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Surface-activated direct bonding of diamond (100) and c-plane sapphire substrates is investigated using Ar atom beam irradiation and high-
pressure contact at RT. The success probability of bonding strongly depends on the surface properties, i.e, atomic smoothness for the micron-
order area and global flatness for the entire substrate. Structural analysis reveals that transformation from sapphire to Al-rich amorphous layer is
key to obtaining stable bonding. The beam irradiation time has optimal conditions for sufficiently strong bonding, and strong bonding with a shear
strength of more than 14 MPa is successfully realized. Moreover, by evaluating the photoluminescence of nitrogen-vacancy centers in the diamond
substrate, the bonding interface is confirmed to have high transparency in the visible wavelength region. These results indicate that the method
used in this work is a promising fabrication platform for quantum modules using diamonds. © 2023 The Japan Society of Applied Physics

1. Introduction

Diamonds are wide bandgap semiconductor materials with
high breakdown voltage and excellent heat conduction, and
have been used in power electronics. More recently, diamonds
have attracted attention for quantum applications because they
allow the formation of color centers with stable spins.
Diamonds with color centers are applied to quantum sensors,
quantum communications, and quantum computers. The light
emission from a color center in a diamond spin qubit is used as
the readout and/or control of quantum information. Coupling
the emitted light from color centers to photonic circuits
integrated with functionalized components is necessary to
read out and/or control quantum information. Single-crystal
diamond substrates with high purity grown using CVD are
used for quantum device applications. However, the substrate
size is currently limited to 1inch"? because of the technolo-
gical challenges in the formation of large seed crystals and the
CVD of diamonds. Therefore, diamond substrates must be
bonded to other larger wafers to fabricate a large-scale
quantum photonic circuit from the spins in diamonds.
Photonic circuits are fabricated on the larger wafer side of
heterogeneously integrated wafers.” The luminescence of
color centers is in the visible wavelength region of approxi-
mately 600 nm. Bonding diamonds with a transparent material
with low optical loss in the visible wavelength region is
required to access the quantum states of color centers using an
optical technique. Sapphires are promising candidates as
transparent materials because they are single crystals with
large optical bandgaps.?

Si has been used as a mother substrate in the wafer bonding
of diamonds because it is a common semiconductor wafer for
electronics. In addition to bare silicon,”™” Si covered with
Si0,*? has been used. In previous studies, wet process-based
bonding was used with chemical treatments. In Ref. 6, a
diamond substrate with the (100) surface was compared with
that of the (111) surface. In wet process-based bonding, it is
difficult for diamond (100) to bond because it cannot be
terminated with the hydroxyl groups that constitute the
bonding interface. This implies the difficulty of applying wet
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bonding to diamonds (100). Alternatively, dry process-based
bonding is a possible choice for bonding diamond (100) to
mother substrates. Atomic diffusion bonding (ADB)”H7) and
surface activation bonding (SAB)7’18’32) have been reported
for various material combinations. ADB is a promising
technique for some applications and can ensure chemical
bond formation by atom diffusion. For quantum applications,
however, the influence of diffusion of bonding elements into
diamonds is currently unclear. Instead, SAB can be a good
candidate for this purpose, because it directly bonds two
wafers without using any additional materials.

In this study, we investigate the direct bonding of diamond
(100) substrates with c-plane sapphire wafers for quantum
applications using SAB. We reveal the required properties of
the diamond surface for bonding. We show that the diamond
(100) and c-plane sapphire substrates are successfully bonded
with a shear strength of more than 14 MPa. Moreover, we
characterize the bonding interface and discuss the possible
bonding mechanisms.

2. Experimental methods

Diamond (100) and sapphire (1000) substrates are used for
the experiments. The single-crystal diamond substrate is
heteroepitaxially grown using CVD and contains approxi-
mately 3 ppm of nitrogen impurities. The size and thickness
of the diamond are 4 mm x 4 mm and 0.5 mm, respectively.
The diameter of a sapphire wafer is 4inches. SAB is
performed using a machine manufactured by Nidec
Machine Tool Corporation (BOND MEISTER MWB-08/
12-ST) and includes the following procedures: first, the
substrates are cleaned with an alkaline solution to remove
organic contaminants and residual particles. Then, irradiation
with an Ar fast atom beam (FAB) in a vacuum chamber
removes an inert layer (oxide film or deposit) on the surface
to be bonded and form dangling bonds on the surface. The
FAB source is a neutralized atom beam generated with a
voltage of 1.8 kV and a current of 100 mA. The background
vacuum condition during the surface activation process is
maintained at less than 1.0 x 107> Pa. The surfaces of both
substrates are simultaneously irradiated with FAB. Then the

© 2023 The Japan Society of Applied Physics
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activated surfaces are brought into contact with each other
and a pressure of 20 MPa is applied.

