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ABSTRACT 

Al–Al thermocompression bonding has been studied using test structures relevant for wafer level sealing of MEMS 

devices. Si wafers with protruding frame structures were bonded to planar Si wafers, both covered with a sputtered Al 

film of 1 µm thickness. The varied bonding process variables were the bonding temperature (400 °C, 450 °C and 550 °C) 

and the bonding force (18, 36 and 60 kN). Frame widths 100 µm, 200 µm, with rounded or sharp frame corners were 

used. After bonding, laminates were diced into single chips and pull tested. The effect of process and design parameters 

was studied systematically with respect to dicing yield, bond strength and resulting fractured surfaces. The test structures 

showed an average strength of 20-50 MPa for bonding at or above 450 °C for all three bonding forces or bonding at 400 

°C with 60 kN bond force. The current study indicates that strong Al-Al thermocompression bonds can be achieved 

either at or above 450 °C bonding temperature for low (18 kN) and medium (36 kN) bond force or by high bond force 

(60 kN) at 400 °C. The results show that an increased bond force is required to compensate for a reduced bonding 

temperature for Al-Al thermocompression bonding in the studied temperature regime.  

HIGHLIGHTS 

 Al-Al thermocompression bonding was demonstrated at a temperature as low as 400 °C. High dicing yield was

achieved by applying a high bond force of 60 kN.

 The possibility of reducing the bond force to 18 kN was demonstrated. The reduction in bond force required an

increase in the bonding temperature to 450 °C.

 Cohesive fracture in the bulk silicon below the Al layers was observed to a large extent, indicating good

adhesion between Si and Al, and strong Al-Al bonded interfaces.
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1. INTRODUCTION

Micro electromechanical systems (MEMS) typically contain moveable parts which complicate handling during 

packaging. A so-called zero level packaging step is therefore introduced for several MEMS products. Wafer-level sealing 

is targeted for large volume MEMS products due to superior throughput with related cost efficiency and potentially high 

reproducibility of good quality seals [1].  

A wide range of wafer-level sealing methods, or bonding techniques, exists. Among the variety of techniques, 

anodic bonding, adhesive bonding, glass frit bonding, and high-temperature or surface activated silicon direct bonding 

are commonly used [2]. However, each bonding technique has its limitations and requirements regarding wafer surface, 

bonding temperature, electric field application, and minimum bondable feature size. Thermocompression bonding using 

deposited metal films as bonding material is promising for wafer-level encapsulation. Metals such as Au [3, 4], Cu [4, 5] 

and Al [4, 6-9] have been demonstrated as bonding layer between two silicon wafers. Bonding with an intermediate 

metallic layer is an attractive choice for MEMS devices. Fraux [10] reports that the company STMicroelectronics shrunk 
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the size of their accelerometers by 57% when using Au-Au thermocompression bonding instead of glass-frit bonding. At 

the company Analog Devices, bond frames as narrow as 10 µm have been investigated for Al-Al thermocompression 

bonding [9].  Farrens [11] shows that a seal of a certain width can sustain a hermetic seal for a longer time when it is 

sealed by a metal than by glass. Comparing glass and metal seals that are 10μm thick, the lifetime of the glass seal is a 

few years versus a century or more for the metal seal [11]. Additionally, the good electrical and thermal conductivity 

properties of a metal based seal can be exploited in a MEMS design by adding e.g. electrical interconnects or thermal 

shorts.  

In thermocompression bonding, metallic bonds are formed between metal deposited substrates by bringing them into 

intimate contact and simultaneously applying temperature and pressure [4]. The applied pressure must be high enough to 

bring the surfaces into atomic contact despite any surface roughness. The technique is also sometimes called diffusion 

bonding [11]. 

