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ABSTRACT

A new technique of diamond and InGaP room temperature bonding in atmospheric air is
reported. Diamond substrate cleaned with H,SO,/H,0, mixture solution is bonded to InGaP
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exposed after removing the GaAs layer by the H,SO,/H,0,/H,O mixture solution. The bonding

interface is free from interfacial voids and mechanical cracks. An atomic intermixing layer with
a thickness of about 8 nm is formed at the bonding interface, which is composed of C, In, Ga,
P, and O atoms. After annealing at 400 °C, no exfoliation occurred along the bonding interface.
An increase of about 2 nm in the thickness of the atomic intermixing layer is observed, which
plays a role in alleviating the thermal stress caused by the difference of the thermal expansion
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coefficient between diamond and InGaP. The bonding interface demonstrates high thermal
stability to device fabrication processes. This bonding method has a large potential for bonding

large diameter diamond and semiconductor materials.

1. Introduction

The heat generated in the electronic devices by self-heat-
ing during operation will greatly increase with rapidly
developing of the high integration, miniaturization, and
high performance of the electronic devices. The heat will
result in an increase in the device temperature that will
significantly degrade the reliability and performance of
the devices. The main factor limiting the device heat
dissipation is attributed to the low-thermal conductivity
semiconductor substrate. Because the heat is mainly
spread out through the semiconductor substrate, there-
fore, the most effective way is to replace the low-thermal
conductivity substrate with a high-thermal conductivity
substrate.

Diamond is attracting a wide attention as a heat
spreader because of its critically high thermal conduc-
tivity of 18-22 W/cm K, which is one of the most poten-
tial materials for suppressing the rise in the device
temperature [1,2]. A low-defect epitaxial growth of
diamond on semiconductor substrates such as Si, GaN,
Ga,0, is difficult because of the large mismatch in the
lattice constants and thermal expansion coefficients of
diamond and the semiconductor substrates. GaN-on-
diamond structures are being extensively studied by
depositing an intermediate layer such as SiN on the
backside of GaN and then depositing diamond [3-6].

However, the crystal quality of the deposited diamond
is very low, which largely lowers the thermal conduc-
tivity. As an alternative technique, the wafer bonding
technique allows materials with different lattice con-
stants and thermal expansion coefficients to be seam-
less bonded.

The room temperature bonding of diamond and Si,
and SiC using an Au intermediate layer by atomic diffu-
sion bonding and surface-activated bonding (SAB) meth-
ods has been reported [7,8]. However, the bonding
interface with a metal layer is unsuitable for high-fre-
quency device applications because the metal layer has a
very low resistivity such that a large parasitic capacitance
will be induced. The room temperature bonding of dia-
mond and GaN using a silicon amorphous layer by SAB
method has been demonstrated [9,10]. In addition, the
room temperature direct bonding of diamond and Si
using the SAB method has also been reported [11,12]. In
SAB, the substrate surfaces are activated by Ar fast-atom
beam irradiation under ultra-high vacuum conditions,
and then the activated surfaces are contacted together by
applying pressure. Although this method enables the
bonding interface a high-bonding strength without heat-
ing, the ultra-high vacuum less than 1x10~>Pa and the
high-flatness substrate with an average roughness lower
than 1 nm are required. Recently, the hydrophilic bonding
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of diamond cleaned by the NH,/H,O, mixture solution
and SiO, formed on Si activated by oxygen plasma under
vacuum has been reported [13]. However, it is difficult
to apply to device fabrication because the diamond/SiO,
bonding interface cannot withstand the annealing tem-
perature required for the device fabrication process. For
the bonding of diamond and semiconductor materials, it
is the most ideal to bond in atmospheric air at room tem-
perature without using vacuum equipment. It is of the
most important that the bonding interface can withstand
the device fabrication process. It is necessary to activate
the surface of the bonding substrate in the bonding pro-
cess of dissimilar materials. Therefore, if the substrate
surface can be activated by chemicals, the substrate can
be directly bonded at room temperature in atmospheric
air. InGaP with lattice matched to GaAs has been exten-
sively applied to high-power and high-frequency devices.
InGaP or GaAs can be easily removed with selective
chemicals so that the activated surface is exposed.

