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Abstract. Low-temperature glass bonding of silicon, silicon dioxide and silicon 
nitride is described. Boron oxide was used as the intermediate glass layer at a 
bonding temperature of 450°C. First experiments indicate that due to reflow and 
deformation of the molten glass layer, bonding over metal patterns is possible. 
e.g. aluminium or chromium/gold. No voids are observed by examination of 
cleaved cross sections using optical microscopy or by IR transmission of bonded 
wafers. Scanning acoustic tomography, however, revealed regions of good, as 
well as regions of bad bonding quality. Bonding at low temperatures. with less 
critical demands for surface flatness, and the possibility of metalized electrical 
feedthrough will offer more orocess flexibilitv in the fabrication of sensors and 
actuators. 

1. Introduction 

Bonding technology is of growing importance for the 
fabrication of sensors, actuators and microstructures. 
The most widely used bonding techniques are anodic 
bonding [I, 23 and silicon fusion bonding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[3,4]. Fusion 
bonding can only be used for bonding silicon and silicon 
oxide surfaces at high temperatures. Anodic bonding 
requires high electrical fields between a metal or silicon 
anode and a glass containing mobile ions. Diffused leads 
are necessary if electrical feedthrough is required. Both 
techniques demand particle-free and flat wafer surfaces. 

The bonding technology presented in this paper is 
based on the melting of an intermediate giass tiim 
deposited on one or both of the wafers to be bonded zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[5- 
71. The bonding temperature depends on the type of 
glass film used, and can be well below the eutectic 
temperature of aluminium and silicon. Mating of the 
wafers is accomplished by applying a force perpendicular 
to the bonding plane. Low-temperature glass bonding 
offers the possibility of bonding surfaces of various 
materials provided that the glass adheres well and that 
the applied materials remain stable at the bonding 
temperature. Another advantage is ihat during bonding 
the molten glass layer can be deformed, which may result 
in surface planarization [SI. In case of thin films sand- 
wiched between silicon wafers, the influence of thermal 
mismatch is small. 
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For the intermediate glass layer, a large variety of 
commercially available low melting point glass fritts exist 
[SI. As a result of the work of L A  Fields [7] and the 
availability in our laboratory we started this investiga- 
tion using boron oxide as the intermediate glass layer. 
Boron oxide films were grown by atmospheric-pressure 
chemical vapor deposition at 425°C instead of de- 
position using solid source boron wafers at 1075°C [7]. 
Boron oxide has a melting point of 450°C and is 
compatible with Ic-technology. In this paper we report 
on our  first experiments. Bonding of silicon, silicon 
dioxide and silicon nitride and the possibility of metal- 
ized feedthrough of electrical connections were 
investigated. 

2. Experiments 

Bonding experiments were performed with 2-inch p-type 
silicon wafers covered with different thin films. During 
the experiments the presence of phosphorus was avoided 
because the formation of BP04 would have resulted in a 
higher melting point [7]. 

Prior to bonding, waiers were cieanea by means oi a 
two-step fuming nitric acid dip for 10min followed by a 
3 min deionized water rinsing step and spin drying, After 
cleaning, the glass layer was deposited on one of the 
wafers. Boron oxide was grown by atmospheric-pressure 
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Table 1. Combinations of materials used in bonding 
experiments. The top wafer was coated with boron oxide. 

Bottom wafer Top wafer 

p-type SiO, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30, Si,Ny 
Si wet dry 

p-type Si X X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX X 

SiO, wet x X X X 

S O ,  dry X X X X 

Si,N, X X X X 

SO,-At zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5pm - 
SiN-Cr/Au zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.0pm - 

SiN X X X X 
- X X 

X X - 

chemical vapor deposition (APCM) in a horizontal hot- 
plate hell-jar reactor. A gas mixture of N,:0, :B2H6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(Zoo0 ppm) of respectively 6500 : 70 : 405 sccm at a tem- 
perature of 425°C resulted in a deposition rate of 33 nm 
min-I. Immediately after boron oxide deposition, both 
wafers were placed in a quartz holder under an  applied 
weight, resulting in a pressure of 5 kPa, with the boron 
oxide covered wafer on top of the other. The assembly 
was put into an oven and slowly heated up to 450-475°C 
and kept at that temperature for I O  to 30min. 