Among different metals, Al is especially attractive because of its CMOS compatibility. Successful Al 

thermocompression bonding has been reported, but only limited details of bonding parameters for wafers having 

patterned bonding area have been presented [4, 6-9]. Yun et al. bonded wafers by applying a range of bond forces for Al 

films with a range of Cu impurity levels (0% to 4%). They studied the effect of the different parameters on yield and 

shear strength of diced chips. The highest yield was reported for pure Al whereas the highest shear strengths were 

reported for the maximum tested impurity level of Cu [7]. Dragoi et al. investigated the effect of varying bonding 

temperature and the effect of various environments for Al-Al thermocompression bonding. A bond tool pressure of 3.4 

MPa was applied. A 500nm thick layer of Al (1% Si) sputtered on blanket Si wafers was used as bonding layer. No effect 

on the bond quality could be observed for any of the tested environments. However, a trend of improved bond interface 

quality with increasing bonding temperature was reported [6]. 

The present investigation is a systematic study of various frame designs, bonding temperature and pressure 

dependence of Al–Al thermocompression bonding using pure (99.999 %) Al films. Test structures suitable for wafer 

level encapsulation of MEMS devices were used. 

 

2. EXPERIMENTAL 

As shown in Fig. 1, Al sputtered plain Si wafers (150 mm) were bonded to Al sputtered Si wafers with 6 µm high 

protruding bond frames. Three different geometries of bond frames were designed. The bond frames were either 100 µm 

or 200 µm wide and had either square or rounded corners, see Fig. 2 and Table 1. The total bonding area on the wafer 

was 525 mm
2
. Each structure spanned an area of 3×3 mm

2 
and the size of each chip was 6×6 mm

2
. 

The protruding Si frames were realized by deep reactive ion etching (DRIE) applying an AMS200 I-Productivity 

etcher (Alcatel) and SiO2 as masking material. RCA cleaning ending by a 10 s HF dip was done on all wafers before 

sputtering of Al. A back sputter etch was included to ensure cleanliness and a complete removal of native oxide from the 

wafers. A layer of 1 µm thick pure Al (99.999 %) was deposited on all wafers to be bonded. The roughness of the 

deposited Al layer was measured using a Zygo New view™6300 white light interferometer. 

Wafer laminates were made by bonding plain and patterned wafers together in an EVG®510 bonder. The bonding 

time (60 min) and the bonding atmosphere (<1e-3 mbar) were kept constant in the bonding experiments whereas the 

bonding temperature and the bond force were varied. The bonding temperature was set to 400 °C, 450 °C, or 550 °C. The 

bonding force was set to 18 kN (low), 36 kN (medium), or 60 kN (high). The applied forces corresponded to bond 

pressures of 34.28 MPa, 68.57 MPa, and 114.3 MPa, respectively. An overview of the bonded laminates is found in 

Table 2. The wafers were loaded into the bond chamber, separated with mechanical spacers. After a pump-down to the 

desired vacuum level, the temperature was raised to the desired value, the spacers were removed, and the tool force was 

applied. The tool force was kept constant during the 60 min of bonding at the bonding temperature. During the 

subsequent cool down, the tool force was reduced to 1 kN and kept at this level until the bond temperature was below 50 

°C.  

After bonding, the laminates were diced into individual dies by a diamond saw. The dicing yield, defined as the 

percentage of dies that were not delaminated after the dicing process, was recorded. The bond strength was measured by 

pull testing bonded dies. A random selection of 12 non delaminated dies was made from each laminate, glued to flat 

headed bolts and pull tested using a MiniMat2000 (Rheometric Inc.). It should be noted that before the random selection 

of dies for pull testing, there was a "pre-selection" of dies through the dicing process. During pull testing, elongation 

versus applied force was recorded and the force, at which the fracture occurred, designated as the fracture force, was 

noted. The bond strength was calculated by dividing the fracture force by the bonding area listed in Table 1. The 

fractured surfaces of the pull-tested dies were studied and characterized by optical microscopy. The percentage of the 

nominal bonding area having a cohesive fracture in the bulk silicon was estimated for each die, and designated as the 



 

 

cohesive fracture number (CFN). A differentiation between cohesive fracture inside the Al and fractures at the Si-Al or 

Al-Al interfaces was not attempted.    

 

3. RESULTS 

The roughness of the sputtered Al layers was approximately 1.5 nm (rms) for both plain and structured wafers as 

measured on the surfaces to be bonded. 