The surface properties are investigated using atomic force
microscopy (AFM) and coherence scanning interferometry
(CSI). The characteristic change of diamond surface by FAB
irradiation is investigated using Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS). Structural charac-
terization of the bonding interface is performed using
transmission electron microscopy (TEM) and energy disper-
sive X-ray spectroscopy (EDX). The bonding strength is
measured through a shear strength test suitable for evaluating
bonded substrates in which chips with large size differences
are bonded together.

3. Results and discussion

3.1. Influence of the surface properties of the dia-
mond substrate

In contrast to well-established semiconductor wafers, such as
Si, commercially available diamond substrates have larger
variations in surface properties because polishing technolo-
gies remain immature due to the hardness of diamonds.
Diamond surfaces often have a roughness of more than
0.5nm for a 10 um x 10 pum area and an unevenness of more
than 500 nm over the chip. Therefore, we first investigate the
influence of surface properties of diamond substrates on the
probability of bonding success. We prepare diamond sub-
strates with varying surface properties from various manu-
facturers. Some diamond substrates are subjected to addi-
tional polishing using the lapping or chemical mechanical
polishing,”* to increase the number of diamond substrates
with flat and smooth surfaces.

Figure 1 shows the bonding results for diamonds with
various surfaces and sapphires. The bonding conditions other
than FAB irradiation time are the same for all samples. The
FAB irradiation time is 90 s or more. We use two metrics: the
overall flatness of the substrate and the surface roughness
(arithmetic mean roughness) for an area of 10 ym x 10 pym.
The overall flatness and micro-area roughness are evaluated
using CSI and AFM, respectively. The surface roughness was
measured before FAB irradiation. The substrates with a
surface roughness of less than 0.2nm are prepared by
applying a precise polishing procedure; however, those

1.2

1 i A @ Success
€ + This Diamond A Failure
= 08 |k surface — 1T
~ ' L Sapphire
9]
© 06
(O]
= i A
S 04 | A A
= ' A
) L
X 02 t °

0 $' L L I L I L

0 200 400 600 800 1000

Flatness ( nm )

Fig. 1. Surface properties of diamond substrates for bonding. The
measurement surface is the bonding surface of the diamond (see insert).
A circle indicates successful bonding, whereas a triangle indicates failed
bonding.
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with a surface roughness of more than 0.5nm are not
subjected to this procedure. The surface roughness of
sapphire is less than 0.3 nm. In Fig. 1, the circular symbol
indicates successful bonding, whereas the triangular symbol
indicates failed bonding. The results clearly show that a well-
controlled diamond surface is necessary for bonding.
Bonding requires a roughness of less than 0.2nm and an
unevenness of less than 300 nm.*®*” Figure 2 shows an
example of the AFM and CSI profiles for the diamond used
in successful bonding. The surface roughness and flatness are
small, and it is smooth and has little unevenness. FAB
irradiation does not change the overall flatness of the
diamond because its etching amount is negligible. In sub-
sequent sections, we discuss the details of the nanoscale
surface modulation introduced by FAB irradiation.

3.2. Bonding interface of diamond (100)/sapphire
(1000)

The bonding interface is investigated using cross-sectional
TEM. The specimen for this study is fabricated using laser
cutting because of the hardness of the diamond and sapphire
substrates. Figure 3(a) shows a cross-sectional TEM image
with low magnification. The FAB irradiation time is 270 s.
An intermediate layer of approximately 300 nm thickness is
formed between the diamond and sapphire substrates. In
Fig. 3(a), a relatively large scratch of approximately 35 nm in
width and 20 nm in depth is observed on the diamond bottom
surface near the center of the TEM image. This scratch is left
after polishing and is not generated during the bonding
process or TEM observation sample preparation. In the
current diamond polishing technology, some possibilities
exist that deep scratches remain even after polishing.
However, the number of scratches can be reduced sufficiently
so that bonding is least affected. Under low magnification,
the interface between the diamond and the intermediate layer
is relatively smooth, whereas that between the sapphire and

(a) Roughness: 0.0739 nm
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Fig. 2. Examples of measurement results of surface roughness (a) and
flatness (b). The surface of the diamond substrate, which is successfully
bonded, is smooth without minute unevenness and is flat.
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Fig. 3. Cross-sectional TEM image of the bonding interface (a) and the EDX spectroscopy measurement results of the interlayer (b). An intermediate layer
with a thickness of approximately 300 nm was observed at the junction interface between the diamond and sapphire substrates. Al and O are detected in the

interlayer, whereas carbon is not detected.

