity level that makes it very difficult to activate at room
temperature. Hence, the lack of an efficient n-type doping diamond limits its application range.
The reverse doping issue exists in other wide-band-gap materials like GaN or AlGaN. p-type
doping of GaN with a high Mg content has been very difficult so far. If the properties of
diamond and GaN could be combined, it would be possible to overcome their doping bottleneck.

GaN-based devices have been extensively studied for high-frequency and high-power
applications. Thermal management remains an important technical issue that is limiting device
performance and reliability. Diamond as a promising heat-spreading substrate is being
extensively studied in GaN-based devices.*”) A GaN-on-diamond structure has been developed
by either removing Si from the GaN-on-Si substrate and depositing diamond on the exposed
GaN surface using a dielectric material transition layer such as SiNx or AIN[!%12] or removing
Si from the GaN-on-Si substrate and bonding it to a diamond substrate using an adhesion layer

13-16] For the former, the transition layer contributes to a large

such as metal or amorphous Si.
thermal resistance between GaN and diamond, and the thermal conductivity of the deposited
diamond is very low due to a low crystal quality, which prevents the desired thermal
management from being achieved. For the latter case, the use of the adhesion material with poor
thermal conductivity will substantially raise the thermal boundary resistance (TBR) between
GaN and diamond, and a parasitic capacitance will be generated in the devices during high-

frequency operation due to the low electrical resistivity of the adhesion material. There is thus
2
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a need for a technology that can directly integrate diamond and GaN. However, due to large
differences in their crystal structures and lattice constants, direct diamond growth on GaN and
vice versa is impossible.

One way to overcome the lattice and thermal expansion mismatches between the
integrating substrates is wafer direct bonding. Recently, Ga>Os/diamond,!'” Si/diamond,!'®]
InGaP/diamond,!'” and GaN/Si.?%) heterougensou intetrations using low-temperature
hydrophilic bonding or plasma activation bonding method have been demonstrated. Althouth
the direct bonding of diamond and dissimilar materials can be achieved at low-temperatures,
the thermal stability of the bonding interface is very concerned. For direct bonding method such
as hydrophilic, hydrophobic, and plasma-assisted bondings, a post-annealing process is
essential for achieving high bonding strenth. However, high annealing temperature (typically >
500 °C) generally causes cracks of the bonded sample or exfoliation of the bonded interface
due to a large thermal expansion coefficient mismatch. The poor thermal stability severely
limits the application of wafer direct bonding technology. On the other hand, surface activated
bonding (SAB) method, in which a direc bonding of dissimilar materrials with high bonding
strenght can be achieved after activating the bonding material surface by an argon fast atom
beam irradiation at room temperature. We have previously explored and successfully
demonstrated the fabrication of Si/diamond!?? and GaAs/diamond!?*! heterointerfaces at
room temperature through SAB method and found that an amorphous layer with a thickness of
several nanometers was formed at the heterointerfaces. Moreover, the heterointerfaces
exhibited a high thermal stability and an excellent practicality.

In this work, we explore the fabrication of a GaN/diamond heterointerface using SAB method
at room temperature and remove the amorphous layer formed at the heterointerface. GaN is
completely different from InGaP, Si, and GaAs in material and chemical properties, which
makes it very difficult to atomically clean and activate, as well as to get an atomic smooth
surface. Therefore, how to achieve the direct bonding of GaN and diamond is a huge challenge.
To examine this, we tested the thermal stability of the heterointerface at 700 °C in N> gas
ambient pressure, which is required for GaN-based power device fabrication processes. The
residual stress in the GaN of the heterointerface was characterized by micro-Raman
spectroscopy. The nanostructure and the atomic behavior of the heterointerface were
systematically investigated by transmission electron microscopy (TEM) and energy-dispersive
X-ray spectroscopy. The chemical bonding states of the carbon atoms at the heterointerface

were also investigated by electron energy-loss spectroscopy (EELS).
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2. Results and discussion

