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Diamond/Si junctions have been achieved by surface activated bonding method without any chemical

and heating treatments. Bonded interfaces were obtained that were free from voids and mechanical

cracks. Observations by using transmission electron microscopy indicated that an amorphous layer

with a thickness of �20 nm across the bonded interface was formed, and no structural defects were

observed at the interface. The amorphous layer of the diamond side was confirmed to be the mixture

of sp2 and sp3 carbons by electron energy loss spectroscopy analyzation. The sp3/(sp2 þ sp3) ratio

estimated from the X-ray photoemission spectra decreased from 53.8% to 27.5%, while the relative

intensity of sp2 increased from 26.8% to 72.5% after the irradiation with Ar fast beam which should

be predominantly attributable to the diamond-graphite conversion. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4978666]

Diamond is expected to be the best potential candidate as

the next generation semiconductor material for high power

and high frequency electronic devices due to its ultimate phys-

ical properties, such as the highest electrical breakdown field

strength among semiconductors,1 high carrier mobility,2 and

high saturation velocity.3,4 Johnson’s figure of merit exhibits

three times higher RF power capability than SiC.5

Furthermore, diamond, which possesses the highest thermal

conductivity among materials, ten and three times higher than

GaN and SiC, respectively, is the most promising material as

a superior heat spreading substrate for power devices.

However, there are several key issues that need to be

overcome for the practical application of diamond devices.

In particular, monocrystalline diamond substrates are cur-

rently limited to a surface area of about 1 cm2. In addition,

the cost of the diamond is extremely expensive in compari-

son with Si. If it is possible to combine single crystal diamond

with the large area wafer Si substrate, diamond-based power

devices could be fabricated using Si Large Scale Integrated

(LSI) process facilities. The combination of diamond devices

and Si LSI with various functions on the same substrate is

useful for developing electronics application. The direct epi-

taxial growth of diamond on Si substrates would be the most

desirable approach, but as high as 52% lattice mismatch and

the large difference of the surface energy between Si and dia-

mond make the growth of diamond on Si substrate more diffi-

cult.6–8 Therefore, the epitaxial growth of diamond on Si

without interface layers has not actually been realized. As an

alternative approach, surface activated bonding (SAB) method

could realize the direct combination of two dissimilar materi-

als.9,10 We previously applied SAB for making junctions with

a variety of dissimilar materials and examined their structural

and electrical characteristics.11–13

In this work, diamond/Si junctions were fabricated by

means of SAB. The structural properties of the bonded inter-

faces were examined by field emission-scanning electron

microscopy (FE-SEM), transmission electron microscopy

(TEM), and electron energy loss spectroscopy (EELS).

Furthermore, the chemical bonding configurations of the dia-

mond substrates without and with Ar irradiation were char-

acterized by X-ray photoemission spectroscopy (XPS). The

applicability of the junctions for functional devices was

explored based on these measurements.

High-pressure, high-temperature (HPHT) synthetic Ib

type (100) single-crystal diamond substrates and Si (100) sub-

strates were used for our bonding experiments. The sizes of

diamond and Si substrates are 4 mm� 4 mm� 0.65 mm and

12 mm� 10 mm� 0.52 mm, respectively. Prior to the bond-

ing, the average roughness of diamond surface was measured

to be 4.08 nm using atomic force microscope (AFM), which is

difficult to band with other substrates. By polishing the surfa-

ces of the diamond substrates, their average roughness was

improved from 4.08 to 0.82 nm. Then, Si and polished dia-

mond substrates were cleaned with acetone and ethanol in an

ultrasonic bath for 300 s, dried under N2, and then set in the

chamber of SAB facilities. It is noteworthy that prior to bond-

ing, no chemical treatment was utilized on the surfaces of dia-

mond and Si substrates. Diamond and Si substrates were

bonded to each other at room temperature by SAB,9–12 so that

diamond/Si junction was fabricated. In the SAB process, we

used fast atom beams of Ar to activate both surfaces of Si and

diamond substrates at the same conditions as used previosly.14

The chemical bonding structures of the diamond surfaces

were evaluated before and after Ar beam irradiation using

XPS (ESCA-3400) with a monochromatic Mg Ka x-ray radia-

tion source. The bonding interfaces of the junctions were

investigated using FE-SEM (JEOL JSM6500F) and TEM

(JEM-ARM200F) equipped with an EELS apparatus. Carbon

K-shell edge spectra were taken between 280 and 400 eV at

an accelerating voltage of 200 kV. The samples for TEM

observations were fabricated by a micro-sampling method

using a focused ion beam (FIB) technique.

