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applications other than valve manufacture, is also disclosed.

A microvalve composed of multiple layers bonded together is distinguished by the fact that all layers are structured only
from one side. Prior to bonding of a new layer to the preceding layer, the new layer is homogeneous or unstructured. Only after
bonding of the new layer to the preceding layers or wafers is the newly-applied layer provided with a structure, by etching or other
profiling method. This simplifies construction, and reduces manufacturing cost, of the microvalve. The valve can be used for eith-
er liquid or gaseous media. It is adapted for use, inter alia, as a fuel injection valve or as a pilot control stage of servo-valves used
in anti-lock braking systems (ABS). A method of producing a sealed cavity with a residual gas pressure therein, which may have

* See back of page
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METHOD OF MAKING A MICROVALVE
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The present %nyention relates generally to a method of
making a microvalve byvbonding together a plurality of thin
layers and, more particularly, to an improved method according
to which each layer is bonded in a homogeneous state and
subsequently etched or otherwise profiled from its outer face,
that is, the face opp051te the face which is bonded.
Alternately,'one can pre-etch layers before bonding, although
this generally requires additional alignment procedures.

Background: German‘patent application P 39 19 876
discloses a- mlcrovalve composed of multiple layers and having
a valve seab formed betWeen layers. Due to the design of that
valve, its constructlon requirements are high, and therefore its
manufacture is costly and time-consuming. -

The Invenﬁioﬁ:‘ Accordingly, it is an object of the present
invention téugrovide a simpler and more economical method of
making.a mio:oyaive, Further, it is an object to provide
a sealed cavity Yéth a residual internal pressure which
can be used as a ;eStoring force on a flexible cavity wall.

Briefly, thls is accomplished placing each layer to be
bonded, in an essentlally unstructured or homogeneous solid
state, onto the al;eady-ex1st1ng structure, bonding the layer,
and then performihg‘the_etching or profiling steps on the layer.
The handling'of-unstructured wafers or layers is simpler than
the handling of mlready-etched wafers. Further, no special.
alignment is needed during bonding of the unstructured wafer to
the already-existing layers. Only after the bonding step does
one provide the topmost-layer with a structure. It is .
substantially simpler to align the maeksvneeded for further
processing,vwith»respect to the already-existing structure, than
it is to align structured layers with respect to existing layers.

In a_preferred_embodiment of the method, the lowest wafer
serves as a carrier layer for the bonding of the subsequent

layers, and, prior to application of those subsequent layers,
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the lowest wafer is provided with a structure, namely a recess
or channel, which forms a part of an actuating element.
The fact that the carrier layer can take on actuating functions
permits a particularly compact construction to be achieved.

According to a further feature of the inventive method,
one bonds, to the carrier layer, a second wafer, and then
provides a first flow channel in this second wafer. The base or
floor of this channel forms a part of the cover of the recess in
the carrier layer and is elastically flexible, to the extent
permitted by the material. Preferably, the material is silicon,
which does not have a particularly high Young’s modulus.

The bottom of this wafer interacts with the carrier layer in
such a manner that a deflection of the bottom, with respect to
the carrier layer, is possible.

In the preferred method, one bonds, to the second wafer,

a third wafer, into which one again forms a channel. This
channel provides a passage through to the first channel. The
first channel in the second wafer is wider than the second
channel in the third wafer, so that the region 19 defined by the
second channel projects horizontally over the region 21
delimited by the first channel. As a result of the bonding, the
region of the third layer which serves a valve plate is securely
fastened to that of the second wafer.

In the preferred method, the channels in the second and
third wafers are formed as ring or annular channels and the
recess in the carrier layer is circular.

This geometry minimizes stress concentration and hence
minimizes fatigue and the possibility of fracture.

Further embodiments of the method and their advantages will
be apparent from the detailed description below.
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The mi¢rovalve of the invention, made by first bonding each
layer and then éhap;hg it, is distinguished by its elegant
simplicity of construction and its economical manufacture.