A schematic cross-section and a low-magnification cross-sectional TEM image of the
GaN/diamond bonded sample are shown in Figure 1(a) and (b), respectively. The thicknesses
of the GaN layer and the buffer layer grown on Si were determined to be 1080 and 122 nm,
respectively. An optical microscope image of the GaN layer bonded to the diamond after
removing the Si substrate is shown in Figure 1(c). About 90 % bonded area was obtained. A
part of the GaN layer bonded to diamond was exfoliated, which is attributed to the point defects
formed on the surface of GaN epitaxial layer formed on Si prior to bonding (see Figure S1). In
addition, the unbonded area was located on the edge of the diamond surface, which resulted
from the mechanical polishing damage during the Si substrate removal process. After annealing
at 700 °C for 60 s in N> atmosphere, no reduction in the bonded area was observed in the 700 °C-
annealed GaN/diamond bonded sample, as shown in Figure 1(d). On the other hand, although
some buffer layer dissolved regions were observed on the surface of the GaN/diamond bonded
sample after annealing at 1000 °C (see Figure S2(a) and (b) in the supplementary materials), no
bonding interface peeling was observed. These results indicate that the GaN/diamond
heterointerface can withstand the harsh fabrications processes GaN-based power devices are

subjected to, such as high-temperature treatment for forming ohmic contacts.

(@) (b)
AlIN buffer layer: 122 nm

Bonding interface

GaN layer: 1080 nm

GaN epitaxial layer: ,
~1000 nm Bonding interface
Diamond:
~450 um 0.8 um *Diamond

Figure 1. (a) Schematic cross-section and (b) low-magnification cross-sectional TEM image of
GaN/diamond bonding sample. Optical microscope images of (c) as-bonded GaN/diamond
sample and (d) 700 °C-annealed GaN/diamond sample.
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Figure 2. (a) Raman shift of GaN in a stress-free GaN substrate, GaN layer grown on Si
substrate, the as-bonded and 700 °C-annealed GaN/diamond heterointerfaces and (b) biaxial
stress in the GaN layers grown on Si, the as-bonded and 700 °C-annealed GaN/diamond
heterointerfaces as a function of measured temperature. Negative sign indicates a compressive
stress. The phonon frequency shift contributing to measured temperature was subtracted after
comparison with a calibration performed on a stress-free GaN substrate.

The Raman peak shift and the biaxial stress of GaN E> -high mode in a stress-free GaN
substrate, GaN layer grown on Si substrate, and the as-bonded and the 700 °C-annealed
GaN/diamond heterointerfaces as a function of measured temperatures are shown in Figure 2(a)
and (b), respectively. We can see that the GaN phonon frequency linearly shifted with a residual
stress of 2.7 cm™ GPa™!.1**l The values of the biaxial stress in the GaN grown on the Si substrate
and the as-bonded and 700 °C-annealed GaN/diamond heterointerfaces were calculated with
respect to the stress-free GaN substrate. For the stress-free GaN, the Raman peak shift of GaN
E> -high mode is widely varied, as shown in Table I. GaN grown by Hydride Vapor Phase
Epitaxy (HVPE) method showed a small variation in the Raman peak shift, the Raman peak
position of GaN E> -high mode was found to be the closest the theoreticaly calculated Raman
peak position. Thus, we adopted a c-plane (0001) GaN single-crystal substrate grown by HVPE
as the stress-free GaN that was provided by Sciocs Co., Ltd. The Raman peak of the stress-free
GaN substrate was observed at 568.1 cm™.

Table I. Phonon frequency in wurtzite GaN obtained by Raman spectroscopy at 300K

Type Method E>-high [em™']
GaN Calculation 579.01%
GaN HVPE 568.0126]
GaN HVPE 567.2~568.1%"]
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GaN/sapphire HVPE 568.0[%81
Metalorganic
GaN/Si(111) Chemical Vapor 566.2~566.81*°
Deposition (MOCVD)
GaN/SiC HVPE 568.00301

The Raman peak in the GaN grown on Si and the as-bonded and 700 °C-annealed
GaN/diamond heterointerfaces exhibited shifts to lower wave numbers compared to the stress-
free GaN substrate at room temperature. In addition, the Raman peak shifts to lower wave
numbers with increasing measured temperature. The Raman peak shift in the as-bonded
GaN/diamond heterointerface was significantly larger than that of the GaN grown on Si. On the
other hand, the Raman peak shift in the 700 °C-annealed GaN/diamond heterointerface was
smaller than that of the as-bonded GaN/diamond heterointerface when the temperature was
lower than 200 °C. The phonon frequency shift contributing to the measured temperature was
subtracted from the stress-free GaN substrate. At room temperature, there was a compressive
stress of 0.07, 0.22, and 0.1 GPa in the GaN grown on Si, the as-bonded, and the 700 °C-
annealed GaN/diamond heterointerfaces, respectively, which increased to 0.41, 0.81, and 0.74

GPa at 500 °C, i.e., higher than the typical operation temperature of GaN-based devices.

Bonding interface Bonding interface Bonding interface

Diamond Biamond

Figure 3. Cross-sectional low-magnification TEM images of (a) as-bonded, (b) 700 °C-
annealed, and (c¢) 1000°C-annealed GaN/diamond heterointerfaces.

