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ABSTRACT 

A novel method of fabricating three-dimensional silicon micro electromechanical sys- 
tems (MEMS) is presented, using selectively thin film deposited Au-Si eutectic bond pads. 
Utilizing this process, complicated structures such as microgrippers and microchannels are 
fabricated. Bond strengths are higher than the silicon fracture strength and the bond areas 
can be localized and aligned to the processed wafer. The process and the applications are 
described in this paper. 

INTRODUCTION 

Bonding for MEMS structures has mainly been Si-Si fusion bonding [ 11, anodic bond- 
ing [2] or polymeric bonding [3]. Due to the process of preparing the bond surfaces, bond- 
ing is applied indiscriminately over the entire surface. It is very difficult to bond selective 
regions of wafers that have gone through extensive processing [4]- Although it is possible 
to carry out selective anodic bonding [2], processing variables are not as easily controlled 
as in this current method and furthermore, bond wafers are limited to silicon to glass. 
Another issue is the high temperature required for these bonding methods, especially in 
fusion bonding. 

Gold-silicon (Au-Si) eutectic bonding techniques are widely used for die attachment of 
VLSI chips for electronic packaging [5]. Advantages of a Au-Si bonding process include 
low temperature liquid phase reaction, formation of a metastable solid eutectic compound, 
and the generation of high bond strengths. Above the eutectic temperature of a Au-Si alloy 
(363 "C), a liquid metastable phase is formed that is preserved upon cooling and solidifica- 
tion. Since gold is readily deposited onto silicon, Au-Si die attaching became the industry 
standard the past 20 years. Only recently has there been an application of this technology 
in the MEMS field [6],  in which 3-D silicon structures were coated with Au and assembled 
in an SEM with manipulator. In the research presented here, selective areas of bonding at 
a low temperature (<4OO0C) is achieved by depositing TdAu layers through shadow masks 
to define the bond areas. Silicon microstructures can be bulk micromachined on either 
wafer prior to the bonding process. This type of eutectic bonding enables MEMS designers 
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(b) 
Figure 1. SEM micrograph of two examples of preprocessed silicon 
wafers illustrating the etch grooves or channels. (a) vertical grooves by 
anisotropic Si etching, channels are 200 pm wide; (b) semi-circular 
channels 100 pm wide by isotropic Si etching. 

to design minimal gap microstructures that can be applied as capacitive sensors/actuators 
and microfluidics systems with tight seals. 

EUTECTIC BONDING PROCESS 

Pre-bonding Process: 

Bonding occurs between a wafer with TVAu layers deposited and a bare silicon surface. 
The selective eutectic bonding process starts with bulk and surface micromachining of the 
two silicon wafers to form micro-structures, followed by selective deposition of TUAu thin 
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Figure 2. Illustration of the selective deposition of TVAu fiIms on to a 
pre-processed wafer. 

films one wafer, alignment and clamping of wafers, and finally the annealing of the wafers 
above the eutectic temperature (363°C for Au-Si [7]). 

Bulk micromachining is typically carried out before eutectic bonding in defining micro- 
structures through the anisotropic etching of silicon formed by the crystalline planes that 
are exposed after the etch. Figure l a  shows an scanning electron micrograph of a structure 
before bonding. Details of this process are presented in reference [8]. The wafers are p-type 
(1 10) and undergo LPCVD nitride deposition, precision saw cutting, and KOH anisotropic 
etching to form channels. Another example is in Fig. l b  where semi-circular channels are 
formed using an isotropic etching process. 

The next step after the etching of the microstructures is to selectively deposit the eutec- 
tic thin films onto designated areas for bonding. This involves the alignment of the wafers 
to a shadow mask and firmly clamping them together for transport to a deposition chamber. 



The shadow mask are fahricated by bulk micromachining of silicon wafers, creating open 
windows for patterned deposition. It is also possible to pattern the metallic thin films by 
lithography and etching, albeit it increases the probability for contamination and it is diffi- 
cult to pattern resist on etched substrates. Many other creative methods could be used to 
provide the shadowing of the thin film evaporation or sputtering, including crude methods 
such as taping or using laser-machined metallic masks. Aligning methods are numerous 
and include manual alignment through an etch hole, generating appropriate fixtures, or 
using sophisticate equipment such as IR aligners or front-to-back image superimposing 
aligners. In the current project, fixtures were generated to align the shadow mask to the pro- 
cessed wafers. It is crucial that the wafers are well clamped together to assure the shadow 
deposition effect as well as prevention of misalignment. Wafer cleanliness is also important 
since impurities prohibit the eutectic composition from forming and may also generate 
voids or other inhomogeneities. For Ti/AuSi bonding interfaces, the bare silicon surface 
must be thoroughly HF dipped to remove the native oxide layer since oxide has been known 
to degrade the adhesion of the eutectic bond [5].  The wafers are then transported into an E- 
beam evaporation chamber. For Au-Si eutectic bonding, 500A of titanium (Ti) is deposited 
followed by 1 pm of Au. The Ti layer serves as a diffusion barrier as well as an adhesion 
layer for Au. The E-beam system is typically under 

Alignment of two structural wafers to be bonded is similar to alignment of the shadow 
mask to the structural wafer. Wafers should be held firmly together to avoid misalignment 
of the bonding. The lapsed time between deposition of the Ti/Au films and having the 
wafers placed in the eutectic bonding setup must be short to ensure that no native oxidation 
and contamination form on the silicon surface. 

torr pressure during deposition. 

