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Abstract

Different 1 f -sputtered borosilicate glass films are characterized Layers sputtered i 100% Ar and annealed 1n
N, at 550 °C for 35 h are found to be best apphcable as protection layers in amsotropic etching of S1 in KOH
solutions and as bonding layers n silicon micromachining For i situ nspection of the progress of the silicon-
to-silicon anodic bonding process using sputtered glass as mtermediate layer, an mfrared inspection equipment
1s built Also, an alternative evaluation method of the bonding qualty 1s presented Bonding experiments with
sputtered glass layer thicknesses ranging from 20 to 1000 nm show corresponding progress of the bonding process
The yield does not seem to depend on the thickness of the borosilicate layer Furthermore, new possible
applications are demonstrated, in which the sputtered glass layer acts both as an etch stop and bonding layer

1. Introduction

Stlicon-to-silicon wafer bonding 1s one of the key
technologies 1n silicon micromachining Several bonding
methods have been developed during recent years, e g,
sihcon fusion bonding [1], anodic bondmng [2), low
temperature boron oxide glass bonding [3] The first
has the disadvantage of requirmg a high temperature
step to achieve a strong bond This means that device
realization 15 limited to matenials and process steps
which can withstand high temperature Devices fab-
ricated with the latter bonding techmque can only
operate m nonaqueous environments, otherwise the
bonding immerses Also, wet process steps after bonding
are out of the question

Anodic bonding of two silicon wafers using a sputter-
deposited glass film 1s a very promising techmque, which
does not suffer from the above-mentioned disadvantages
After the mvention in 1972 by Brooks and Donovan
[4] extensive work has been done to develop this
techmque Typical parameters for proper bonding were
found to be thickness of the sputtered layer ranging
from 05 to 4 pm, applied voltage m the order of
30-200 V and temperatures from room temperature
to 450 °C Wafers with a sputtered glass thickness of
less than 05 um could not be bonded, although the
bonding procedure did not seem to depend on the
thickness of the thin film [5]

In this paper we report on our first bonding exper-
iments with layer thicknesses in the range of 20 to
1000 nm For in situ 1mspection of the bonding procedure
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infrared camera equipment 15 used Another pomt of
mvestigation 1s the use of the sputtered glass films as
masking layers in amsotropic etching of S1 in KOH
solutions This opens up the possibility of developing
process schemes 1n which bonding and etchback are
combmed As will be demonstrated, 1t also allows the
evaluation of the bondmng quality by etchback proce-
dures

2. Characterization of sputtered glass layers

The glass layers were deposited by r f-diode sput-
tering with a Nordiko 2000 system Schott 8330 glass
was used as target The properties of this glass are
comparable with those of Corning #7740 glass All
layers were sputtered at the following conditions sputter
pressure of 1 Pa and target rf power density of 27
Wj/em?® The composition of the sputter gas was varied,
leaving the other parameters constant Sputtening was
carried out 1 100% Ar, 10% 0,/90% Ar or 25% O,/
75% Ar The deposition rate depends strongly on the
composition of the gas (see Table 1) Addition of 10%
oxygen to the sputter gas lowers the deposition rate
by 35% Dawvidse and Maissel [6] and Hanneborg and
Nese [7] report on a sumilar effect The stress i the
films was determimed by wafer curvature measurements
The measured values of the stress are shown mn Table
1 Compared to thermal oxide the stress 1s smaller by
a factor of three (steam oxidation, 0310 GPa com-
pressive stress [8]) It was found that the stress can




TABLE 1 Deposition rate and stress of different sputtered layers

Sputtering gas Dep As deposited After annealing

rate ————— at 550 °C
(nm/h)
Stress Index Stress Index
(MPa) (MPa)
100% Ar 286 128 161 5 152
0% Ar/10% O, 186 91 150 76 150
75% Ar/25% O, 169 119 150 150

TABLE 2 Etch rate of different sputter-deposited glass layers

Sputtering gas Etch rate Etch rate after annealing
(nm/h) (nm/h)