Figure 3(a)—(c) shows cross-sectional low magnification TEM images of as-bonded, 700 °C-
annealed, and 1000 °C-annealed GaN/diamond heterointerfaces, respectively. A thin
intermediate layer located at the center of the TEM images can be observed, which corresponds
to the bonding heterointerface. The thickness of the intermediate layer formed at the
heterointerface obviously decreased with increasing annealing temperature. Peeling of the

bonding interface and mechanical defects were not observed near the bonding heterointerface
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even after annealing at 700 and 1000 °C. These results demonstrate that the GaN/diamond
heterointerface has excellent thermal stability up to 1000 °C.

Figure 4(a) and (b) shows high-resolution TEM (HRTEM) images taken along the
GaN [1100] and diamond [001] zone axes of an as-bonded GaN/diamond heterointerface,
respectively. No lattice fringes were observed in the intermediate layer, and the thickness was
measured to be approximately 5.3 nm. EDS mappings of the as-bonded GaN/diamond
heterointerface are shown in Figure 4(c). EDS in the as-bonded GaN/diamond heterointerface
revealed a steep heterointerface. When we compare the EDX mappings, it is clear that an oxide
layer and a carbon transition layer were formed at the heterointerface. The X-ray intensity
profiles for the C, Ga, O, and N atoms (highlighted in red, blue, cyan, and green, respectively)
across the as-bonded GaN/diamond heterointerface are shown in Figure 4(d). The inset TEM
image back indicates the corresponding location of the measured X-ray intensity profiles.
Intensity gradients for the C, GaN, and N atoms were observed in the intermediate layer, and
the intensity gradient of the C atoms showed a ladder distribution. In addition, a small peak for
the intensity profile of the O atoms was observed, which we attribute to the residual oxygen of

the vacuum system.

5 nm
—

5 nm

Figure 4. HRTEM images taken along (a) GaN [1100] zone axis and (b) diamond [001] zone
axis on as-bonded GaN/diamond heterointerface. (c) EDS mappings of the heterointerface. (d)

X-ray intensity profiles for C, Ga, O, and N atoms (red, blue, cyan, and green, respectively)
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across the heterointerface. The inset TEM image back in (d) indicates the corresponding

location of the measured X-ray intensity profiles for C, N, Ga, and O atoms.

1[0002] |

[1120]

5 nm 5 nm
— —

OK N K

5 nm : : M 5nm
— i P

Figure 5. HRTEM images taken along (a) GaN [1100] zone axis and (b) diamond [001] zone
axis of a 700 °C-annealed GaN/diamond heterointerface. (c) EDS mappings of the
heterointerface. (d) X-ray intensity profiles for C, Ga, O, and N atoms (red, blue, cyan, and
green, respectively) across the heterointerface. The inset TEM image back in (d) indicates the
corresponding location of the measured X-ray intensity profiles for C, N, Ga, and O atoms.
HRTEM images taken along the GaN [1100] and diamond [001] zone axes of the 700 °C-
annealed GaN/diamond heterointerface, EDS mappings of the heterointerface, and X-ray
intensity profiles for the C, Ga, O, and N atoms across the heterointerface are shown in Figure
5(a)—(d). We can clearly see that the thickness of the intermediate layer decreased from 5.3 to
2.3 nm. The full width at half maximum (FWHM) of the intensity profile for O atoms became
larger and the intensity gradients for the C, Ga, and N atoms became more abrupt in the
intermediate layer, as shown in Figure 5(d). In addition, we can see that C atoms diffused into

the GaN substrate adjacent to the intermediate layer.
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Figure 6. HRTEM images taken along (a) GaN [1100] zone axis and (b) diamond [001] zone
axis of a 1000 °C-annealed GaN/diamond heterointerface. (c) EDS mappings of the
heterointerface. (d) X-ray intensity profiles for C, Ga, O, and N atoms (red, blue, cyan, and
green, respectively) across the heterointerface. The inset TEM image back in (d) indicates the
corresponding location of the measured X-ray intensity profiles for C, N, Ga, and O atoms.
Figure 6(a)~(d) shows high-resolution TEM (HRTEM) images taken along the
GaN [1100] and diamond [001] zone axes of a 1000 °C-annealed GaN/diamond heterointerface,
EDS mappings of the heterointerface, and the X-ray intensity profiles for the C, Ga, O, and N
atoms across the heterointerface. We can see that the intermediate layer thickness was further
decreased by 1.5 nm. Lattice fringes were observed in the intermediate layer, which correspond
to the diamond (220) plane. The C atoms further diffused into the GaN substrate adjacent to the
intermediate layer with increasing annealing temperature, which caused the O atoms distributed
in the intermediate layer to decrease. The diffusion depth was determined to be larger than 4
nm. The intensity gradients for the C, Ga, and N atoms became more abrupt in the intermediate