The dicing yield results of the bonding experiments performed for the tested low bond force (18 kN) at different 

temperatures are presented in Fig. 3. A trend of increased dicing yield with increased temperature was observed. The 

dicing yield was above 80 % for the bonding temperatures 450 °C and 550 °C. The dicing yield results for the tested 

medium bond force (36 kN) are presented in Fig. 4. It was observed that the dicing yield for all frame designs was below 

40 % at 400 °C, but almost 100 % at 450 °C and 550 °C. A steep increase in dicing yield was thus noticed when going 

from a bonding temperature of 400 °C to 450 °C at low or medium bond force. Experiments were also conducted using a 

high (60 kN) bond force. The results are presented in Fig. 5 where the dicing yield of laminates bonded at 400 °C, 

applying a low, medium or high bond force, are compared. The dicing yield of all bond frame designs was below 47 % 

for the low or medium bond forces and above 77% for the high bond force. A steep increase in dicing yield was thus 

noticed when increasing the bond force from medium to high at 400 °C. 

Typical fracture surfaces from pull tests performed on single dies of design F200R are presented in Fig. 6. A typical 

appearance of the fracture surfaces for all tested temperatures and bond forces are included. The dark grey colored parts 

at or near the fractured bond frames were defined as cohesive fracture in the bulk silicon. Some of these regions have 

also been studied with SEM with EDS to confirm that the fracture surface was indeed Si. Higher magnification also 

revealed a surface that is typical for fracture of crystalline Si. Further, these regions were protruding on one side of a 

fractured surface of a delaminated die while was showing an inverted topography on the opposing surface of the 

delaminated die , further assuring the cohesive Si fracture nature of the dark grey regions in Fig. 6. White and shiny 

regions at the fractured bond frames were concluded to correspond to either adhesive fracture at the Al-Al interface, or 

cohesive fracture in the Al. A differentiation between these latter possibilities was not attempted.  

Cohesive fracture numbers (CFN) are plotted in Figs. 7 and 8 for low and medium bond force. The error bars in the 

Figures represent the standard deviation of the measurements. Even if the error bars were large, a trend of increased CFN 

with increased temperature was observed. The average CFN was above 80 % for wafers bonded at 550 °C for both low 

and medium bond force. The CFN for wafers bonded at 400 °C with low, medium and high bond force is presented in 

Fig. 9. It shows a trend of increased CFN with increased bond force.  

The results of the pull test measurements are shown in Fig. 10 (low bond force, all temperatures), Fig. 11 (medium 

bond force, all temperatures), and in Fig. 12 (400 °C, all bond forces). The error bars represent the standard deviation of 

the measured values. The standard deviations were to some extent larger than the differences between the data points. 

The value of bond strength was between 10-50 MPa for all dies, irrespective of bond parameters and frame types.  No 

correlation was found between CFN and bond strength for individual dies. 

 

4. DISCUSSION 

The bond force and the bonding temperature were the key experimental variables for obtaining a strong bond.  Based 

on the observed dicing yield in particular, there were clear trends and indicators for which part of the parameter space 

could give a strong bond and which parts were much less favorable. As expected, and for reasons we present below, the 

bonding improves with increasing bonding temperature and bonding force. Regarding the less favorable parameter space, 

as seen in Figs. 3, 4 and 5, the dicing yield was below 50 % for bonding at low and medium bond force at 400 °C for all 

frame designs.  Such low value is defined as poor bonding quality and is assumed to indicate incomplete bonding. The 

dicing yield increased with increasing bond temperature. At 450 °C, high dicing yield was obtained while at 550 °C 

almost 100 % dicing yield was obtained for both low and medium bond forces, indicating strong bonding.  For 

applications the bond has to be strong enough to withstand dicing and packaging process steps. Furthermore, the bonding 

has to ensure good protection of the device during the lifetime. Knechtel has reported that a fracture load of 20 MPa was 

sufficient for most applications [12]. As seen from Figs. 10, 11 and 12, the laminates that showed high dicing yield also 

had acceptable bond strength for industrial purposes. The acceptable parameter space could be extended to include 

bonding at 400 °C by applying high bonding force, which we consider promising for low temperature bonding. There 

was no significant difference in dicing yield for the three different designs F100, F200 and F200R.  