In this work, we explore a new technique for the room
temperature bonding of diamond and InGaP in atmo-
spheric air. The chemical bonding state and the surface
morphology of the bonding material surfaces were char-
acterized by X-ray photoelectron spectroscopy (XPS)
and atomic force microscope (AFM). The structures and
the atomic diffusion of the 400 °C-annealed interface are
investigated by transmission electron microscopy (TEM)
and energy-dispersive X-ray spectroscopy (EDX).

2. Experimental

Here, we demonstrate the direct bonding of diamond and
GaAs/InGaP, which has the self-heating problem leading
to the deterioration of device performance and reliability
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[14,15]. High-pressure and high-temperature synthetic
Ib type (100) single-crystal diamond substrate and GaAs/
InGaP epitaxial layer grown on GaAs substrate were used
for the bonding experiments. The GaAs/InGaP epitaxial
substrate was composed of a 200-nm-thick GaAs layer
and a 100-nm-thick InGaP layer grown on GaAs (100)
substrate. Before bonding, the diamond was cleaned by
an H,SO,/H,0, mixture solution at 80 °C for 10 min, the
mixture ratio of H,SO, and H,0, was 4: 1. After cleaning,
the diamond was rinsed with deionized water for 3 min,
then dried by an N, flow. The GaAs/InGaP epitaxial sub-
strate was cleaned by an acetone and isopropyl alcohol in
an ultrasonic bath for 300s, dried under N, flow. After
cleaning, the GaAs layer was removed by a mixture solu-
tion composed of H,SO,, H,0,, and H,O, the mixture
ratio of H,SO,: H,0,: H,O was fixed to 1: 10: 100, then
rinsed with deionized water for 1 min and dried by an N,
flow. A schematic of the bonding process is shown in
Figure la. After removing the GaAs layer, the diamond
substrate was directly placed onto the InGaP/GaAs sub-
strate in atmospheric air, and then lightly pressed with a
tweezer. The room temperature bonding of diamond and
InGaP/GaAs was formed in atmospheric air.

The effect of annealing temperature on the bonding
interface structure was investigated. The annealing pro-
cess was conducted in an ambient N, gas for 1 min at
400°C with a heating rate of 60 °C/min after removing
the GaAs substrate. After annealing, the temperature was
naturally cooled. The chemical bonding state of the dia-
mond and the InGaP/GaAs substrate surfaces was eval-
uated by XPS (ESCA-3400) with a monochromatic Mg
Ka X-ray radiation source. The surface roughness of the
diamond and the InGaP/GaAs substrates was evaluated
by AFM (SPM-9600). The microstructure and chemical
composition analysis of the bonding interface were
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Figure 1. (a) Schematic of the room temperature bonding process of diamond and InGaP. (b,c) AFM images of the diamond and the
InGaP surface, respectively. (c) Optical microscope image of the diamond/InGaP bonded sample surface.
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Figure 2. (a) C1sand (b) O1s spectra of diamond, (c) In3d, (d) Ga2p, (e) P2p, and (f) O1s spectra of InGaP.

performed using TEM (JEM-2200FS) equipped with an
EDS apparatus. The TEM samples were fabricated using
the focused ion beam (FIB) technique at room tempera-
ture (Helios NanoLab600i; Thermo Fisher Scientific).

3. Results and discussion

AFM images of the diamond and the InGaP surfaces are
shown in Figure 1b,c, respectively. The average rough-
ness (R,) values of the diamond and the InGaP surfaces
were determined to be 0.27 and 2.93 nm, respectively,
by AFM. The InGaP surface was found to be very rough;
the R, value was ten times larger than that of the dia-
mond. Obviously, the InGaP with a rough surface is not
suitable for room temperature bonding. The optical
microscope image of the bonded sample surface is
shown in Figure 1d. Some fringe patterns with a small
area due to the unbonded region were observed at the
contacting surface. However, no fringe pattern was
observed in an about 85% contact area of diamond and
InGaP, which indicated that the room temperature
bonding of diamond and InGaP was achieved in atmo-
spheric air at room temperature. After removing the
GaAs substrate, an approximately 10% peeling of the
bonded area was observed around the unbonded region
due to the weak bonding strength. Furthermore, no sig-
nificant reduction of the bonded area was observed in
the 400 °C bonded sample.