A photograph of diamond/Si bonded sample is shown in

Fig. 1(a). A local area of fringe pattern was observed in thea)E-mail: liang@elec.eng.osaka-cu.ac.jp
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upper-left part of the sample, which is attributed to the opti-

cal absorption by nitrogen impurities in the single crystal

diamonds due to the incomplete bonding of diamond and Si.

However, no fringe patterns were observed in the bottom-

right part of the sample, which indicated that the bonded

interface of diamond and Si was achieved. The reason why

the full-scale bonding of diamond and Si could not be

obtained is that the polishing produced the uniform thickness

of the diamond substrates. The cross-sectional FE-SEM

image of the diamond/Si bonded interface is shown in Fig.

1(b). To achieve a smooth cross section of the sample, the

mechanical method of polishing is employed to fabricate the

SEM sample. The two-layer structure was observed in the

sample. The top layer and bottom layer of the sample are

diamond and Si, respectively. A straight line can be clearly

observed at the center of the sample which corresponds to

the interface of bonded substrates. More importantly, no

structural deficits or hollow spaces were observed at the

interface.

Figure 2(a) shows a TEM cross-sectional image of the

diamond/Si bonded interface. There is a transition layer with

thickness estimated to be �20 nm at the interface, which

should be amorphous because it has no lattice fringes and is

distinct from adjacent Si and diamond crystalline phase.

Similar to SEM observation, there are no structural defects at

the bonded interface. The K-shell edge EELS spectra of two

points in the transition layer and a point inside of diamond

substrate separated from the interface by approximately

320 nm are shown in Fig. 2(b). The points for the EELS ana-

lyzation are marked point 1 and point 2 in Fig. 2(b), where

points 1 and 2 are both inside of the transition layers and

point 2 is separated from point 1 by approximately 15 nm.

The spectra of points 1 and 2 show a strong p* peak at

286 eV, which is indicative of sp2 hybridized carbon and is

more typical for graphite or amorphous carbon. In addition,

the spectral line shape at points 1 and 2 is similar to each

other. On the other hand, the spectrum taken at a point inside

of the diamond substrates is predominated by the r* peaks at

around 292 eV, which is typical for the tetrahedral coordina-

tion sp3 of carbon in diamond, while a small p* peak was

observed. This should be related to the damage layer that

occurs in the process of the TEM sample fabrication using

FIB. The cross-sectional surface of the diamond must be par-

tially transmuted to graphite or amorphous carbon phase

after Ar irradiation.

The C1s photoemission spectra of the unirradiated dia-

mond and irradiated diamond substrates are shown in Figs.

3(a) and 3(b), respectively. The fitting of the diamond C1s

peaks was performed with a combination of Gaussian and

Lorentzian functions, after the backgrounds were subtracted

using Linear and Shirley’s method. As shown in Fig. 3(a),

the C1s spectrum of the unirradiated diamond was decom-

posed into three peaks located at 286.2, 287.2, and 288.3 eV,

which can be assigned to the C-C, C-O, and C¼O or O-C¼O

bonding states, respectively.15,16 Furthermore, the first and

second components correspond to sp2 and sp3 carbon atoms,

respectively. By integrating the area of the decomposed

peaks, the atomic ratio of sp3/(sp2þ sp3) was estimated to be

53.8%. For the C1s spectrum of the irradiated diamond

shown in Fig. 3(b), the binding energies of 285 and 286 eV

FIG. 1. (a) A photograph of the fabri-

cated diamond/Si junctions sample and

(b) FE-SEM cross-sectional image of

the bonded interface of diamond/Si.

FIG. 2. (a) TEM cross-sectional image

of the interface of diamond/Si junction

and (b) K-shell edge EELS spectra of

the diamond around the interface of

diamond/Si junction.
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were assigned to sp2 and sp3 bonded carbons, respectively.