Since the structural process is designed such that all layers
are provided with structure merely from cne side, the handling
of the wafers whlch form the layers is particularly simple.

_According to the preferred embodiment of the microvalve of
the invention, a 1owest wafer serving as a carrier layer is
provided, a second wafer is bonded to it and has a projection,
surrounded by a channel, which bears a valve plate which is, in
turn, part of a third wafer bonded to the first wafer.

The valve plére engages a cover layer which is joined to
the third wafer; hthe upper surface of the valve plate bears a
c1rcumferent1al seallng shoulder, spaced from the plate’s edge,
which shoulder can be brought into engagement with the underside
of the cover 1ayer. ‘Such a sealing shoulder permits the
surfaces which ;ré under pressure to be very precisely defined,
so that a preciééipressure compensation and thus an optimal
dynamic behéyior of'the valve are achievable.

Particﬁlarlf pref?rred is a microvalve in which the height
of the sealihg Shppldér is substantially smaller than the
thickness ofrthe ;alve plate. 'Upon manufacture of such a
structure by etching methods, the dimensions of the sealing
shoulder can‘rdue to fhe small etching depth, be more précisely
defined or contro&led than would be the case upon etchlng of a
substantially thlcker valVe plate.

Further advantages and structural details of the microvalve
will be descrlggd below( It has been found particularly
desirable for the %a;ve plate to be coated with a hard layer.
This serves to pré—tgﬁsion the valve, and to reduce the wear
resulting from medium streaming through the valve. Further,
because the microvalve is constructed almost entirely of

silicon, stresses.due to thermal expansion are minimized.
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The valve 1s preferably operated in either of two bistable
modes, open mode and closed mode. If a proportional control
valve is desired, the valve can be operated dynamically either
on or off. Proportional control is achieved by varying the rate
at which the valve is switched on and off.

Drawings. The invention is further explained below with
reference to the figures, of which:

_Fig. 1 is a section through the valve in its unactuated
position;

Fig. 2 is a section through the valve in its actuated
position; and _

Fig. 3 is an exploded, part-sectional, perspective view
of the elements of the valve of the invention;

Fig. 4 is a schematic diagram of an alternate embodiment,
namely a three-termainal device in which the aforementioned
layers are separated by oxides;

Fig. 5 is shows a valve fabrication sequence; and

Fig. 6 illustrates valve dimensions of a preferred
embodiment.
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Detailed Description: The sectional view of Figure 1 shows
the arrangement of the individual layers of the valve. However,
for reasons of clarity, the thickness of the individual layers
is greatly exaggerated.

Microvalve 1 features a first wafer 3 which serves as the
carrier layér, a second, overlying, layer 5 bonded to layer 3,
and a third layer 7 bonded to second layer 5. 'Onto topmost
layer 7, a cover layer 9 is joined by, e.g., bonding, or some
other method suited to the particular material comprising the
cover layer. Into lowermost layer 3, one forms a recess 11.
The overlying second layer 5 is so structured that a first
channel 13 is created, whose bottom 15 forms a portion of the
cover of recess 11. Into the overlying third layer 7, a second
channel 17 was created, whose bottom opens into the first
channel 13. Second channel 17 surrounds a region which forms a
valve plate 19. The valve plate is connected with a region 21
of second wafer 5 which is surrounded by first channel 13.

The dimensions of the first and second channels are so
selected that valve plate 19 projects beyond the region 21
surrounded by first channel 13. This also means that the
interior dimensiOﬁs_of second channel 17 are smaller than those
of first channel 13. The outer dimensions of second channel 17

can be the same as or greater than those of first channel 13.
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It is apparent that recess 11 in first 5;fer 3 is defined by
regions of floor 15 of first channel 13 and by bottom surfaces
of region 21 which is surrounded by channel 13.
Region 21 is substantially thicker than floor 15 of first
channel 13. Floor 15 has a certain elasticity and can flex
downward in the direction of recess 11, as shown in Figure 1.

