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From transmission electron microscope (TEM) observation, a 25 nm thick amorphous layer was 

confirmed at the diamond/Si bonding interface without annealing, the amorphous layer thickness 

decreased with the annealing temperature. No cracking even in nanometer scale occurred even after 

high-temperature annealing at 800 ˚C. From in-situ micro-Raman monitoring, the compressed stress 

was observed in the Si of the bonding interface without annealing with respect to the bonding Si 

substrate. A tensile stress relaxation was observed in the diamond of the bonding interface with 

respect to the polished diamond. These results were attributed to the large load applied to the 

diamond and Si substrates during bonding process. After annealing at 400 ˚C, the residual stress in 
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the Si of the bonding interface decreased, while the residual stress in the diamond of the bonding 

interface increased, which should be due to the residual stress caused by the applied load was 

released by annealing process. The residual stress in the Si and diamond of the bonding interface 

increased and decreased, respectively, as the annealing temperature increased from 400 to 1000 ˚C. 

The main reason was due to the structure change of the amorphous layer and the tensile stress 

relaxation in the diamond of the bonding interface. 

 

1. Introduction 

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 superior material properties 

such as high carrier mobility [1], high saturation velocity, high chemical inertness, the highest 

electrical breakdown field strength among semiconductor materials [2], and the highest thermal 

conductivity among materials. Therefore, diamond is also the most promising material as a superior 

heat spreading substrate for power devices. To date, diamond devices with high-current and low-loss 

capability [3-5], thermal stability [6-7], and fast switching with low switching losses [8] have been 

reported.  

Large single crystal diamond (SCD) with high quality is necessary for fabricating diamond 

devices. However, high pressure high temperature (HPHT) synthesized SCD is limited to a surface 

area of about 1 cm
2
. Moreover, the cost of SCD is extremely expensive in comparison with that of Si. 

Recent years, the growth of SCD by microwave plasma chemical vapor deposition (CVD) on a 

foreign substrate has attracted considerable attention [9-13]. Several attempts to grow large SCD on 

SiC or Ir substrates by CVD have been conducted [14-18]. However, SCD diamond thin films grown 

on these substrates contained many grain boundaries and appeared like poly-crystal diamond. 

Current semiconductor production line requires a minimum size of SCD in 2 inches for fabricating 

diamond devices. The lack of large SCD has prevented the development of diamond device 
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technology and industrial applications. 

The direct bonding of diamond and Si would be a very effective approach for overcoming the 

problems described above, which could effectively combine diamond device and Si Large-Scale 

Integration (LSI) with various functions on the same substrate and fabricate diamond device using Si 

LSI process facilities. A large numbers of small size diamonds bonded to a large diameter Si 

substrate could be used as a large diameter diamond substrate. We previously reported that the direct 

bonding of diamond and Si by surface activated bonding (SAB) at room temperature [1419]. We 

demonstrated diamond/Si bonding interface with a full contact area of 4 × 4 mm
2
 and good thermal 

stability at temperature of 1000 °C for 12 h [1520]. Furthermore, we also demonstrated the 

fabrication of diamond field-effect transistor on the diamond bonded to Si. Although, the lattice 

constant (a) and thermal expansion coefficients (α) of diamond and Si are very different (a = 3.57 Å 

and α = 1.1×10
-6

/K for diamond and a=5.43 Å and α = 3.9×10
-6

/K for Si), we achieved the direct 

bonding of diamond and Si, which was attributed to the amorphous layer formed at the bonding 

interface by Ar fast atom beam irradiation during bonding process. It has been reported that the 

amorphous layers of the Si/Si and Si/SiC bonding interfaces disappeared after annealing at 600 and 

1000 °C, respectively, due to the recrystallization of the amorphous layer [1621, 1722]. After the 

disappearance of the amorphous layer, a large thermal residual stress caused by the difference in 

thermal expansion coefficients between diamond and Si should be generated in the diamond/Si 

bonding interface fabricated by SAB. Moreover, the behavior of the bonding interface structures with 

annealing temperature is still unclear. These are very important to understand the mechanism of 

thermal stability of the diamond/Si bonding interface. 