100% Ar 268 208

90% A1/10% O, 380 268

75% A1/25% O, 334 238

be lowered by annealing in a mitrogen ambient at a
temperature of 550 °C and an anneahng time of at
least3 5h First annealing experiments show a difference
1n stress reduction between layers sputtered mn a 100%
argon ambient and layers sputtered with an addition
of oxygen to the sputter gas Annealing of layers sput-
tered m 100% argon ambient gives a 96% reduction
of the compressive stress Annealing of sputtered layers
with an addiion of 10% oxygen to the sputter gas
shows only a reduction of the compressive stress by
16% under the same conditions of annealing

The refractive index of the layers was measured to
be 150 for layers sputtered in an oxygen-contamning
ambent and 161 for 100% argon sputtered layers
Only the refractive index of 100% argon-sputtered layers
changes during annealing It decreases from 161 to
152

To determine the etch rate of the deposited glass
films in a 25 wt % KOH solution, the thicknesses of
the sputtered layers were measured by scanning electron
mucroscopy (SEM) before and after etching m KOH
From these results the etch rates were calculated The
results are shown in Table 2 The temperature of the
KOH solution was 79 °C

As can be seen, the etch rate strongly depends on
whether the layers are annealed at 550 °C for 35 h
or not Note, that especially for the 100% Ar-sputtered
layers the anneahng decreases the compressive stress,
the refractive index and also the etch rate in KOH
A reason could be densification The annealed layers
sputtered m 100% argon show an etch rate which 1s
sigmficantly lower than that of thermally grown S10,
Thermal oxide 1s well known as a masking layer n
amsotropic etching of S1 in KOH solutions The etch
rate of thermal oxide 1s 280 nm/h under the same
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conditions The etch rate of the deposited films increases
when oxygen 1s introduced in the sputtering gas The
lower etch rate of the layers sputtered in a 100% argon
ambient 1s probably caused by the presence of a larger
amount of boron n the glass layer compared to the
layers which are sputtered 1n ambients with an addition
of oxygen Boron 1s known to decrease the etch rate
of silicate glasses

When a 850 nm glass layer 1s etched for 2 h m 25
wt % KOH at a temperature of 78 °C no pinholes are
observed A layer, which 1s etched to a thickness of
35 nm, has a pinhole density of 7 pmholes/mm?® There-
fore, the sputtered 8330 glass layer can be used as an
etch stop or etch mask 1n amsotropic etching of S1 with
KOH

3. Silicon-to-silicon anodic bending experiments

31 Set-up

The equipment used for anodic bonding of two silicon
wafers 1s shown i Fig 1 An additional option of this
set-up compared to commonly used bonding equipments
15 the in sty infrared nspection The heating element
15 used as an infrared source for inspection, which
makes an extended infrared source unnecessary To
obtain a better contrast 1n the infrared mmage a 3 inch
molybdenum plate 1s mserted as a filter between the
heater and the wafer pair A tilted siicon wafer acts
as infrared mirror The bonding current can be derived
from voltage measurements over a known resistor

32 Cleaming and bonding

Prior to bonding both wafers are cleaned 1 a clean-
room environment (class 100) by a two-step cleaning
process 10 mun fuming mitric actd followed by delonized
water rinsing and 15 mn boiling nitnic acid (70%)
After rinsing 1n deionized water the wafers are dnied
by spinning Immediately after this cleaning step the
wafers are jomned together without aligning and then
placed on the heating clement Bonding takes place
when a negative voltage 1s apphed to the sputter-coated
wafer at an elevated temperature

33 In suu observation

A 1 um thick layer which 1s sputter-deposited mn
100% argon and annealed 1n mitrogen 1s bonded to a
wafer The progress of the bonding process at eight
pomnts of time 15 shown m Fig 2 Figure 2(a) 1s the
mfrared image of the wafer pair at 450 °C, without an
electrical field Apparently there are two dust particles
We see in Fig 2(b) that bonding starts when a voltage
of 8 V1s applied Figure 2(c) and (d) shows the progress
after 22 and 37 s, respectively No further bonding
occurs after 37 s By increasing the voltage m steps of
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Fig 1 Expenimental set-up