The Cls and Ols spectra of diamond surface are
shown in Figure 2a, and b, respectively. The spectra were
fitted by a Gaussion function after subtracting the back-
ground using Shirley’s method. The C1s and O1ls spectra

were both decomposed into two components located at
284.5 and 285.5¢eV, and 531.5 and 532.6¢eV, which cor-
respond to sp? and sp® bonded carbons, and C=0 and
C-0 bonding states, respectively [16,17]. As shown in
Figure 2c¢, the In3d spectrum of InGaP surface was
decomposed into four peaks located at 444.7, 445.1,
452.2, and 452.7 eV, which are associated with In-Ga-P
and In-OH bonding states, respectively [18]. The Ga2p
spectrum of InGaP is shown in Figure 2d. The two peaks
located at 1118.5 and 1119.6eV decomposed from the
Ga2p spectrum are assigned to Ga-P and Ga-O chemical
bonding states, respectively. The P2p spectrum was
divided into three peaks located at 128.8, 129.8, and
133.5eV (Figure 2(e)), which are contributed to P-In
and P-O chemical bonding states, respectively. As shown
in Figure 2f, the Ols spectrum of InGaP was decom-
posed into two peaks located at 532.3 and 533.9¢V,
which are associated with O-Ga and O-H bonding states,
respectively.

Figure 3a-c shows a low-magnification cross-sectional
TEM image, a high-resolution TEM (HRTEM) image
taken from along the InGaP [001] direction, and an
HRTEM image taken along the diamond [001] direction
of the bonding interface before annealing, respectively. A
thin layer between diamond and InGaP at the center of
the TEM image as shown in Figure 3a was observed,
which is contributed to the bonding interface. No
unbonded micro-voids and mechanical cracks were
observed at the bonding interface, which indicates that
the direct bonding of diamond and InGaP in the micro-
level was obtained. As shown in Figure 3b,c, we found
that an intermediate layer with a thickness of about 8 nm
was formed at the bonding interface and the intermediate
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Figure 3. (a) Low-magnification cross-sectional TEM image, (b) HRTEM image taken along the InGaP [001] direction, (c) HRTEM
image taken along the diamond [001] direction, (d) EDS mappings, and (e) X-ray intensity profiles of C, P, In, Ga, and O elements of

the bonding interface before annealing.

layer was very uneven in thickness as shown in Figure 3b.
EDX mappings of the bonding interface before annealing
are shown in Figure 3c. To compare the EDX mappings
of the bonding interface, it is evident that there is an oxide
layer formed at the bonding interface. The X-ray intensity
profiles of C, Ga, P, In, and O atoms near the bonding
interface before annealing are shown in Figure 3e. A small
peak of O atom was observed at the bonding interface
because the bonding process was conducted in atmo-
spheric air. The intensity gradients of C, Ga, P, and In
atoms were observed, which indicated that there was an
atomic intermixing layer formed at the bonding interface.
In addition, it should be noted that a small peak of In
atom at the diamond side of the bonding interface was
observed. However, In atoms were depleted at the InGaP
side of the bonding interface.