layer than those for the as-bonded and 700°C-annealed GaN/diamond heterointerfaces.
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Figure 7. (a) C-K edge EELS spectra obtained from line scan across as-bonded GaN/diamond
heterointerface. (b) 7* and ¢* peak intensities and (c) sp? ratio deduced from EELS spectra as
a function of the scanned distance. The inset back in (b) and (c) shows TEM images of the as-
bonded GaN/diamond heterointerface. The area filled with lavender in (b) shows the averaged
7* peak intensity of EELS spectra caused by FIB.

Figure 7(a)—(c) shows the C-K edge EELS line scan across an as-bonded GaN/diamond
heterointerface with a step of 0.2 nm, 7* and ¢* peak intensities, and sp’ ratio deduced from
the EELS spectra as a function of the scanned distance. Two typical 7* and ¢* peaks for the
carbon materials in EELS spectra were observed, located at approximately 285 and 292 eV,
respectively. These 7* and o* peaks are typical for sp trigonal coordination and sp? tetrahedral
coordination carbon in graphite or amorphous carbon and diamond, respectively. Some small
* peaks were observed in the EELS spectra of the diamond substrate adjacent to the
intermediate layer, which we attribute to the surface damaged by FIB in the TEM sample
fabrication process. A curve for the 7* peak relative intensity was observed, where the relative
intensity change can be divided into two ranges: first, an increase in the range of 3—5.4 nm, and
then, a decrease in the range of 5.4-10.4 nm. The o* peak relative intensity continually
decreased in the range of 3—10.4 nm. The sp” ratios in Figure 7(b) were calculated by integrating

the area of the #* and o* peaks,

10
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sp*(%) =

¥
T amorphous carbon
* *

(m amorphous carbontd amorphous carbon)

where 7 amorphous carbon aNd & amorphous carbon Were obtained by measuring a standard amorphous
carbon material (see Figure S3 in the supplementary materials). The sp” ratio in the standard
amorphous carbon material was calculated to be approximately 16 %. We found that the sp’
ratio of the intermediate layer increased in the range of 2.7-6.2 nm and reached 100 % at 6.2
nm, after which it remained essentially the same in the range of 6.2-9 nm. Thus, the
intermediate layer formed at the heterointerface can be divided into two parts: one part
composed of amorphous carbon and diamond, and the other part an absolute amorphous carbon.

Their thicknesses were determined to be approximately 3.5 and 2.8 nm, respectively.

= Intensity (a.u.)

370 360 350 340 330 320 310 300 290 280 270
Energy loss (eV)

m# peak intensity (a.u.)
o* peak intensity (a.u.)
sp” ratio (%)

Distance (nm) Distance (nm)

Figure 8. (a) C-K edge EELS spectra obtained from line scan across a 700 °C-annealed
GaN/diamond heterointerface. (b) 7* and o* peak intensities and (c) sp’ ratio deduced from
EELS spectra as a function of the scanned distance. The inset back in (b) and (c) shows TEM
images of a 700 °C-annealed GaN/diamond heterointerface. The area filled with lavender in (b)
shows the averaged 7 * peak intensity of EELS spectra caused by FIB.

Figure 8(a)—(c) shows the C-K edge EELS line scan across a 700 °C-annealed GaN/diamond
heterointerface, 7* and ¢* peak intensities, and sp’ ratio deduced from the EELS spectra as a
function of the scanned distance. A curve for the z* peak relative intensity was also observed

in the range of 1.6—7.4 nm, and the 7* peak relative intensity reached a peak at 4.8 nm, as shown

11



WILEY-VCH

in Figure 8(b). The FWHM of the curve was smaller than that for the z* peak relative intensity
of the as-bonded GaN/diamond heterointerface. The o* peak relative intensity continually
decreased in the range of 1.6—7.4 nm, similar to the as-bonded GaN/diamond heterointerface.
The sp? ratio sharply increased in the range of 1.6-5.6 nm and reached 100 % at 5.6 nm, after
which it remained the same in the range of 5.6-6.4 nm. Therefore, the thickness of the part
composed of amorphous carbon and diamond was determined to be approximately 4.4 nm, and

the thickness of the part composed of the absolute amorphous carbon was determined to be 0.8

nm.
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Figure 9. (a) C-K edge EELS spectra obtained from line scan across a 1000 °C-annealed
GaN/diamond heterointerface. (b) 7* and o* peak intensities. (c) sp” ratio deduced from EELS
spectra as a function of the scanned distance. The inset back in (b) and (c) shows TEM images
of'a 1000 °C-annealed GaN/diamond heterointerface. The area filled with lavender in (b) shows
the averaged 7* peak intensity of EELS spectra caused by FIB.