Table 1 shows the combinations of materials that 
have been applied for bonding experiments. Silicon 
oxides (SiO,) were thermally grown and silicon-rich 
nitrides (SiN) were deposited by low-pressure chemical 
vapor deposition (LPCVD) from dichlorosilane and am- 
monia. Aluminium films were e-gun evaporated and 
chromium/gold films were sputtered. The glass thickness 
was varied from 1 to 5 pm. In the case of wafers covered 
with metal patterns a minimum glass thickness of 1.5 pm 
was chosen. 

3. Results and discussion 

None of the wafer pairs used in bonding experiments 
could be peeled apart. This shows that low-temperature 
glass bonding of silicon p-type wafers and wafers covered 
by silicon oxide or silicon nitride, using APCVD boron 
oxide, is possible. Wafers covered by 0.5 pm aluminium 
or 1.0 pm chromium/gold patterns were also bonded. 
Glass layer thicknesses ranging from 1 to 5 pm showed 
little influence on bonding effectiveness. For thinner 
films, however, surface topography and, dust particles 
may affect the bonding quality. Varying the bonding time 
from 10 to 30min and the bonding temperature from 450 
to 475 "C also showed little effect. 

We noticed that, during boron oxide deposition at 
425 "C, wafers kept sticking at the hot plate of the reactor 
after multiple deposition runs. This indicates that bond- 
ing also occurs at lower temperatures. 

Glass reflow was observed after bonding wafers with 
anisotropically etched V-grooves and openings. Especi- 
ally for thick glass films, using long bonding times and 
high temperatures, reflow was visible (see figure 1). 

For bond characterization several methods have been 
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used. Wafers have been cleaved into narrow strips and 
the interface has been examined under a microscope. No 
voids could be observed. Figure 2 shows a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASEM photo- 
graph of a cleaved cross section showing the boron oxide 
film between both wafers. 

Bonded wafers were also examined by IR transmission 
using an infrared laser (A= 1.32 pm) and an IR sensitive TV 

camera (A=O.5-1.8 pm). Voids are indicated by inter- 
ference rings with a separation of A/2n (A=IR wavelength 
and ??=refractive index of the intermediate layer). Some 
samples have been examined by scanning acoustic to- 
mography [IO] in reflected pulse mode at a frequency of 
30 MHz with a lateral resolution of about 40 pm. Figure 
3 shows the n-transmission image (left) and the acoustic 
image (right) of an unsuccessful anodic bonding to 
demonstrate the interpretation. 

In the m-transmission image of the anodic bonding 
two interference patterns can be recognized; a vague 
pattern over the entire wafer and a pattern with more 
contrast. The vague interference patterns are due to  
thickness variations of the 4 pm thick pyrex layer. The 
dark interference rings are the result of non-bonded 

Figure 1. Glass reflow (see arrow) of a 5pm thick glass 
layer from the top wafer over SIN and CrIAu patterns at 
the bottom wafer after bonding at 475°C for 30min. 
Bonding pad dimensions are 150 x 150 pm'. 

Figure 1. Glass reflow (see arrow) of a 5pm thick glass 
layer from the top wafer over SIN and CrIAu patterns at 
the bottom wafer after bonding at 475°C for 30min. 
Bonding pad dimensions are 150 x 150 pm2. 

used. Wafers have been cleaved into narrow strips and 
the interface has been examined under a microscope. No 
voids could be observed. Figure 2 shows a SEM photo- 
graph of a cleaved cross section showing the boron oxide 
film between both wafers. 
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camera (A=O.5-1.8 pm). Voids are indicated by inter- 
ference rings with a separation of A/2n (A=IR wavelength 
and ??=refractive index of the intermediate layer). Some 
samples have been examined by scanning acoustic to- 
mography [IO] in reflected pulse mode at a frequency of 
30 MHz with a lateral resolution of about 40 pm. Figure 
3 shows the n-transmission image (left) and the acoustic 
image (right) of an unsuccessful anodic bonding to 
demonstrate the interpretation. 