A low-magnification cross-sectional TEM image, an
HRTEM image taken from along the InGaP [001] direc-
tion, an HRTEM image taken from along the diamond
[001] direction of the bonding interface after annealing
at 400°C are shown in Figure 4a-c, respectively. After
annealing at 400 °C, interfacial spalling and cracks caused
by the difference in thermal expansion coefficient were
not observed at the interface, which indicated that the
bonding interface has excellent thermal stability. Like the
bonding interface before annealing, an intermediate layer
was also observed at the interface after annealing at
400°C, as shown in Figure 4b,c. The thickness of the
intermediate layer was determined to be about 10nm,

which is thicker than that of the bonding interface before
annealing. Moreover, the intermediate layer is more uni-
form in thickness. Figure 4c shows the EDX mappings of
the bonding interface after annealing at 400°C. A high-in-
tensity layer of the In and O atoms was observed at the
interface. Furthermore, a transition layer of C atoms was
also observed at the interface. X-ray intensity profiles of
C, Ga, P, In, and O atoms at the bonding interface after
annealing at 400 °C are shown in Figure 4e. The intensity
peak positions of In and O atoms shifted to the InGaP
side were observed. It was found that the peak intensity
of In atoms was increased after annealing. However, the
densities of Ga and P atoms were depleted at the interface
after annealing at 400 °C. The depletion part of Ga and P
atoms was replaced with the C atoms increase.

On the basis of the experimental results, we found
that the intermediate layer formed at the bonding inter-
face was composed of C, In, Ga, P, and O atoms; the
ununiform of the intermediate layer in the thickness
was attributed to the morphology of the InGaP surface
due to rough surface (Figure 1(c)). For the room tem-
perature direct bonding, the surface roughness of bond-
ing materials is a very important factor. The R, value of
bonding material surface smaller than 1 nm was neces-
sary for achieving the direct bonding of diamond and
semiconductor substrates [11,13]. Although the R,
value (2.93nm) of the InGaP surface was larger than
1 nm, the direct bonding of diamond and InGaP was
achieved. The main reason was due to the chemical
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Figure 4. (a) Low-magnification cross-sectional TEM image, (b) HRTEM image taken along the InGaP [001] direction, (c¢) HRTEM
image taken along the diamond [001] direction, (d) EDS mappings, and (e) X-ray intensity profiles of C, P, In, Ga, and O elements of

the bonding interface after annealing at 400 °C.

reaction occurred between the oxide layer formed on
InGaP and the C=0 and C-O chemical bonds formed
on the diamond after contacting. The oxide layer should
originate from the In-OH, Ga-O, P-O, O-Ga, and O-H
chemical bonds formed on InGaP, as shown in Figure 2.
Since there is no alloy composed of C, Ga, In, and P
atoms, it is difficult to find a long-distance mutual dif-
fusion at the interface. Moreover, there is not a stable
phase composed of the In-OH, Ga-O, P-O, O-Ga, O-H,
C=0, and C-O chemical bonds. Therefore, each ele-
ment at the interface should move after annealing. The
increased amorphous layer thickness should be associ-
ated with the oxygen atoms moving. In fact, the oxygen
intensity peak is moving to the InGaP side as shown in
Figure 4e. On the other hand, the rich In atom layer
formed at the diamond side of the bonding interface
should also play an important role in the direct bonding
of diamond and InGaP. It has been reported that the
direct bonding of Si wafer using an indium tin oxide
layer at low temperatures was achieved [19]. In addition,
wafer bonding using a thin indium film at 140 °C has
also been reported [20].

The thermal expansion coefficient (5.4x107%/K at
300K) of InGaP is several times higher than that of dia-
mond (2.3x107%/K at 300K). However, no interfacial
spalling and mechanical cracks were observed at the
400°C-annealed interface. In addition, no exfoliation of
the InGaP layer bonded to diamond was observed in the
400°C-annealed sample. The thickness of the InGaP
layer bonded to diamond may be too thin so that the