In this work, we investigate the structural properties of the diamond/Si bonding interface by 

transmission electron microscopy (TEM) and the residual stress in the diamond/Si bonding interface 

by confocal micro-Raman spectroscopy. In situ observation of microscopic structural changes in a 

TEM of the bonding interface at various annealing temperatures is carried out within a filament type 
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heating TEM holder. The effect of thermal annealing process on the residual stress in the diamond/Si 

bonding interface is also investigated. The magnitude of the residual stress in the bonding interface is 

evaluated from the measured frequency shift with respect to the stress-free Raman peak position. 

2. Experimental 

High-pressure, high-temperature (HPHT) synthetic Ib type (100) single-crystal diamond substrates 

and Si (100) substrates were used for our bonding experiments. Diamond and Si substrates were 

purchased from Element Six Ltd. and MMT INC., respectively. The thickness and the size of the 

diamond and Si substrate is 550 μm and 4 mm × 4 mm and 525 μm and 22 mm × 25 mm, 

respectively. The surface roughness of the diamond surface was measured using an atomic force 

microscope (AFM). As shown in Fig. 1, the averaged roughness (Ra) of the diamond surface without 

polishing was determined to be 1.77 nm, which is difficult to bond with other materials. The Ra 

value of the bonding material below 1 nm is crucial to achieve a successful bonding according to our 

dissimilar materials bonding experiences up to now. The diamond surface was polished by 

chemical-mechanical planarization (CMP). The Ra of the polished diamond surface was measured to 

be 0.32 nm. Si and the polished diamond 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. The 

background vacuum pressure of the chamber was kept as 5.0 × 10
-7

 Pa. The surfaces of diamond and 

Si substrates were activated by the Ar fast atom beams irradiation with a power of 1.5 kV and 1.5 

mA. After the surface activation, diamond and Si were bonded to each other at room temperature by 

applying a pressure of 8 GPa, so that diamond/Si bonding interfaces were fabricated by SAB 

[1823-2025].   
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Fig. 1. AFM images of the diamond surface (a) without and (b) with chemical-mechanical 

planarization. 

The residual stress in the diamond/Si bonding interface was systematically investigated by 

micro-Raman spectroscopy. The effect of the annealing process on the residual stress of the bonding 

interface were investigated by in situ micro-Raman monitoring via a high-temperature heating stage 

(Linkam TS-1500) with a temperature stability of ±1℃. Diamond/Si bonding interfaces were 

annealed at 400, 800, and 1000 °C for 300 s in N2 gas atmosphere. Raman measurements were taken 

in backscattering geometry using a 488 nm Ar laser as excitation source, with an NA 0.6 50x 

objective to focus the laser and collect the Raman scattered light. Laser spot size on the sample was 

0.5 μm. An area of 30 × 30 μm
2
 was scanned with 2 μm steps to gain an average over the material 

properties to improve accuracy. The Si Raman line was used to calibration the Raman measurement. 

The Raman shift resolution was better than 0.1 cm
-1

. The diamond and Si peak position was 

determined using the curve-fitting function integrated in the operation software by performing a 

Lorentz fitting to the peaks. The interfacial structure of the bonding interface with annealing at 

different temperatures were investigated by in-situ TEM (JEM-2200FS) at room temperature under a 

high vacuum (∼1×10
-5 

Pa).  

3. Results and discussion 

Figs 2(a), 2(b), 2(c), and 2(d) show the low magnification cross-sectional TEM images of the 

diamond/Si bonding interface without and with annealing at 400, 600, and 800 °C, respectively. A 
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straight line separating from the surface of Si by approximately 300 nm could be clearly recognized 

in the figures, which corresponds to the bonding interface between diamond and Si. Note that the 

thin layer observed near the bonding interface was due to the formation of scalariform diamond thin 

film during TEM sample fabrication process. No interfacial voids or fracture defects even in a 

nanometer scale were observed at the bonding interface with annealing at different temperatures. 

Although the bonding interface was annealed at temperature as high as 800 °C, no any changes were 

observed at the bonding interface.   

 

 

Fig. 2. low magnification cross-sectional TEM images of the diamond/Si bonding interface (a) 

without and with annealing at (b) 400, (c) 600, and (d) 800 °C. 

The high magnification cross-sectional TEM images of the diamond/Si bonding interface without 

and with annealing at 400, 600, and 800 °C are shown in Figs 3(a), 3(b), 3(c), and 3(d), respectively. 