Figure 9(a)—(c) shows the EELS line scan across a 1000 °C-annealed GaN/diamond
heterointerface, 7* and o* peak intensities, and sp’ ratio deduced from the EELS spectra as a
function of the scanned distance. We can see that the FWHM of the curve for the 7* peak
relative intensity decreased as the annealing temperature increased, which was the smallest
value among them. The reduction of the FWHM was in good agreement with the reduction of

the intermediate layer thickness. The o* peak relative intensity was also found to continuity

12
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decrease in the range of 1.4-7.4 nm, the same as the as-bonded and 700 °C-annealed
GaN/diamond heterointerfaces. The sp ratio gradually increased in the range of 1.4-4.2 nm
and reached approximately 51 % at 4.2 nm. These results clearly show that the part composed
of the absolute amorphous carbon was removed, and the thickness of the part composed of the
amorphous carbon and diamond was approximately 2.6 nm. The actual sp’ ratio of the
intermediate layer was calculated to be between 0 and 34 % by subtracting the sp” ratio caused
by FIB during the TEM sample fabrication process.

The compression stress in the as-bonded GaN/diamond heterointerface was larger than that
of the GaN grown on Si (Figure 2(b)). We attribute this result to the high pressure (1 GPa)
applied during the bonding process, which introduced compressive stress to the bonding
interface. After annealing at 700 °C, the compressive stress in the heterointerface was relieved,
as the component of the compressive stress caused by the applied pressure was removed by the
post-annealing process. A similar result was reported for a Si/diamond interface fabricated by
SAB.BU At 500 °C, the compressive stress in the as-bonded and 700 °C-annealed GaN/diamond
heterointerfaces increased to 0.81 and 0.74 GPa, which was larger than that (0.41 GPa) of the
GaN grown on Si. This difference was mainly due to the thermal lattice expansion coefficient
mismatch between diamond and GaN, which was larger than that between Si and GaN.[??-34
However, this compressive stress was smaller than that (1.1 GPa) of the GaN-on-diamond
structure formed by the crystal growth of diamond on the GaN back side using a SiNx transition

layer.3!

One possible explanation is that the atomic intermixing layer formed at the
heterointerface acted as a buffer layer, reducing the elastic energy around the heterogeneous
interface. A further important point is that this stress was significantly smaller than the
mechanical strength (3.3 GPa) required for GaN fracture.

The fact that no lattice fringes were observed at the as-bonded GaN/diamond heterointerface
indicates that the intermediate layer was an amorphous layer, the same as the Si/Si,**” Si/SiC,
381 and Si/diamond!) interfaces fabricated by SAB. However, this result is different from the
Si/GaAs and GaAs/GaAs interfaces fabricated by SAB,**#% in which no amorphous layer was
observed in the GaAs substrate adjacent to the bonding interface because the GaAs surface was
not severely damaged by the Ar beam irradiation during the bonding process. The observed
intensity gradients for C, Ga, and N atoms indicate that the amorphous layer was an atomic
intermixing layer mainly composed of C, Ga, and N atoms. In addition, the 7* and ¢* peak
intensities and the sp? ratio indicate that C atoms distributed in the atomic intermixing layer
originated from the amorphous carbon and diamond. Therefore, it is difficult to determine

whether the amorphous layer originated from the diamond, from GaN, or form both with the
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density profiles and the carbon bonding states. To precisely determine the location of the
heterointerface, we fabricated a GaN/GaN homointerface at room temperature under similar
conditions and found that no amorphous layer was formed at the as-bonded GaN/GaN interface.
We can therefore conclude that the amorphous layer originated entirely from the diamond. In
addition, we hypothesize that the peak for O atom relative intensity should be located on the
heterointerface (indicated by a solid yellow line in Figure 4(d)), as O atoms would locate on the
Ar beam irradiated surfaces before bonding. Under this hypothesis, the exact location of the

heterointerface can be determined.
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Figure 10. Intermediate layer, mixture layer composed of amorphous carbon and diamond, and
absolute amorphous layer in the thickness change with annealing temperature.