100 mV, bonding continues at 10 V (Fig 2(e)) In Fig
2(f)-(h) 1t can be seen that 1t 1s possible to mamipulate
the bonding process manually, by applymng an external
force at the bonding front with a probe pen on the
backside of the upper wafer In this way 1t 1s possible
to avoid large enclosures of trapped gas Voids caused
by dust particles remain, but can be made smaller 1n
this way At 10 V the whole wafer 1s bonded Figure
2(1) shows an mfrared image of the wafer pair at room
temperature A halogen lamp 1s used as infrared source
No difference can be observed between the infrared
mnage at 450 °C and room temperature

34 Evaluation of the bonding qualty

It 1s possible to venfy nfrared pictures of the bonding
by etchback of the sputter-coated wafer completely
When bonding occurs at 1 atm the unbonded regions
contain trapped gas under a igh pressure. After com-
plete backetching of the sputter-coated wafer m KOH,
the etch process stops at the borosihicate layer Due
to the gas pressure in the unbonded regions these
regions bulge Large unbonded regions crack and can
be optically detected very easily because the siicon
underneath the film 15 etched very fast (see Fig 3)

For mspection of the bonding quahty, the wafer pair
mentioned m Section 33 15 sawed mto two pieces
After backetching the night half of the wafer in KOH
it can be seen m Fig 2()) that the voids agree with
the spots 1n the infrared image of Fig 2(1) The serrated
edge 1s just over the two voids 1n the middle, so we
can also use the characterization method of voids by
etching the cross section in KOH, accordmg to Mitam
et al [9] The cross section 1s etched faster on places
where the voids are located, because of being immersed
m KOH and being etched there preferentally

4. Results and discussion of thin layer bonding

First experiments are carried out with sputtered glass
layers of thicknesses of 120, 210 and 430 nm Bonding
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to bare silicon wafers occurs at 1, 1 and 4 V, resp,
at a temperature of 450 °C Because these experiments
are carried out without the i suu nfrared mspection,
1t 15 impossible to see if the complete wafer 1s bonded,
but infrared mspection afterwards shows that the wafers
are only partly bonded KOH-backetching confirms the
mfrared mmage We have not yet developed a method
to determine quantitatively the strength of the bond
Destructive experiments are carried out by serting a
razor blade between the wafers and breaking them
apart In the case of layer thicknesses of 210 and 430
nm the fracture occurs in the sputtered glass layer
This indicates that the bond formed 1s stronger than
the cohesive forces m the glass layer The sample with
layer thickness of 120 nm, however, breaks mainly along
the sputtered glass layer/silicon interface, leaving small
circular portions of the sputtered layer on the substrate
This indicates that the bond formed 1s stronger than
the bonds at the mterface between the sputtered glass
layer and the sithcon wafer

Recent experiments with layer thicknesses ranging
from 20 to 800 nm result in comparable bonding se-
quences as shown mn Fig 2 The layers are sputtered
m 100% argon and not annealed The yield does not
at all seem to depend on the thickness of the borosihicate
glass layer, which puts doubts on the suggested mech-
amsm of anodic bonding for the cases of very thin
films anodic bondimng s supposed to work because, at
elevated temperature, the glass layer becomes con-
ductive due to an increased mobility of Na™ 1ons A
voltage then gives rise to a depletion layer at the surface
of the glass layer and, hence, there 15 a large electrostatic
force between the wafers However, as has been outlined
by Anthony {10}, 1f there 15 a dielectric thin film between
wafers of a thickness comparable to the thickness of
the depletion layer 1n the sputtered glass film, the
electrostatic force will be comparable Therefore, if
thin films become thin enough, the migration of the
Na* 10ns becomes less important 1n the bonding process
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Fig 2 (a)(h) In sueu infrared pictures of the bond process at different times (1) Infrared picture after bonding with a halogen
lamp as nfrared source (j) Normal picture of half a wafer after backetching

This observation suggests that anodic bonding should
also be possible 1if there are only thin layers of native
(or thermally grown) oxide