To vacuum pump 

Figure 3. Illustration of eutectic bonding setup 



- .  
Bondins Setup and Process: 

Figure 3 is an illustration of the eutectic bonding setup used for this paper. This appa- 
ratus is also described in a patent filed earlier by one of our co-authors for VLSI die attach- 
ment processes [9]. The eutectic bonding process is carried out in a low vacuum system 
where pressure can reach torr by a vacuum turbo pump. Heat is provided by tubular 
quartz IR lamps onto a Molybdenum hot plate to assure uniform heating. The wafers are 
aligned by mechanical pins and sandwiched between a stainless steel plate and a hot plate. 
Uniform pressure (7psi) is applied on to the wafers through detent screws. If wafers are thin 
and fragile, i t  is important to allow for thermal expansion compatibilities so that the wafers 
will not crack during the heat bonding process. This can be done by inserting high temper- 
ature rubber between the wafers and the stainless steel plate. 

After the chamber is pumped down in pressure, the wafers are ready to be bonded. A 
power supply can be controlled manually or using a temperature controller with feedback 
from a thermocouple attached to the wafers. For Au-Si eutectic bonding, it is critical to 
ramp up gradually to avoid thermal shocks and while cooling the rate should be less than 
S"C/sec to ensure formation of the proper eutectic phase, since high cooling rates will gen- 
erate the metastable Au3Si phase which degrades over time [ 10,111. Cooling is achieved by 
flushing the chamber by nitrogen. It is projected that the soaking time should not be too 
long to prevent Au from diffusing further into the Si which could weaken the bond. The 
ramp profile for the current experiments are: 

Heating from room temperature to 370 C in 10 minutes. 
Soak between 370°C and 395°C for 4 minutes. 
Cooling from 370°C to 150°C in 10 minutes. 

The annealing temperature is 37OoC to 395OC which is above the 363OC eutectic point 
to assure the liquefaction of the interface, allowing for variances from eutectic composi- 
tion. Soaking at this temperature for 5 minutes is necessary. 

Figure 4 is a photograph illustrating the selectively deposited Au pad aligned and pat- 
terned on a wafer identical to the wafer in Fig. la. Figure 5 is an SEM micrograph showing 
the cross-section of the interface between the bonding area and the non-bonding area. The 
gap between the wafers separated by the eutectic layer is nominally 1 pm. High aspect ratio 
microstructures with small gap sizes can be made by this process to fabricate high sensitiv- 
ity capacitive transducers. 

MEMS EXAMPLES OF EUTECTIC BONDING 

Figure 6 is an example of a silicon microgripper fabricated by selective AuSi eutectic 
bonding. This structure is generated by bonding together two pre-processed wafers as 
shown in Fig. la  and then dicing up the individual microgrippers. The anchor hinge portion 
is selectively bonded while the gripping end with jaws are not bonded, thus allowing for 
motion of the gripping jaws. Figures 7a and 7b are SEMs of microchannels fabricated by 



Figure 4. Photograph of TUAu pad selectively deposited through a 
shadow mask. The top wafer is partially removed to illustrate the 
bonding area. The pad is 780 pm x 920 pm 
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Figure 5. SEM micrograph illustrating the cross-section at the edge of a 
bond pad. 

selective eutectic bonding. The circular channels are generated by bonding together two 
semi-circular channels as in Fig. lb. 



Figure 6. Microgripper fabricated by selective eutectic bonding. 

Figure 7. SEM micrograph of microchannels generated by selective 
eutectic bonding. 

BOND QUALITY EVALUATION 

In order to evaluate the bond test, a pull test was performed and both failure normal 
stresses and shear stresses were measured. Preliminary tests revealed that normal fracture 
stress is at least 40 MPa while shear stress is greater than 33 MPa. Figure 8 is an SEM 
micrograph of the fractured bond pad after a pull test. It is shown that most of the failure is 
in fracturing the silicon rather than failure of the bond. However, at the edges there are 



small bond regions that fail which explains the relativelylow failure stresses. Acoustic and 
infrared images of arrays of bond pads were also used to evaluate the bonds. Figure 9 is an 
IR image and an acoustic image of an array of bond pads where the dark color indicate good 
bonds.. 

- 
Figure 8. Fractured bond pad resLILlllfj ,ull test. 

! 

Figure 9. Infrared image (left) and acoustic image (right) of two -wafers 
bonded together by arrays of selective eutectic bond pads. Each bond 
region is 1000 pm x 850 pm. 



_ .  
CONCLUSION - 

- .  

A low temperature, selectively bonding procedure to fabricate MEMS structures is pre- 
sented. This method is inspired by the IC die attaching techniques. In the future, with care- 
ful cleaning, patternable bonding is also possible by defining the TUAu layer through 
lithography and etch processes. This greatly increases the design flexibility of bulk machin- 
ing of silicon microstructures. Bonded wafers can be designed so that only designated areas 
are bonded together and the remaining areas remain detached. The detached areas will 
therefore have a minimum gap (1 pm) and applications for high aspect ratio MEMS capac- 
itance sensors and actuators become more efficient and feasible. Microfluidic systems are 
also feasible using this process to form microchannels ahd microchambers with possible 
biomedical applications. Specific applications include accelerometers, pressure sensors, 
microphones, microchannel encapsulation, and regulatable microvalves. This type of bond- 
ing can be set up for batch fabrication for cost reduction purposes. Another possibility is to 
perform polysilicon surface micromachining before the bonding to integrate surface and 
bulk silicon micromachining. If necessary to bond surfaces other than silicon (e.g. silicon 
nitride), it is also possible to apply multilayer films to join different surface materials 
[ 12,131. 
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