We attribute the amorphous carbon of the intermediate layer to the covalent bond fracture of
carbon atom in the diamond by the Ar beam irradiation in the bonding process. Similar results
have been reported in laser-irradiated nanocrystalline diamond and low-energy ion-irradiated
diamond.!*!*?) The amorphous carbon of the intermediate layer formed at the interface should
partially originate from the damage of focused ion beam (FIB) during TEM sample fabrication
processes. It has been reported that the structural and compositional properties of interfaces
fabricated by SAB were largely modified during FIB processes operated at room temperature,
especially for wide band-gap materials.*”) Therefore, the inherent thickness of the intermediate
layer should be more thin. Our results show that the intermediate layer was composed of a
mixture layer made up of amorphous carbon and diamond, and an absolute amorphous carbon
layer. The thicknesses of the mixture layer and the absolute amorphous carbon layer with
annealing at different temperatures were obtained by referring to the heterointerface location
and are shown in Figure 10. The thickness of the intermediate layer with different annealing
temperatures is also added. We found that the thicknesses of the intermediate layer and the

absolute amorphous carbon layer decreased with increasing annealing temperature. After
14
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annealing at 1000 °C, the thickness of the intermediate layer was reduced from 5.3 to 1.5 nm
and the absolute amorphous carbon layer completely disappeared. Meanwhile, the thickness of
the mixture layer composed of amorphous carbon and diamond increased after annealing at
700 °C, and then decreased when annealing temperature increased to 1000 °C.

For the thickness behavior of the absolute amorphous carbon layer with annealing
temperature, there are two possible explanations, namely that the carbon atoms of the absolute
amorphous carbon layer completely diffused into the GaN and the amorphous carbon was
converted into diamond after annealing. Density profiles of C, Ga, and N atoms across the as-
bonded, 700 °C-annealed, and 1000 °C-annealed interfaces were shown in Figure 11(a)-(c),
respectively. The density profiles for C atoms diffused into the GaN were fitted by a one-
dimensional diffusion equation: Cy erfc [x/(2L)] (the dotted black curves in Figure 11 (a)-(c))
with an error function of the distance x from the interface and a diffusion constant L.1**) The
densities of C atoms in the as-bonded, 700 °C-annealed, and 1000 °C-annealed interfaces were
obtained to be approximately 12.1X 10%!, 27.8 X 10%!, 18.5 X 10*' cm>, respectively. The
diffusion lengthes of C atoms in the GaN adjacent to the as-bonded, 700 °C-annealed, and
1000 °C-annealed interfaces were estimated to be approximately 1.3, 1.6, and 2.0 nm,
repectively. The estimated diffusion lenght of C atoms in the GaN of the 1000 °C-annealed
interface is in agreement with the reported result for carbon diffusion in GaN at 1000 °C.[**
The densities of sp” and sp® bonded carbon atoms in the diamond adjacent to the as-bonded,
700 °C-annealed, and 1000 °C-annealed interfaces were estimated to be approximately 98.5 X

102! and 3.5 X 10%!, 97.6 X 10?! and 4.9 X 10%!, and 51.1 X 10?! and 87.6 X 10*' cm™,

respectively (Figure 11(d)-(f)). All observed results such as the density and diffusion lenght of
C atoms in the GaN adjacent to the 1000 °C-annealed interface, the density and thickness
variations of sp? bonded carbon atoms in the absoluate amrphous carbon layer with annealing
temperture, indicate that the disiappearance of the absoluate amrphous carbon layer due to the
diffusion of C atoms is unlikely to occur because a longer diffuion lenght is requied for the
diffusion of all C atoms in the absoluate amrphous carbon layer. Furthermore, the density
increase of sp’ bonded carbon atoms in the diamond adjacent to the interfaces with anealing
temperature and the thickness variation of the mixture layer made up of amorphous carbon and
diamond are in good agreement with the coversion features.