As shown in Fig. 3(a), an amorphous layer with a thickness of about 25 nm was observed at the 
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bonding interface, which is attributed to the surface damage caused by Ar beam irradiation during 

bonding process. The amorphous layer thickness was decreased from 25 nm to 17.5 nm by annealing 

at 400 °C. When the annealing temperature increased to 600 °C, the amorphous layer thickness was 

decreased to 6.7 nm. Furthermore, the thickness was decreased further to 5.6 nm by annealing at 

800 °C. These results indicate that the amorphous layer thickness highly depended on the annealing 

temperature, which decreased with the annealing temperature. More importantly, there are no 

structural defects such as cracks in the nanometer scale observed at the interface with annealing at 

various temperatures.  

 

 

Fig. 3. High magnification cross-sectional TEM images of the diamond/Si bonding interface (a) 

without and with annealing at (b) 400, (c) 600, and (d) 800 °C. 

Raman peak shift mappings of diamond near the diamond/Si bonding interface before and after 

annealing at 400, 800, and 1000 °C are shown in Figs 4(a), 4(b), 4(c), and 4(d), respectively. As 
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shown in Fig. 4(a), the Raman peak shift of diamond was found to range from 1331.78 to 1331.90 

cm
-1

. We adopted a measured value of diamond substrate without polishing as a stress-free diamond, 

in which the Raman peak shift of diamond was observed at 1332.20 cm
-1

. Diamond of the bonding 

interface without annealing exhibited peak shifts to lower wave numbers with respect to that of the 

stress-free diamond. In addition, the Raman peak of diamond further shifted to lower wave numbers 

as the annealing temperature increased to 400 °C. However, as the annealing temperature increased 

from 400 to 1000 °C, the Raman peak of diamond shifted to higher wave numbers, which indicates 

that the residual stress in the diamond of the bonding interface released with the annealing 

temperature. 

 

 

Fig. 4. Raman peak shift mappings of diamond in the bonding interface (a) without and with 

annealing at (b) 400, (c) 800 and (d) 1000 °C. 

The phonon frequencies of diamond and Si both shift linearly with the residual stress with 1.8 and 

2.3 cm
-1

 GPa
-1

, respectively [2126, 2227]. Using these values, we calculated the magnitude of the 

residual stress in the diamond and Si of the bonding interface with respect to that of the polished 

diamond without polishing and bonding Si before bonding, respectively. The Raman peak shift and 
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the corresponding residual stress in the diamond and Si of the bonding interface with annealing at 

different temperatures are shown in Figs 5(a) and 5(b), respectively. The Raman peak shift and the 

obtained value of residual stress shown in the figures represent the averaged value over the area of 

30 × 30 μm
2
. The Raman peak shift of Si was referred to the value of the bonding Si (100) substrate 

before bonding whose peak was measured at 520.30 cm
-1

. The Raman peak shifts of diamond 

without and with polishing are also shown in the figure.  

  

Fig. 5. (a) Raman peak shifts and (b) corresponding residual stresses of diamond and Si in the 

bonding interface with annealing at different temperatures. 

It was found that the Raman peaks of the polished diamond with polishing and the diamond of the 

bonding interface without annealing exhibited peak shift to lower wave numbers with respect to that 

of the diamond without polishing, revealing that the residual stress was a tensile stress on the 

polished diamond surface and in the diamond of the bonding interface. The tensile stress of the 

polished diamond surface is much larger than that of the diamond of the bonding interface. On the 

other hand, the Raman peak of the Si of the bonding interface without annealing was found to shift to 

higher wave numbers with respect to that of the bonding Si substrate before bonding, indicating that 

the residual stress in the Si of the bonding interface was a compressive stress. The compressive stress 
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in the Si of the bonding interface decreased with increasing annealing temperature up to 400 °C and 

then increased as the annealing temperature increased from 400 °C to 1000 °C.  

Fig. 6. The Schematic illustration of residual stress distribution change in the bonding interface 

without and with annealing at different temperatures. 

One finding to emerge was that the large tensile stress observed on the polished diamond surface 

is normally thought to be a result of local plastic deformation induced by CMP. The tensile stress was 

also reported for CVD diamond wafers with polishing process [2328].
 