5. Applications

To demonstrate possible apphcations, we realized
sealed chambers by using a sputtered glass layer both

as etch stop and as bonding layer (see Fig 4(a)) In
one of the two sihcon wafers, 10 um deep wells are
etched The other wafer contams a sputter-deposited
glass layer, which later forms the cavity-confining film
After anodic bonding of the two wafers at 450 °C (1),
the wafer on which oniginally the glass layer was sput-
tered 1s removed completely by wet chemical etching
m KOH (II) The glass layer acts as an etch stop (1II)
This technique 1s used to produce cavities with a sealed
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Fig 3 Infrared image of bonded wafer (a) and image after backetching in KOH (b)

(@ (b)

Fig 4 (a) Process to produce a sealed cavity (b) Image of four sealed cavities Each cavity consists of two chambers (100 um®
and 80 um?) connected by a 20 pm wide channel (c) Image of the same cavities as shown i Fig 4(b), after exposure of the upper
cavity to 1 atm No interference fringes can be observed mn this cavity

area of up to 1 mm> As can be seen from nterference
fringes 1 Fig 4(b), the layer bends down In the case
of glass layers, which contamn a very low compressive
stress (100% argon sputtered, mtrogen anneahng at
550 °C, 35 h), the mamn reason 1s the under-pressure
1n the cavity This is concluded by scanning the surface
of a 100 um® sealed cavity before and after exposure
of the cavity to 1 atm, sec Fig 4(b) and (c) The
measurements are carried out with a surface profiler
(Sloan Dektak 3030) Before exposure the maximum
bending 1s 459 nm and after exposure 1t 15 188 nm
The needle force of the profiler 1s0 01 N Nimterference
fringes can be observed after exposure to 1 atm which
also indicates that the under-pressure 1s the main reason

Concerning the as-sputtered glass layers which contain
compressive stress, however, the mterference fringes
are caused by the combination of under-pressure and
buckling of the membrane The maximum bending
amplitude after backetching was found to be 1 um,
the same as the depth of the cavity Exposure to 1
atm results 1n buckling of the film 1n an upward direction
with a maximum deflection of 4 um

Using the sputtered glass layer both as bonding layer
and etch stop results in the following process possi-
bilities

(1) Very shallow sealed cavities can be realized (less
than 100 nm) No sticking occurs in the cavity because
the glass film joins the upper silicon wafer during
bonding

(2) Very deep cavities can be sealed (>100 pm)

Process possibility (1) 1s used to create electrostatic
actuators like active joints, proposed by Elwenspoek et
al [11] An active jomt consists of two plates, one of
which 1s a bilayer and bent by the bimorph effect At
one edge the plates are clamped together (see Fig 5)
It 1s essenhial that large electrostatic forces acting over
a short distance are used to produce large deflections

In the hght of processing a shallow cavity with a
patterned metal layer, deposited m the cavity pnor to
bonding, the next step 1s to create the sealed cavity
by bonding and backetching After this the bimorph s
made by depositing an alummum layer on the glass
layer at an elevated temperature The expansion coef-
fictent of the alumimum 1s larger than that of the glass
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Fig 5 Schematic of the active joint The bilayer on top of the structure 15 bonded left of the bottom electrode and free above the

electrode (a) unactwvated, (b) activated

layer The last step is to pattern the bimorph This
can be done by patterming the alumimum by photo-
Iithography and subsequently etching alumintum by a
commercial etchant This pattern 1n alummmuum can
then serve as a mask for etching the glass layer by
reactive 10n etching (RIE)

At this stage an unexpected phenomenon occurs
Our first attempts to etch the glass layer by RIE failed
when SFg or CHF, was used as etch gas This 1s
unexpected because RIE of the sputtered glass layer
before bonding shows an etch rate of 110 nm/min n
SF, (50 sccm, 10 mTorr, 100 W) and 44 nm/min 1n
CHF,; (25 sccm, 40 mTorr, 100 W) The reason may
be formation of a micromask caused by non-volatile
component accumulation Bonding could be the reason
of the accumulation Na™ 1ons are pushed to the top-
side of the layer when the voltage 1s apphed and stay
there This will be mvestigated 1n the near future
Patterning the bimorph before bonding may solve this
problem

Sealing of deep cavities 1s useful mn cases where
planarization of wafers contaimng deep cavities 1s re-
quired for additional hthographic steps [12]
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