In the conversion process, it should start from the diamond side and the diamond of the
mixture layer acts as a seed crystal. Similar properties have been obtained for laser-irradiated
amorphous carbon,**! in which the amorphous carbon was converted into diamond by

nanosecond laser irradiation at room temperature. The conversion of the amorphous carbon into
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diamond is consistent with the solid-phase transformation of a metastable amorphous material
into a crystal.[*”] The activation energy required for the transmormation is supplied in the form
of thermal energy by increasing the temperature of the material. The solid-phase transformation
of an amorphous Si even can be performed at a low temperature of 200 °C.1¢! Similar properties
were observed in SAB-fabricated GaAs/Si, GaP/GaAs, and GaSb/GalnP interfaces.*’**) The
diffusion of Ga and N atoms is much more likely to occur in amorphous carbon than in diamond
due to the former’s low atomic density.*” No diffusion of Ga or N atoms into the diamond
substrate adjacent to the intermediate layer was observed even after annealing at 1000 °C, while
the C atom diffused into the GaN after annealing at 700 °C. The diffusion length of the Ga and
N atoms became shorter as the annealing temperature increased, so the density gradients for the
C, Ga, and N atoms became much more abrupt in the intermediate layer. Meanwhile, the O
atom distributed in the heterointerface further diffused into the GaN substrate with the increase

of annealing temperature, and finally reached at the background level after annealing at 1000 °C.
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Figure 11. Density profiles of C, Ga, and N atoms (red, blue, and green, respectively) across
the (a) as-bonded, (b) 700 °C-annealed, and (c) 1000 °C-annealed GaN/diamond
heterointerfaces obtained by EDX. Density profiles of sp’, sp’, and sp’+sp’ bonded carbon
atoms (green, red, and blue, respectively) in the diamond adjacent to the (d) as-bonded, (e)
700 °C-annealed, and (f) 1000 °C-annealed GaN/diamond heterointerfaces obtained by sp? ratio.

The intermediate layer formed at the as-bonded GaN/diamond heterointerface seems to have
had an extremely small effect on the TBR, as the TBR originated mainly from the
heterogeneous interface.l*!>?) Reports have shown that the TBR of an as-bonded Cu/diamond

interface with a 4.5-nm-thick intermediate layer is in good agreement with the value calculated
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by the phonon diffuse mismatch model.>*! Furthermore, the TBR of as-bonded Si/Si interface
fabricated by SAB was found to have a thermal resistance equivalent to that of micrometer-
thick bulk Si.®¥ For the GaN-on-diamond structures developed by crystal growth and low-
temperature bonding technologies, the introduction of a transition layer or adhesion layer is
essential, but this will result in a double heterogeneous interface. The TBR value of the GaN-
on-diamond structures formed by the chemical vapor deposition of diamond on GaN!%12:5%:5]
was much larger than the value calculated by the phonon diffuse mismatch model.''?) The large
TBR value is attributed to the double heterogeneous interface. Meanwhile, the deposited
diamond near the interface was extremely low in the crystal quality, which resulted in a low
thermal conductivity that counteracted the advantage of the high thermal conductivity of the
diamond substrate. Recently, the room-temperature bonding of GaN and single-crystal diamond
using amorphous Si as an adhesion layer has been reported,''*! in which the TBR value was
found to be many times larger than the value calculated by the phonon diffuse mismatch model.
As with the GaN-on-diamond structure formed by crystal growth, the double heterogeneous
interface still existed in the GaN-on-diamond structure formed by room temperature bonding.
Although the total heat dissipation property of GaN-on-diamond devices has made excellent
progress due to the use of single-crystal diamond substrate, high-density Fe atoms are induced
in the amorphous Si layer during the bonding process, which results in a parasitic capacitance
in the GaN-on-diamond devices during high frequency operation due to a high electrical
conductivity of the adhesion layer. This parasitic capacitance limits the maximum input
frequency of the GaN-on-diamond devices.

For the 1000 °C-annealed GaN/diamond heterointerface, lattice fringes and the sp’ ratio
lower than 35 % observed in the intermediate layer indicate that the intermediate layer was a
crystal defect layer of diamond. No voids and no mechanical cracks were observed at the
heterointerface. Although the crystal defect diamond layer formed at the interface may affect
the carriers transport properties across the heterointerfaces, which can be optimized by
controlling the SAB condition. The optimized heterointerfaces have been applied to various
functional devices, such as high-efficiency tandem solar cells with a low interface electrical

36571 high-power semiconductor lasers with a low interface thermal resistance,®®

resistance,|
and high-efficiency heterojunction diodes with a very small reverse-bias current.*>%’l As the
GaN/diamond heterointerface uses a high-quality diamond substrate and no adhesion layer, an
extremely small TBR can be expected, which is very advantageous for heat dissipation of the
devices. The C atoms that diffuse into the GaN can be used as a dopant to compensate for the