the intermediate layer is not. The thickness of the inter-
mediate layer formed by FAB irradiation has some variations,
and the undulated interface of the intermediate layer and
sapphire crystal is defined by its variations. Figure 3(b)
shows the results of the elemental mapping obtained via the
EDX of the bonding interface including the interlayer. The
interlayer is confirmed to be composed of Al and O only,
indicating that the intermediate layer is formed by the
alteration of sapphire (Al,O3;) through FAB irradiation.
Additionally, this result implies that the irradiated Ar atoms
barely penetrate the inside of the diamond crystal and instead
penetrate the inside of the sapphire crystal to a depth of a few
hundred nanometers. Although the Al and O composition
ratio of sapphire is 2:3, that of the intermediate layer is 1:1 at
the center of the layer and 3:2 near the interface of the
diamond substrate. The ratio of O to Al decreases as the
diamond surface approaches because O is removed from the
sapphire during the formation of the intermediate layer by
FAB irradiation. Regarding the effect of Ar irradiation on
sapphire, Ar ion sputtering has been investigated with various
metal oxides.*® X-ray photoelectron spectrum analysis
shows that Ar ions can induce the disorder of sapphire
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bond angles. A similar effect is considered to occur in this
work, although neutralized atoms are used.

During diamond processing, diamond surface carboniza-
tion is often observed.>>™*!" Therefore, the surface of the
FAB-irradiated diamond is investigated using Raman spec-
trum measurement, which provides sufficient sensitivity for
detecting the formation of monolayer-thick graphene. The
Raman spectrum of the surface of the diamond substrate
subjected to FAB irradiation for 270 s is shown in Fig. 4(a).
Raman spectrum for graphite is also provided as a reference.
Raman measurement is performed using a 488 nm wave-
length laser on the reflection configuration. In Fig. 4(a), no
peaks due to graphite are observed in the FAB-irradiated
diamond. In order to evaluate the carbonization by FAB
irradiation in more detail, we measure the XPS (Al Ko X-ray
source) of the diamond substrate irradiated by FAB. The
measurement results are shown in Fig. 4(b). The binding
energy is shifted due to the charging effect. From these
results, it is found that the sp® peak increased with FAB
irradiation. The energy difference between sp> and sp” is
1.0eV, which is almost consistent with the previous
research.” The value of sp*/(sp> + sp”) calculated from the

© 2023 The Japan Society of Applied Physics
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(a) Raman spectrum of the diamond substrate irradiated with FAB for 270 s. No peaks due to graphite are observed in the FAB-irradiated diamond.

(b) C 1s photoemission spectra of diamond substrates without and with FAB irradiation. The sp? peak increased with FAB irradiation. (c) An image of the
bonding of the diamond and sapphire substrates. The color of the diamond is the original color due to impurities and not due to the bonding interface.
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Fig. 5. Relationship between FAB irradiation time and shear strength. The
shear strength is almost the same and exceeds 14 MPa after 270 s and 600 s
of FAB irradiation; however, it has a very low value of 2 MPa after 90 s of
FAB irradiation.
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areas of sp and sp> peaks increases from 35.4% to 38.2% by
90 s of FAB irradiation. This suggests that a few parts of the
diamond crystals decompose into amorphous carbon or
graphite. At 270's of FAB irradiation, sp” increases and the
sp*/(sp® + sp°) ratio increases to 47.9%. The decomposition
to amorphous carbon or graphite increases with increasing
FAB irradiation time. However, even after the long irradia-
tion time, the sp® peak is not dominant. This result differs
from previous studies,”® but we speculate that this may be
associated with a difference in crystallinity. From Raman and
XPS results, it is considered that the carbonization by FAB
irradiation is not uniformly formed on the surface of the
diamond substrate, but a small carbonization region is
partially formed. Figure 4(c) shows a photograph of the
bonded sample. No interference fringes are observed on the
bonding surface, indicating that the entire surface of the
diamond substrate is bonded to the sapphire substrate. The
color of the diamond does not originate from the bonding
interface but from the diamond crystal itself, because this

© 2023 The Japan Society of Applied Physics
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CVD diamond contains N impurities with a concentration of
approximately 3 ppm.