The cover layer 9, applied to third wafer 7, is provided
with-essentially vertical openings 23, 25, as shown in Fig. 1.
These openings may be made in the cover layer after its
connection to third layer 7. As shown best in Fig. 3, second
opening 25 is located generally centrally with respect to the
gecmetric features on the lower bonded wafers. Outer openings
23 open into second channel 17 in the third bonded layer 7 and
thus also connect with first channel 17 in the second bonded
layer 5. Outer openings 23 may comprise discontinuous breaks
through layer 9. Alternétively, using appropriate packaging, it
is possible to provide a continuous annular space in the cover
layer, so that the space connects with both the second channel
17 and the first channel 13.

Second opening 25 in cover layer 9 is located over valve
plate 19. The valve plate closes off opening 25 from second
channel 17 and thus from first openings 23.

The upper surface of the valve plate features a
circumferential sealing shoulder 27 which is spaced slightly
inwardly from the upper circumferential corner or edge of plate
19. The height of sealing shoulder 27 is substantially less
than the thickness of valve plate 19.

A hard layer 29 is applied to the upper side or surface of
the valve plate and also to the upper surface of the sealing
shoulder 27, which spaces the upper surface of the original
sealing shoulder from the underside of cover layer 9.
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That is, the valve plate it deflected, in the unactuated
position shown in Fig. 1, somewhat downward so that the bottom
or floor 15 of first channel 13 is somewhat bowed. The hard
layer 29 preferdbly ‘consists essentially of silicon nitride.
This hard layer 29 protects the sealing shoulder, prior to
closure, against the flow of a medium which passes through the
valve. The course of flow of the medium influenced by the
microvalve is indicated in;Figf‘l by arrows. The medium enters
through opening 23 in"¢over layer or plate 9 and passes into
second channel 17 of third wafer 7. In the unactuated position
of valve plate 19, the medium is prevented by sealing shoulder
27 from passing to and out of second opening 25.

The upper surface of first wafer 3, which serves as the
carrier layer, and its undersurface, each include a doped
layer 31 which serves to minimize contact resistance.

The upper suffacé‘cf first wafer 3, adjacent second wafer 5,
may be provided %ith an insulating layer 33 which preferably
consists essentially of silicon oxide.

The underside of second wafer 5 may also be provided with
an insulating layer 35, alsoQ pfeferably consisting essentially
of silicon oxide.  Finally, such an insulating layer 37 can also
be provided between gecond wafer 5 and third wafer 7, _
although this 1is #bt shown in the present preferred embodiment.

Actuation of the valve may be piezo-electric, magnetic,
hydraulic, pneumatic, or some combination of these methods.

Carrief’laye:férand second wafer 5 are connected to a
voltage source 39, which'is preferably variable. The doping 31
in the carrier léyér serves to improve contact with this voltage
source. - .

Wafers 3 and 5, which are separated from each other by
insulating layers 33 and 35, form the plates of a capacitor.
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Upon application of a voltage between the plates of the
capacitor, the plates attract each other. Due to the elasticity
of floor 15 of first channel 13, the region of second wafer 5
which covers the recess 11 in first wafer 3 is movable. Thus,
whenever voltage source 39 causes the capacitor Plates to
‘attract each other, the attractive force exerted on region 21,
surrounded by first channel 13, causes it to sink in the
direction of the bottom of recess 11, thereby deflecting the
floor 15 of first channel 13. The sinking of region 21 also
moves valve plate 19 downward, so that sealing shoulder 27 is
moved away from the underside of cover plate or layer 9,
This opens a connection between first opening 23 through
second channel 17 to second opening 25.

Whenever the voltage between the capacitor plates, i.e.,
wafer 3 and wafer 5, is removed, the attraction between the
plates ceases, and the elasticity of floor 15 of first channel
13 moves valve plate 19 back into its original position, so that
sealing shoulder 27 effects a separation between first opening
23 and second opening 25.