Our result is in agreement with the result of Yun et al., who reported a high dicing yield at a bonding temperature of 

450 °C [7]. The observed increase in bond quality with increasing bonding temperature is similar to the results reported 



 

 

by Dragoi et al. [6]. However, in our study, 450 °C seemed to be a sufficiently high bonding temperature, while Dragoi 

et al. reported a threshold temperature between 450 °C and 500 °C. Dragoi et al. used 3.4 MPa bond pressure while our 

lowest bond pressure was 34.28 MPa and the difference in bond pressure could account for the observed difference in 

threshold temperature.  

As seen in Fig. 5, there was a decrease of 10 percentage points in the dicing yield when increasing bond force from 

low to medium, and an increase of 40 percentage points in dicing yield when increasing the bond force from medium to 

high. We suggest that the large increase in bond quality with increasing bond force occurred because the high pressure 

caused excess plastic deformations and helped crush much/more of the Al native oxide. This helped overcoming the 

surface asperities in the Al film, increasing the area in atomic contact between the two opposing surfaces. Both 

temperature and pressure applied together assist the bonding between Al-Al surfaces. Figures 3 and 4 show a large 

increase in dicing yield when increasing the bonding temperature from 400 °C to 450 °C. We think that increasing the 

temperature enhances the diffusion of metal atoms in the interface region, promoting bonding. Increasing the temperature 

also softens the material, and further increase the area in atomic contact. 

The Figs. 7, 8, and 9 show that the mean CFN was below 50 % for dies bonded at 400 °C while above 80 % for dies 

bonded at 500 °C. The CFN gives an indication of bond quality, but only to some extent. A high CFN indicates that the 

strength of Al-Al bond surfaces is stronger that the strength of the crystalline Si in the structure, while a low CFN 

indicates that this Si is not the weakest material in the structure that is pull tested. The observed trend of the average CFN 

is that it increased with bond temperature. Both the theory on thermocompression bonding and our dicing yield results 

could imply an increase in Al-Al bond strength with increasing temperature. If bond strength increased with increasing 

temperature, an increase in CFN with increasing temperature would also be expected. However, for each individual die 

in the measurement series, there was no correlation between the CFN and the bond strength measured in the pull test. 

This fact indicates that the CFN was influenced by other effects in addition to the bond strength of the Al-Al interface. 

This is further evidenced by the observation that the standard deviation of the measured CFN was larger than the 

measurement range. Further, even for cases where we assume that we have incomplete bonding (i.e. 400 °C, 18 kN), we 

observed a high CFN of 80 % for an individual die.  Finally, the value of the bond strength was quite low compared the 

bond fracture strength of Si.  These three factors together indicate that CFN is not a simple indicator of bond strength for 

these measurements and that other factors than the Al-Al interface influence the measurements 

Examination of the fractured Si surface after the pull test revealed that he fracture in the bulk Si always occurred at 

the foot of the protruding Si frame, which is a location for stress concentration in the structure when it is pulled apart. We 

do not know where the fracture was initiated, but suggest that initiation both in the foot and that the Al-Al interface could 

result in propagation in bulk Si. We can speculate that process induced defects [13] could have occurred in the test 

structure which has promoted primary or secondary crack generation at the frame’s foot.  

 

5. CONCLUSION 

Al-Al thermocompression bonding was investigated in this paper. Three different bond frame designs were bonded 

at varying bonding temperatures of 400 °C, 450 °C, 550 °C and bond forces of 18 kN, 36 kN and 60 kN. Measurements 

of dicing yield and the percentage of cohesive fracture in the bulk silicon (CFN) indicate poor bonding at 400 °C and 

strong bonding at 450 °C and 550 °C for bond forces of 18 kN and 36 kN. Applying 60 kN bond force, a high dicing 

yield and CFN was obtained also at 400 °C. The measured bond strength was above 20 MPa for dies bonded at 

temperatures of 450 and 550 °C and for dies bonded at 60 kN. Further studies are necessary to investigate if the bond 

temperature can be further reduced. 
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Figure 1: Cross-sectional view of a bonded chip. The top wafer is an Al sputtered plain Si wafer whereas the bottom 

wafer is an Al sputtered Si wafer with different bond frame designs. The bonded interface is indicated by a dashed line. 