3.3. Effect of bonding conditions

We investigate the bonding strength of the bonded substrates
by changing the FAB irradiation conditions. It is evaluated
using shear strength. Figure 5 shows the relation between
FAB irradiation time and shear strength. The shear strengths
of the samples bonded with FAB irradiation times of 270 and
600 s are 14.19 and 14.41 MPa, respectively. In the substrate
bonded under the condition of shear strength greater than
14 MPa, delamination occurs between the diamond and the
intermediate layer, or between sapphire and the intermediate
layer. Therefore, some intermediate layer pieces are observed
on the diamond surface after delamination. Although the
shear test was performed once per FAB condition, the results
imply that the mechanical strength of both interfaces is
similar. In contrast, the sample bonded with a FAB irradia-
tion time of 90 s shows considerably small shear strength of
2 MPa. For this sample, peeling occurred at the interface
between the diamond substrate and the intermediate layer,
which is consistent with the fact that the bonding interface is
weak for that bonding condition. This result indicates that a
specific duration of FAB irradiation is necessary to achieve
sufficient bonding strength. Compared with the result of
1.7MPa for diamond (100)/Si obtained through the wet
method,” our result of 14 MPa is sufficiently large. The
shear strength of approximately 14 MPa is comparable with
the reported values for bonding of the same material. The
bonding strength of SAB in the same material is 25 MPa or
more for SiOz/SiOZ,w) 6.47 MPa or more for Cu/Cu,*? and
14 MPa or more for Ge/Ge.”” These bonding strengths are
extracted from the tensile test, not the shear test.

Figure 6 shows the TEM images of the bonding interface
for various FAB irradiation times. When the FAB irradiation
times are 600s and 270s, the intermediate layer has a
thickness of 200-300 nm. However, when the FAB irradia-
tion time is 90 s, the thickness of the intermediate layer is
10 nm.*? This result indicates that the formation speed of the
amorphous layer is nonlinear to the FAB irradiation time.
Such a nonlinear formation process of intermediate layers
induces a large difference in the shear strength results. For the
bonding of diamond and sapphire, a thick amorphous layer is
necessary to obtain strong bonding strength. The Al content
of the c intermediate layer increases with increasing FAB
irradiation time. In the case of FAB irradiation for 270 s, the
composition ratio of Al to O is 3:2 near the bonding interface
and 1:1 in the middle of the intermediate layer, as described
above. In the case of FAB irradiation for 600s, the
composition ratio of Al and O is 2:1 near the bonding
interface and 5:4 in the middle of the intermediate layer. This
result implies that O desorption occurs continuously during
FAB irradiation.

Figure 7 shows high-magnification TEM images of the
interface between the diamond and the intermediate layer.
First, the interfaces of the diamond and the intermediate
layer of the 90 s sample and the other samples have different
shapes. The 90 s sample has a relatively flat interface, while
the other samples have undulating interfaces. The sample
preparation for TEM observation is carefully performed;
therefore, this TEM image is considered to show the
original bonding interface. As discussed above, the
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Fig. 6. TEM images of the bonding interface at various FAB irradiation
time slots. Under FAB irradiation for (a) 600 s and (b) 270 s, approximately
200 nm intermediate layer is observed. The composition ratio of Al and O in
the intermediate layer differs between FAB irradiation for 600 s and 270 s,
and the composition ratio of O is smaller under FAB irradiation for 600 s.
Under FAB irradiation for 90 s shown in (c), the intermediate layer has
thickness of only 10 nm.

existence of elements C, Al, and O has abruptly changed
at the interfaces. The undulation of the interfaces is defined
by the diamond surface. This means that FAB irradiation
modified the diamond bottom surface. We evaluate the

© 2023 The Japan Society of Applied Physics
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()

Diamond

Fig. 7. High magnification TEM images of the interface. Under FAB
irradiation for (a) 600 s and (b) 270 s, the interface between the diamond and
the intermediate layer is slightly undulated. Under FAB irradiation for 90 s
(c), the interface between the diamond and the intermediate layer is flat.