Although the bonding process 

was achieved at room temperature, the residual stress observed in the diamond of the bonding 

interface without annealing is much smaller than that of the polished diamond. Furthermore, the 

residual stress was also observed in the Si of the bonding interface without annealing. The main 

reason may be related to that a load of 8 GPa was applied to the bonding samples to make the 

intimate contact of diamond and Si during bonding process. Such results should be related to the 

high pressure (8 GPa) applied to the bonding interface of diamond and Si during bonding process, 

which induces a compressive residual stress in diamond and Si of the bonding interface. The 

compressive stress lowered the tensile stress induced by CMP in the diamond of the bonding 

interface. It has been reported that the compressive stress has been generated in crystalline silicon 

under micro-indentation, the residual stress was still existed in the silicon even after removing the 

load [2429]. Therefore, we can derive the argument that the residual stress generation and the 

residual stress relaxation in the Si and diamond of the bonding interface without annealing should be 

related to the applied load. 

The obtained results reveal that the residual stress in the diamond and Si of the bonding interface 

varies with annealing temperature, as shown in Fig. 6. The compressive stress was released in the Si 

of the bonding interface, on the contrary, the tensile stress was increased in the diamond of the 

bonding interface after annealing at 400 °C. Such discrepancy is likely to be due to the compressive 

stress induced by the pressure existing in the diamond of the bonding interface was relaxed in the 
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diamond of the bonding interface. Because the residual stresses existing in the diamond of the 

bonding interface should be were consisted of the compressive stress by the applied load pressure 

and the tensile stress by CMP process. After annealing at 400 °C, the compressive stress was released 

in the diamond and Si of the bonding interface, so that the tensile stress was recovered in the 

diamond of the bonding interface. While the residual stress induced by CMP is difficult to be relaxed 

by annealing at temperature as low as 400 °C [2530]. Schematic illustration of residual stress change 

in the bonding interface without and with annealing at different temperatures is shown in Fig. 6. 

The amorphous layer with a thickness of about 25 was formed at the bonding interface without 

annealing [Fig. 3(a)]. The amorphous layer was also reported for the Si/GaAs, GaP/GaAs, 

Al/diamond, and Si/Si bonding interface fabricated by SAB [2631-2934]. We found that the 

amorphous layer thickness decreased with increasing annealing temperature. According to our 

previous report, the amorphous layer disappeared, and a SiC intermediate layer was formed at the 

diamond/Si bonding interface after annealing at 1000 °C [1520]. The compressive stress was 

increased in the Si of the bonding interface with the annealing temperature higher than 800 °C, 

which should be related to the structure change of the amorphous layer formed at the bonding 

interface. On the other hand, the residual stress relaxation in the diamond of the bonding interface 

should be mainly due to the recovery of the plastic deformation layer induced by CMP. Although the 

thermal expansion coefficient of diamond is much smaller than that of Si, no any structural defects 

such as cracks were observed at the bonding interface with annealing at different temperatures. 

Furthermore, the residual stress existing in the diamond and Si of the bonding interface with 

annealing at 1000 °C is much small in comparison with those of diamond films deposited on Si 

[3035, 3136]. These results should be attributed to the SiC layer formed at the bonding interface, 

which served as a pivotal role in the relaxation process of residual stress.  

 

4. Conclusion 
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The effect of thermal annealing process on the interfacial structure and the residual stress of the 

diamond/Si bonding interface fabricated by SAB was investigated by In-sitesitu TEM observation 

and micro-Raman Spectroscopy, respectively. It was found that an amorphous layer with a thickness 

of about 25 nm was formed at the bonding interface, the amorphous layer thickness decreased as 

increasing annealing temperature, which decreased to 5.6 nm after annealing at 800 °C. No cracks 

and voids in the atomic scale were observed at the bonding interface with annealing at various 

temperatures. The residual stress in the Si of the bonding interface without annealing increased, 

while the residual stress in the diamond of the bonding interface without annealing decreased with 

respect to those of the bonding Si and the polished diamond, respectively. These results were 

attributed to the load applied to the bonding substrates during bonding process. After annealing at 

1000 ˚C, the residual stress existing in the bonding interface was very small to take the thermal 

expansion coefficient difference between diamond and Si into account, which was ascribed to the 

SiC layer formed at the bonding interface.  
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Highlights 

 Diamond/Si bonding interface could withstand a load of high temperature as high as 800 ˚C. 

 The amorphous layer observed at the bonding interface decreased with annealing temperature. 

 The residual stress released in the diamond of the bonding interface decreased with annealing 

temperature. 

 The residual stress formed in the bonding interface with annealing at 1000 ˚C is small in 

comparison with that of diamond grown on Si.  
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