 

Figure 2: Design of the bonding frames called F100, F200 and F200R. 

 

Figure 3: Dicing yield of laminates bonded at 18 kN at different temperatures, calculated for 54 dies of each bond frame 

design F100, F200, and F200R. 

 

Figure 4: Dicing yield of laminates bonded at 36 kN at different temperatures, calculated for 54 dies of each bond frame 

design F100, F200, and F200R. 

 

Figure 5: Dicing yield of laminates bonded at 18 kN, 36 kN and 60 kN at 400 °C, calculated for 54 dies of each bond 

frame design F100, F200, and F200R. 

 

Figure 6: Typical fracture surfaces after pull testing of the F200R bond frame structure for all tested bonding 

temperatures and bond forces. 

 

Figure 7: Mean and standard deviation of CFN, applying a low bond force of 18 kN, calculated from minimum 9 dies.  

 

Figure 8: Mean and standard deviation of the CFN, calculated from minimum 6 dies. Bond force was 36 kN. 

 

Figure 9: Mean and standard deviation of the CFN, calculated from minimum 10 dies. Bonding temperature was 400 °C. 

 

Figure 10: Mean and standard deviation of the bond strength at bond force of 18 kN, of minimum 9 dies, determined by 

pull test measurements. 

 

Figure 11: Mean and standard deviation of the bond strength at bond force of 36 kN, of minimum 6 dies, determined by 

pull test measurements. 

 

Figure 12: Mean and standard deviation of the bond strength at bonding temperature of 400 °C and varying bond forces, 

of minimum 10 dies, determined by pull test measurements. 

 

Table 1: Description and bonding area of three different types of bond frames. 

 

Table 2: Recipes of all 7 bonded laminates at different temperature and bond forces, all bonded for 60 minutes. 
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Figure 1: Cross-sectional view of a bonded chip. The top wafer is an Al sputtered plain Si wafer whereas the bottom 

wafer is an Al sputtered Si wafer with different bond frame designs. The bonded interface is indicated by a dashed line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure 2: Design of the bonding frames called F100, F200 and F200R.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

  
 

Figure 3: Dicing yield of laminates bonded at 18 kN at different temperatures, calculated for 54 dies of each bond frame 

design F100, F200, and F200R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure 4: Dicing yield of laminates bonded at 36 kN at different temperatures, calculated for 54 dies of each bond frame 

design F100, F200, and F200R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure 5: Dicing yield of laminates bonded at 18 kN, 36 kN and 60 kN at 400 °C, calculated for 54 dies of each bond 

frame design F100, F200, and F200R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure 6: Typical fracture surfaces after pull testing of the F200R bond frame structure for all tested bonding 

temperatures and bond forces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure 7: Mean and standard deviation of CFN, applying a low bond force of 18 kN, calculated from minimum 9 dies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure 8: Mean and standard deviation of the CFN, calculated from minimum 6 dies. Bond force was 36 kN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure 9: Mean and standard deviation of the CFN, calculated from minimum 10 dies. Bonding temperature was 400 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure 10: Mean and standard deviation of the bond strength at bond force of 18 kN, of minimum 9 dies, determined by 

pull test measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure 11: Mean and standard deviation of the bond strength at bond force of 36 kN, of minimum 6 dies, determined by 

pull test measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure 12: Mean and standard deviation of the bond strength at bonding temperature of 400 °C and varying bond forces, 

of minimum 10 dies, determined by pull test measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 1: Description and bonding area of three different types of bond frames. 

 

Frame name Description Bonding area (mm
2
) 

F100 Square frame of width 100 µm and outer dimensions of 3 × 3 mm 1.16 

F200 Square frame of width 200 µm and outer dimensions of 3 × 3 mm 2.24 

F200R Square frame with rounded corners of width 200 µm and outer 

dimensions of 3 × 3 mm 

2.14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 2: Recipes of all 7 bonded laminates at different temperature and bond forces, all bonded for 60 minutes. 

 

Laminate ID Bonding Temperature (°C) Bond Force (kN) 

1 400 18 

2 450 18 

3 550 18 

4 400 36 

5 450 36 

6 550 36 

7 400 60 
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