diamond etching rate of FAB irradiation using reference
diamonds with longer FAB irradiation times. The etching
rate is approximately 0.09 nmmin~', indicating that the
etching amount of the diamond is approximately 1 nm even
at an irradiation time of 600s. Thus, FAB irradiation is
considered only to affect the undulation formation on the
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diamond bottom surface by local etching. The interfaces
touch each other completely, illustrating that the inter-
mediate layer is deformed to fit the undulating diamond
surface. The crystallinity of the intermediate layer is
clarified based on TEM observations aligned to the (10—
10) and (11-20) directions of the sapphire. No crystal
structure is observed in the intermediate layer. Therefore,
the intermediate layer is amorphous. Consistent with the
fact that the intermediate layer deforms to fit the undulating
diamond surface, the amorphous layer is generally softer
than the crystal. In the TEM images, some dark contrasting
regions are observed at the interfaces, implying the ex-
istence of local strain. Under the conditions of this experi-
ment, FAB irradiation has a different effect on the diamond
and sapphire crystals. FAB irradiation etches only approxi-
mately 1nm without changing the crystallinity of the
diamonds; however, it causes the sapphire crystals to
change from single crystals into amorphous crystals. As
can be inferred from the EDX results in Fig. 3 and the
magnified TEM image in Fig. 7, the interdiffusion of
diamond and sapphire at the bonding interface is negligible.
Here, we discuss the mechanism of this bonding tech-
nique. FAB irradiation modifies the sapphire surface,
forming an amorphous AlOx layer. The amorphous AlO,
layer has numerous dangling bonds in various directions.
Therefore, the surface atoms of the diamond can easily find
their counterpart bonds, resulting in strong bonding between
diamond and sapphire. In this experiment, the FAB irradia-
tion time for the diamond surface is changed at the same
time, which also affected the increase in the dangling bonds
on the diamond side. In particular, the formation of the
nanoscale undulating surface of the diamond might provide
dangling bonds with various angles. Given that the surface
of the interlayer contains Al-rich AlO,, the expected
dominant chemical bond is C-Al. Clarification of the
chemical bond is beyond this study. Not only the number
of chemically active bonds but also the elastic properties of
the intermediate AlO, layer contribute to the bonding
process. Given that the amorphous AlO, layer is softer
than the sapphire crystal, the intermediate layer deforms and
contacts perfectly with the diamond surface with nanoscale
roughness when the diamond and sapphire are pressed
under a pressure of 20 MPa. This phenomenon might
increase the adhesion between diamond and sapphire sub-
strates. Strong bonding to diamond (100) is realized under
these effects.
3.4. Optical properties of bonded substrates
We measure the photoluminescence (PL) of the natural
nitrogen-vacancy (NV) center in the diamond substrate to
evaluate the transparency of the bonding interface of the
diamond (100)/c-plane sapphire sample. Two measurement
configurations for the same sample are used to evaluate the
transparency of the bonded interface, as shown in Figs. 8(a)
and 8(b). In the Fig. 8(a) configuration, the excitation laser is
illuminated on the bonded substrate from the sapphire side
and the PL of the NV centers is detected by transmitting
through the bonded interface. In the Fig. 8(b) configuration,
the PL of the NV centers is measured directly from the
diamond surface side. Figure 8(c) shows the PL spectra
obtained at RT. Peaks at 637 nm correspond to the zero-
phonon emission wavelength of the NV centers in the

© 2023 The Japan Society of Applied Physics
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(a), (b) Two measurement configurations for the same sample used to evaluate the transparency of the bonded interface. (c) The PL spectra of the

NV centers obtained with two configurations. The peaks at 637 nm correspond to the zero-phonon emission wavelength of the NV center of diamond.
(d) Correlation of peak intensities measured by both configurations in 100 measurement points.

diamond. In Fig. 8(c), it can be seen that the intensity of the
PL peaks transmitted through the bonding interface is
stronger than that of the PL peaks measured directly. It is
considered that this is because the PL extraction efficiency is
improved when the PL is excited from the sapphire side due
to the difference in refractive index between air and sapphire.
Furthermore, in order to increase the reliability of the
measured data, we measured PL at 100 different points on
one bonded substrate. Figure 8(d) shows the correlation of
peak intensities measured for both configurations in 100
measurement points. It is confirmed that the PL peak
intensity in the case of excitation from the sapphire side is
stronger than that in the case of excitation from the diamond
side at almost all measurement points. Since PL measure-
ments are uniform, it is considered that our bonding interface
has good homogeneity. This result indicates that the trans-

centers in the diamond substrate. The results of this work are
promising for the fabrication of integrated quantum chips using
diamond color centers.
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mittance of the bonding interface of the substrate bonded by 2
the SAB is sufficiently high. 3)
4. Conclusions 3
This study conducted RT direct bonding using surface-activated 6)
bonding of diamond and sapphire substrates. This bonding
method is a fundamental technology for manufacturing quantum  7)
chips with small diamond substrates. Successful bonding is
demonstrated, which clarifies the requirements for the diamond 8)
surface. The diamond surface must have a roughness of 9)
<0.2nm and unevenness of <300 nm. The amorphous AlO,
layer formed during FAB irradiation enables perfect bonding,  10)
and the possible mechanism is discussed. The sufficient bonding
strength of 14.41 MPa is confirmed by measuring the shear 1;;
strength of the bonded substrate, and the high transparency of 13
the bonding interface is demonstrated by the PL from the NV
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