thermal stress caused by the thermal expansion coeffi-
cient mismatch was too small to induce the InGaP layer
cracks or the spalling. These results imply that the bond-
ing interface with thermal stability of 400 °C should be
related to the atomic intermixing layer formed at the
bonding interface. No lattice fringes were observed in
the atomic intermixing layer even changing electron
beam incident direction during TEM observation, which
indicated that the atomic intermixing layer is an amor-
phous layer. The amorphous layer should play a role in
relieving stress caused by the difference in thermal
expansion coefficient between diamond and InGaP. A
similar result has been reported for the diamond/Si
interface fabricated by SAB [21]. After annealing at
400°C, the increased amorphous layer thickness is more
helpful in the relaxation of the stress. The amorphous
layer thickness increase is unlike the heterointerfaces
fabricated by SAB, in which the amorphous layer thick-
ness decreased with increasing annealing temperature
due to the recrystallization of the amorphous layer [22—
26]. The main difference is no oxygen atoms detected in
the SAB-fabricated interface because the bonding pro-
cesses were conducted in the extremely high-level vac-
uum condition. The amorphous layer thickness increased
should be correlated with the diffusion of O atoms
toward the InGaP. The O atom diffusion destroyed the
crystal structure of InGaP and made it form amorphous.

The amorphous layer formed at the bonding interface
should affect the thermal boundary conductance. It has
been reported that the thermal boundary conductance



of the GaN/SiC interface with an amorphous layer was
1.35 times larger than that of the interface without amor-
phous layer [27]. Because the amorphous layer has lower
thermal conductivity than the bulk materials, the
increase of the amorphous layer thickness also has
impact on the thermal boundary conductance. As
reported, the thermal conductivity of the amorphous
layer decreases by 70% when the thickness increases
from 2nm to 1000 nm [28]. Obviously, the decrease in
the thermal conductivity of the amorphous layer formed
at the diamond/InGaP interface due to the amorphous
layer thickness increasing in several nanometers can be
ignored. In addition, the thermal boundary conductance
of the Ga,0,/SiC interface with a 10 nm Al, O, interlayer
was 30% lower in comparison with that of the interface
with a 30nm Al,O, interlayer, as reported in a previous
study [29]. Consequently, although the amorphous layer
has a certain effect on the thermal boundary conduc-
tance, the intrinsic thermal boundary conductance of
the diamond/InGaP interface is the main factor to affect
the heat dissipation properties of InGaP-on-diamond
devices.

It is difficult to evaluate the bonding strength by the
conventional tensile test due to the small diamond sub-
strate size. Therefore, a simple bond strength test was
conducted, when a load was applied to the GaAs
cross-section of the bonded sample, no peeling of the
bonding interface was observed until the GaAs fractured.
This simple test indicated that the bonding interface has
the mechanical strength higher than that of bulk GaAs.
In addition, the TEM samples were fabricated on the
InGaP layer bonded to the diamond after removing GaAs
substrate by mechanical polishing and selective wet etch-
ing methods. No large area exfoliation of the bonding
interface was observed during GaAs removing processes,
which indicated that the bonding interface has excellent
mechanical strength and chemical stability. Furthermore,
the bonding interface can withstand the annealing pro-
cess required for the ohmic formation of Si and GaAs
semiconductors. Most important of all, the direct bond-
ing of diamond and InGaP can be performed in atmo-
spheric air at room temperature. This technique does not
require expensive experimental equipment, but only
require simple treatment of the bonding material surface
with chemicals. In addition, it is possible to bond semi-
conductors with a rough surface. Therefore, this method
is very suitable for the direct bonding of diamond and
semiconductors with a large area. However, whether it
can be applied to other materials is unclear, it is necessary
to further investigate.

4, Conclusion

We have demonstrated a new technique for the room
temperature bonding of diamond and InGaP in atmo-
spheric air. Although the InGaP surface has a R, value
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of 2.93 nm, no interfacial voids and cracks were observed
at the diamond/InGaP bonding interface. An atomic
intermixing layer composed of C, In, Ga, P, and O atoms
was formed at the bonding interface. The intermixing
layer thickness was obtained to be about 8 nm, which
was increased to 10nm after the bonding interface
annealed at 400 °C. No interfacial exfoliation or mechan-
ical cracks resulting from the thermal expansion coeffi-
cient mismatch between diamond and InGaP were
observed at the bonding interface. The bonding interface
demonstrated excellent thermal stability for the device
fabrication process. These results suggest that this bond-
ing method could be applied to the large-diameter wafer
bonding of diamond and semiconductor materials.
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