Alternately, as shown in Fig. 4, the valve can be formed as
a three-terminal device in which an electrostatic voltage is
applied. When voltage is applied to layer 9 and layer 5+7
across an oxide 2, the valve will close faster.

Figure 2 is a section through the microvalve of Figure 1,
in more schematic form. The same elements bear the same
reference numerals.

This illustration serves to again show, clearly, the
deflection of the cover of recess 11 due to an applied voltage.
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The spacing of the base or floor of region 21 from the lower
surface of recess 11 is substantially smaller than in Figure 1.
Thus, valve plate 19 is lifted off the underside of cover
layer 9, and sealiog ihoulder 27 permits a connection between
first opening 23 and second opening 25. A medium flowing into
first opening 23 can go fhrough this opening and the second
channel 17 im third wafer 7 to second opening 25 and thence out
through cover plate 9.

The movement'of the valve plate is shown greatly
exaggerated. The stroke of the valve plate in the embodiment
shown is actually about 5 micrometers long. The thickness of
the carrier layer together with the second and third layers,
comes to about 0.6 mm. Preferably, recess 11, first channel 13,
second channel 17, sealing shoulder 27 and valve plate 19 are
essentially 01rcular The form of second opening 25 is not
critical for the functlonlng of the valve. It need merely be
assured that the inner dimensions of this opening 25 are smaller
than the inner dlmen51ons or diameter of sealing shoulder 27,
which must be able to sealingly engage the underside of cover
layer 9. ' In the embodiment illustrated here, the diameter of
the sealing shoulder is preferably about 3.6 mm and the diameter
of the outermost corner edge of first opening 23 and the outer
diameter of second. channel 17 are respectively about 10 mm and
‘about 10 mm. o,

According to the illustration in Figures 1 and 2, the valve
is part of a larger structure. However, it is also possible to

make the valve sepgrate, as shown clearly in the exploded view
of Figure 3.
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This Fig. 3 illustration shows once again the structure of the
individual layers. The same elements.are once again given the
same reference numerals.

"The first wafer 3, serving as carrier layer, is here formed
as a substantially cylindrical plate which has at its center
a circular trough or recess 11. The second wafer, which is
applied in unstructured form onto the first wafer, was provided
with an annular channel, so that merely an outer circumferential
wall 41 and a central cylindrical region 21, defined by first
channel 13, remain. A portion of floor 15 of region 21 serves
to cover recess 11.

The upper side of first wafer 3 is provided with an
insulating layer 33. The illustration of Figure 3 shows that
the insulating layer 33 on the underside of second wafer 5 can .
be omitted. |

Even a single insulating layer 33 or 35 assures electrical
separation of the two capacitor plates formed by first wafer 3
and second wafer 5. Also assured is that, in case of severe

flexing of floor 15 of channel 13, contact between recess and
surface 11 will do no harm.
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After the creation of second channel 17, third wafer 7
consists of a ring§43 and the valve plate 19, defined by its
surrounding channel 17.

Sealing shoulder 27 is recognizable on the upper surface of
the valve plate 19. For reasons of clarity of visualization,
the hard coating 29 shown in Figs. 1 and 2 is not illustrated in
Fig. 3. Sk '

_Finally, atop third layer 7, cover layer 9 is provided.
After processinq,ﬂéover 9 features an annular channel forming
first openings’23 and a circular second opening 25. It is here
apparent, that the:inner diameter of opening 25 is smaller than
the inner diameteffof sealing shoulder 27, so that the latter
can make‘sealing éﬁgagement with the underside of cover plate 9.