In the m-transmission image of the anodic bonding 
two interference patterns can be recognized; a vague 
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Figure 2. SEM photograph of a cleaved cross section 
showing the boron oxide film adhering to both silicon 
surfaces. Boron oxide film is 1.5 um thick. 

Figure 2. SEM photograph of a cleaved cross section 
showing the boron oxide film adhering to both silicon 
surfaces. Boron oxide film is 1.5 pm thick. 
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Figure 4. iu-transmission image (a) and acoustic image zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(b) of a typical low-temperature glass bonding. A silicon 
wafer covered with silicon nitride and 0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApm thick 
aluminium patterns bonded at 450'C to a silicon-oxide 
covered wafer with a 3 p m  thick boron-oxide layer. 

Figure 3. IR-transmission image (a) and acoustic image 
(b) of an unsuccessful anodic bonding with a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4pm thick 
pyrex film. 

regions; the additional gap between the wafers causes an 
interference pattern with more contrast. 

In the case of acoustic imaging, dark areas indicate 
regions of good bonding. In the light areas the reflected 
acoustic signal indicated voids between the wafers. In 
case of anodic bonding both methods showed the same 
voids, regions of bonding failure and successful bonding 
areas. 

Figure 4 shows the ra-transmission (left) and acoustic 
(right) image of a typical low-temperature glass bonded 
wafer pair. The vertical metal pattern lines between the 
wafers are visible with IR transmission but, in our case, 
are not detectable by the acoustic method. 

IR transmission zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof low-temperature bonded wafers 
shows only the vague interference patterns due to thick- 
ness variations in the boron oxide film. No voids or non- 
bonded regions are observed. This is also the case with 
the wafers covered with metal patterns. Apparently glass 
deformation and reflow results in the filling of surface 
roughness, the covering of steps and the enclosing of dust 
particles. 

bonded samples shows light and dark regions. The 

acoustic images give more detailed information about the 
bonding quality hut the interpretation is difficult. Dark 
regions again indicate good bonding. The light regions 
are the result of bad acoustic contact between both 
wafers. The reflected acoustic signal in most of these 
regions showed a sinusoidal decay with low attenuation, 
which is characteristic for weak fusions [ll, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA121. This 
indicates that the surfaces in these regions do stick 
together with weak bonding strength. 

We observed that bonded wafers immersed in water 
at room temperature for a few days remain stuck tog- 
ether but that, after cleaving, unbounded areas showed 
up. This may result from the fact that boron oxide is 
soluble in water, alcohols and esters [13] and that the 
sandwiched glass film slowly dissolves. This seriously 
limits the applications of boron oxide for bonding in 
sensor technology and calls for the investigation of other 
glass types. No degradation of bonding quality was 
observed when samples were kept under normal room 
conditions. 

Experiments to investigate the sealing quality and 
However, the acoustic measurement of the glass bonding strength have not been performed yet. 

References [6,7] show that good seals are possible. 
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4. Conclusions 

First experiments have shown that low-temperature glass 
bonding of p-type silicon, silicon dioxide and silicon 
(rich) nitride both with and without aluminium or 
chromiumfgold patterns using APCVD boron oxide is 
possible. No voids are observed by examination of 
cleaved cross sections using optical microscopy or by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIR 

transmission of bonded wafers. This indicates that during 
bonding the molten glass layer is deformed resulting in 
planarization of the surface topography, covering steps 
and enclosing dust particles. Scanning acoustic to- 
mography showed regions of good bonding as well as 
regions with bad bonding quality. Due to the solubility of 
boron oxide in water and the necessity to avoid phos- 
phorus the application of this glass type in bonding, for 
the fabrication of sensors, is limited. 

However, low temperature glass bonding continues 
to be a promising technology; it offers the possibility of 
bonding various materials with less critical demands for 
surface topography and clean room environment and 
makes feedthrough of metalized electrical connections 
possible. This results in a larger process flexibility for the 
fabrication of sensors and actuators. Further research 
will be focussed on other low-melting point glasses and 
improvement of the bonding quality. 
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