However, the C1s bonding energy shifting downward 1.2 eV

was observed compared with that of the unirradiated dia-

mond. This should be due to the charging effect and chemi-

cal shift.17 In addition, the value of sp3/(sp2þ sp3) calculated

from the areas of the sp2 and sp3 peaks was approximately

27.5%. The C¼O or O-C¼O peak originated from the sub-

strate surface disappeared after Ar fast beam irradiation. A

similar result was observed in polycrystalline diamond, in

which the C-O or C-O-C and C¼O or COOH peaks were

removed by ion bombardment etching.15

The sp3 peak gradually broadened and weakened after

Ar irradiation. In other words, the sp2 peak strengthened

with Ar irradiation. This phenomenon might predominantly

be due to a few parts of the diamond crystallites that were

decomposed to amorphous carbon or graphite. It has been

reported that the sp3 bonding fraction of ultra-nanocrystalline

diamond was reduced due to hydrogenated amorphous car-

bon.18 In addition, the full width at half maximum (FWHM)

of the sp3 peaks were calculated to be 1.1 and 2.75 eV for the

unirradiated and irradiated diamond, respectively. The

FWHM value for the irradiated diamond is significantly

larger than that of the unirradiated diamond. Furthermore,

the sp3/(sp2 þ sp3) value of the irradiated diamond is much

smaller than that of the unirradiated diamond. These results

indicate that the presence of a large number of graphite or

amorphous carbons on the substrate surfaces degrades the

value of sp3. The difference in the FWHM of the sp3 peaks is

because the wave function around the Fermi level is disor-

dered in amorphous or graphite carbons rather than in a crys-

talline diamond structure.19 The detachment of the localized

electron states from the valence and the conduction bands

occurs in amorphous or graphite carbons, which would lead

to a change in the density of available states. This change is

reflected in the interlayer distance of the disordered carbons.

On the basis of the experimental results, we found that

the amorphous layer across the bonded interface consists of

the amorphous layers of Si and diamond sides; the amor-

phous layer thickness of the diamond side was estimated to

be �15 nm and the amorphous layer of the diamond side was

determined to be amorphous or graphite carbons by EELS

analyzation. Although the thickness of the amorphous layer

of the diamond side is markedly thicker than that of the Si

side, the thickness of the Si side is consistent with our previ-

ously reported result on Si/Si junctions fabricated by SAB.14

The main reason should be related to the feature of the bond-

ing materials and would need to be investigated in the future.

The sp3/(sp2þ sp3) ratio estimated from the XPS decreased

from 53.8% to 27.5% with the irradiation of Ar fast beam,

which contributed to the decrease of the ratio of the diamond

and the increase of the portion of the amorphos carbon or

graphite originating from the collapse of the diamond cyrstal

structure. A similar phenomenon at the SAB-based bonded

interface was also observed in the Si/Si,19,20 Si/SiC,12 and

GaP/GaAs21 junctions. The importance of the existence of

amorphous layer across the bonded interface is unavoidable

for realizing the bonding of Si and diamond without interme-

diate layer. The main reason is that the amorphous layer

could release the stress caused by the difference in lattice

constants and thermal expansion coefficient between Si and

diamond. No structural defects were observed at the inter-

face, which indicated that Si and diamond were firmly

bonded to each other. If a large number of small size single

crystal diamonds could be regularly embedded in a large

area Si substrate, which could be as a large area diamond

substrate to use. Furthermore, the embedded diamond sub-

strate is very useful for large area crystal growth of diamond.

For instance several diamonds could be embedded in the Si

substrate, which are oriented in the same direction and

coherent with each other. The embedded diamonds would be

used as three-dimensional seed crystals. And then a homo-

epitaxial layer could be grown on the tops of the diamonds

and connected with all of the diamonds. Finally, the large-

diameter diamond substrate would be obtained. Moreover,

it is expected that diamond/Si junctions accelerate the

research of diamond materials and devices. These results

suggest that the SAB-based diamond/Si junctions are antic-

ipated to play a significant role in fabricating devices oper-

ating for high-power and high-frequency applications.

In conclusion, we fabricated diamond/Si junctions by

using surface-activated bonding without any treatment and

intermediate layer. No voids and mechanical cracks were

observed at the bonded interface. An amorphous layer was

observed at the interface, which was due to the Ar fast beam

irradiation induced damage layer. EELS measurements

revealed that the contributions of p* and r* orbitals were

observed in the vicinities of bonded interfaces and the amor-

phous layer was composed of sp2 and sp3 carbons. Both sp2

FIG. 3. C1s photoemission spectra of diamond substrates (a) without and (b)

with Ar beam irradiation.
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and sp3 signals of the carbon atoms were observed on the

diamond surfaces by XPS measurements. The value of the

sp3/(sp2þ sp3) ratio decreased from 53.8% to 27.5% with Ar

irradiation.
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