From the fdregoingydescription of the structural steps in
building up microvalve i, the simplification effected by its
method of manufacturing shouid already be apparent:

Du;ing manuféétgre;of the microvalve, the individual wafers
are successively bonded to one another. Before bonding, the
surfaces of the wafers are polished, so that a smooth surface
results. Before\the‘strugturing or profiling of the surface of
a layer, the-surfape has already been prepared and polished for
bonding with the néxt. Surface preparation for wafers to be
bonded must correspond to»éhe particularly chosen bonding
method, e.g., su;face-hydration is required for silicon-silicon
direct bonding.
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Onto each wafer, there is bonded a further wafer, which
may or may not include surface structures. For example,

“after carrier layer 3 has had the recess 11 etched or otherwise
excavated into it, another wafer, namely second wafer 5,

is bonded to the carrier layer. At this point, wafer 5 is
devoid of structure. Therefore, no problems of alignment of
second wafer 5 with respect to first wafer 3 are presented.
Projecting region 21, defined by surrounding channel 13, should
be located centrally over recess 11 of first wafer 3 for optimal
distribution of forces. Since the channel is made only after
the bonding of the second wafer, no problems are presented in
aligning the layers.

Onto second wafer 5, there is bonded a continuous laver,
third wafer 7. Only after this bonding is second channel 17
etched in the third wafer. It is apparent that here particular
advantages are achieved, since after structuring of third wafer
3 according to Fig. 3, two elements exist: ring 43 and valve
plate 19. The alignment of these two elements would have been
substantially harder if the elements had been defined before
layer 3 had been bonded. However, it must be realized that any
of the etched features of each layer may be defined before each
layer is bonded; corresponding features of each layer must then
be aligned during the bonding process. ,

The same advantages apply to the placement of cover layer 9,
which can, however, fundamentally be joined in structured form.

Cover layer 9 may be made of PYREX glass or other suitably
hardened material. The connection with the underlying layer is
preferably made by anodic bonding, or other suitable joining

process corresponding to the cover layer’s composition.

SUBSTITUTE SHEET
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This cover layer can also be made of silicon, like all the other
layers, in which case the conventional means for bonding of two
silicon layers can be used.

The solidity of “the bonded silicon layers of the finished
valve corresponds to that of a monocrystal. Thus, a high degree
of mechanical stability is achieved.

Since all layérs comprise the same material, namely
silicon, thermal tensions cannot arise during operation of the
valve. Even when Esing PYREX glass as cover layer 9,
practically no thernal stresses or tensions arise, since the
thermal characteristics of this material are very close to those
of silicon.

All of the s;;ﬁctures described here can be created in the
layers with the help of conventional etching methods.

In making the covering of recess 11 in first wafer 3 in the
form of floor 15 of.;hannel 13 in second wafer 5, the thickness
of the floor can bé'adjustpq by appropriate selection of etching
time. It is also possible to provide the material of second
wafer 5 with a laYer 45, e.g. a highly doped layer (see Fig. 1),
which provides etch selectivity between the material of layér 5
and the materials in region 45 during the process of etching
channel 13 in layer 5.
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If selective etching layer 45 is included, the etching process
for creating channel 13 ends when this layer is reached.

Thus one can tailor the thickness of the floor of the Channel,
the flexing characterlstlcs, and the mechanical Ccharacteristics
of the valve. This can be also accomplished using
electro-chemical etch-stop techniques.

~ While second channel 17 in third wafer 7 is being etched,
not only the depth of the channel, but also its width, is
altered. While the etchant is eating away at the depth, the
sidewalls of the channel are also being attacked. Therefore,
the dimensions of the outer corner edge of valve plate 19 are
not precisely defined. For this reason, one provides on the
upper surface of the valve plate, preferably in a separate
operation, the sealing shoulder 27, by etching the circular
region within the sealing shoulder and the annular region
surrounding it. The horizontal dimension of the sealing
shoulder can be very precisely adjusted, since here the etching
depth corresponds to the height of sealing shoulder 27. The
dimensions of the sealing shoulder are thus much more precisely
specifiable than those of the outer corners, the outer
dimensions, of valve plate 19.

The radius of the sealing shoulder is particularly
1mportant if one wants to achieve pressure equalization at the
valve plate. That is, one should, to the extent possible,
ensure that the forces operating on valve plate 19 from above
correspond to those operating on it from below.
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When the valve is closed, a pressure builds up,
from the medium-entering first opening 23, in the annular space
fofmed around the valve plate and under the valve plate by
first channel 13 and second channel 17. The pressure is exerted
essentially on the region of floor 15 of first channel 13, which
floor is simultaneously the cover of recess 11.