nitrogen vacancies in the GaN to increase the electrical resistance of the GaN layer, which is
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very beneficial for enhancing the breakdown voltage of GaN-based devices.[®!l In addition, if
the insulative diamond substrate is replaced with a p-type diamond substrate, which is very
useful for developing n-GaN/i-GaN/p-diamond heterojunction diodes with a high breakdown
voltage and an excellent heat dissipation. In short, the GaN/diamond heterointerface will play
an important role in the performance enhancement of GaN-based devices and the development
of devices with novel functions such as deep ultraviolet light-emitting diodes'®>®*! and

millimeter-wave devices.[®¥

3. Conclusion

In this paper, we reported the fabrication of a GaN/diamond heterointerface through the direct
bonding of GaN and diamond substrate using the SAB technique at room temperature. An
intermediate layer with a thickness of approximately 5.3 nm was formed at the as-bonded
GaN/diamond heterointerface. The intermediate layer was a mixture layer composed of
amorphous carbon and diamond in which Ga and N atoms were distributed. The intermediate
layer thickness decreased with increasing annealing temperature due to the direct conversion of
amorphous carbon into diamond. The distribution area of Ga and N atoms also decreased with
the reduction of the intermediate layer thickness. After annealing at 1000 °C, the thickness of
the intermediate layer was decreased to approximately 1.5 nm, where lattice fringes were
observed. This indicates that the intermediate layer can be completely removed by optimizing
the annealing process. The intensity gradients for C, Ga, and N atoms showed an abrupt
GaN/diamond heterointerface. A compressive stress of 0.1 GPa existed in the GaN/diamond
heterointerface, which increased to 0.74 GPa at 500 °C. However, this compressive stress was
significantly smaller than that of the GaN-on-diamond structures formed by the crystal growth.
These results demonstrate that the GaN/diamond heterointerface has a high mechanical stability

and can withstand the harsh devices fabrication process.

4. Experimental Section

GaN epitaxial layers grown on Si (111) and CVD-synthesized diamond substrates were used
for direct bonding experiments. The thickness and size of the diamond was 450 um and 4.5 mm
x 4.5 mm, respectively. The GaN epitaxial substrate was composed of a 1000-nm-thick GaN
and a 100-nm-thick AIN buffer layer grown on a Si (100) substrate. Before bonding, the
diamond surface was treated by a mechanical polishing technique to obtain a surface with better
flatness. Atomic force microscope (AFM) measurements of the averaged roughness (Ra) of the

diamond surface before and after polishing showed that it was 1.609 and 0.277 nm, respectively.
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The surface Ra of the GaN layers grown on Si was 0.396 nm. AFM images of the diamond
before and after polishing and the GaN surfaces are shown in Figure 12(a), (b), and (c),
respectively. The diamond substrates were cleaned with the sulfuric acid-hydrogen peroxide
mixture (H2SO4: H20, = 4:1) at 80 °C for 10 min, rinsed with deionized water for 3 min, and
dried under N> flow. The GaN epitaxial substrates were cleaned with acetone and isopropyl
alcohol in an ultrasonic bath for 300 s and dried under N> flow. After cleaning, the diamond
and GaN epitaxial substrates were placed in a vacuum facility for direct bonding. The surfaces
of the diamond and GaN were simultaneously irradiated by an Ar fast atom beam (FAB) in a
vacuum pressure of 5.0 x 10”7 Pa. The Ar FAB irradiation voltage and current was 1.6 kV and
1.6 mA, respectively. As soon as the irradiation process was finished, the diamond and GaN
were brought into contact by applying a load of 1 GPa for 60 s at room temperature. After

bonding, the Si substrates were removed by mechanical polishing and wet etching processes.

Figure 12. AFM images of diamond (a) before and (b) after polishing, and (c) GaN surfaces.
The stress state of GaN in the GaN/diamond bonded sample was evaluated by micro-Raman
spectroscopy in a vacuum condition at different heating temperatures. Raman spectroscopy
measurements were also performed on the GaN-on-Si and a stress-free GaN substrate for
comparison. The heating process was conducted on a high-temperature heating stage with a
temperature error of £1 °C. A 488-nm Ar laser was used as the excitation source. The structure
and chemical composition of the GaN/diamond heterointerface without and with annealing at
700 and 1000 °C for 1 min were analyzed by TEM and energy-dispersive x-ray spectroscopy
(EDX) under STEM with a JEOL JEM-2200FS analytical microscope. The bonding states of
carbon atoms near the GaN/diamond heterointerface with annealing at various temperatures
were investigated by EELS under STEM. Carbon K-shell edge spectra were taken between 270
and 370 eV at an acceleration voltage of 200 KV. The TEM samples were prepared by the
focused ion beam (FIB) technique (Helios NanoLab600i; Thermo Fisher Scientific) at room

temperature.
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