Figure 2 illustrates the fact that this annular region of
floor 15 is defined approximately between the outer radius r0 of
region 21, surrounded Sy channel 13, and the outer radius R of
recess 11. This Eressure coming through opening 23 seeks to
deflect this énnﬁiér region of floor 15 downward, i.e. to
displace the valve plate off of cover plate 9. Simultaneously,
this pressure coming through opening 23 exerts an upward pressure
on a surface defined between the outer radius r2 of sealing
shoulder 27 and the outer radius r0 of region or post 21 on
which valvéiplate 19 resfs. This annular undersurface of valve
plate 19 cifcﬁmsc?ibed by radii r0 and r2 serves as a pressure
compensatioh surface'for the annular surface, of floor 15 of
first channel 13, defined by radii r0 and R.

The annular éu;face of floor 15 and the annular surface of
valve platerls are éo dimensioned with respect to each other
that the pfésgﬁre'forces‘ére essentially balanced or compensated.

The thicknéss of annular sealing shoulder 27 is defined by
the difference béfween radii rl and r2 shown in Figure 2. The

outer radius of valvé plate 19 is designated rP in Figure 2.
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The pressure balance is also affected, on one hand, by
backpressure in second opening 25 and, on the other hand, by
the pressure prevailing in recess 11. The backpressure is
exerted on the surface of valve plate 19 enclosed by sealing
shoulder 27. Here the inner radius rl of the sealing shoulder
is controlling. The pressure exerted from below on the valve
plate is specified by the radius R of recess 11.

For the most precise possible balance of the pressure from
below on valve plate 19, it is important that the radius R of
recess 11 is, due to its shallow depth, settable very precisely

The selection of the various radii shown in Figure 2 not
only make p0551b1e pressure balance, but also permit adjustment

of the mechanical and dynamic characteristics of the valve.
OPERATION:

The embodiment thus far shown and described is actuated by
prov1d1ng, under valve plate 19, an elastic region of floor 15
of first channel 13 which is a portion of a capacitor plate.
Fundamentally, it would also be possible to provide,
on the opposite side of the valve plate 19, i.e. the top side,
a further actuating means via a mechanical coupling.

With two-sided actuation of the valve plate,

it could be moved back and forth between two stable positions.
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Instead ef the capacitor, another actuation means could be
provided. For example, it would be possible to use an
overpressure in re;eSS'll to move the valve plate upward
from-an unactuatedropen position into the closed position.

The overpressure could; for example, be generated by heating
a medium encloead in recess 11, or by other pneumatic forces.

The embediment illustrated here is distinguished by the
fact that the fééding of the controlled medium is done via first
opening 23, which is arrapged on the same side of the microvalve
as the outlet epening 25, It is, however, also possible to feed
in the medlum through 2 channel in third wafer 7, a channel in
second wafer 5, or-an aperture in first wafer 3. |

The valve descrlbed here can be used for either llquld or
gaseous media. It is adapted for use, inter alia, as a fuel
injection_ya;ve'or»as a pilot control stage of servo-valves.

Although in the etching of deep structures, the edge
regions tend also to be eaten away, so that the dimensions of
the edge or. wall reglons are difficult to exactly predetermine,
the structure. of the valve plate of the present invention
assures that the, hydraullcally effective surfaces, and thus the
forces exerted on the movable wvalve, can be controlled and




WO 91/02169 PCT/EP90/01297

-5 -

compensated. 1In particular, this is achieved by making the
height of sealing shoulder 27 substantially lower than the
thickness of valve plate 19, so that when the sealing shoulder
is etched out, its radii can be precisely predetermined. The
fact that these radii can be kept within narrow tolerances means
that the valve can control even high operating pressures, which
otherwise would lead to uncontrollably large forces. In this
manner, even high hydraulic pressures can be influenced with the
valve of the present invention.
Example:

The process for implementing the valve concept uses three
water bonding steps and does not Yet have a sealing ring.
The fabrication sequence (FIG. -5) of the valve begins with a
first wafer, Wthh may be either n-type or p-type.
For illustration purposes, let us say it is an n- type <100>
0.5-2.0 ohm-cm 4-inch silicon wafer. The wafer is placed in a
phosphorus diffusion furnace at 9259 ¢ for one and a half hours
to highly dope the surface. This step is done to ensure that
good electrical contact can be made, in order to actuate the
valve. After a one-hour drive-in at 9500 C, the wafer is
stripped of the phosphorus-doped glass and a 1000 Angstrom~-thick
thermal oxide is grown. After the masking oxide is patterned,
the wafer is placed in 20% KOH (a potassium hydroxide solution)
at 56° C for approximately 22 minutes, thereby etching circular
recessed electrodes or cavities 5 micrometers deep and 3.6 mm
in diameter. Alternately, the wet etchant used may be a
different anisotropic etchant, an isotropic etchant, or, in some
applications, the cavity can be etched by a plasma (hot gas).
The masking oxide is then stripped and a thermal oxide, about
1.6 micrometers thick, is grown on the wafer. This thick layer
of silicon dioxide ‘acts as the dielectric isolation during
electrostatic actuation and will also serve to protect the
handle wafer from the subsequent silicon etching steps.
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The second wafer may be a silicon wafer of either n-type or
p-type if cnémical or mechanical means are employed for
thinning, but if electrochemical means are used for the
etch-back, a p—ﬁyﬁe wafer with an n-type diffusion is preferred.
If the flrst wafer dlscussed above 1is n-type, a second 4-inch
diameter silicon wafer, <100> p-type 10-20 ohm-cm, is thermally
bonded to the front side of the first wafer. Prior to bonding,
the two wafers‘are‘cleéned using a standard pre-oxidation clean -
(such as an "RCA" clean") and then hydrated by immersion into a
3:1 sulfuric acid: hydrogen peroxide solution. The wafers are
rinsed in DI water until the water resistivity reaches at least
15 Mohm-cm. After a spin rise and dry, the polished surfaces-of
the wafers are physiéally placed into intimate contact. Using
an infrared inspection system, the wafers are examined for
voids. Assumingtéhe bond is void-free, the composite two-wafer
structure is plaeed into a dry oxidation furnace for one hour to
complete the bond. vihe initial furnace temperature is
preferably 6QO°eCL,aﬁd is slowly ramped up to 1000° C. - Pure
nitrogen flows within the tube during this step. After 1000° C
is reached, the gas is changed to pure oxygen and the wafers are
annealed for one hbur in this gas and at this temperature. The
structure is®then removed ‘from the furnace and the bonded wafers
‘are inspected agaln, ‘using the infrared inspection system. -

The bonded wafers are then placed in a 20% KOH solution at
56° C for approximately 23.5 hours and the second wafer is
etched back to a resulting'thickness of about 75 micrometers.
The surface of the etched-back wafer is then mechanically
polished to a mirror-smooth finish. The resulting thickness of
the second siliton wafer is about 50 micrometers. A masking
oxide (LTO) about'soon Angstroms thick is deposited onto the
just-pollshed surface and subsequently patterned. The wafer is
then etched" u51ng a 20% KOH solution at 56° ¢ for approximately
one and a half hours, forming the base of the valve.

SUBSTITUTE SHEET
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After the masking oxide is stripped, a third
4-inch-diameter <100> silicon wafer, P-type 10-20 ohm-cnm, is
thermally bonded to the polished surface of the second wafer.
The bonding is done in exactly the same way as described above.
After bonding, the composite structure is inspected using the
infrared inspection system. Such inspection will clearly show
the plunger base bonded to the third wafer.

The third wafer is etched back in a 20% KOH solution
at 56° C to a resultant thickness of about 75 micrometers.

An oxide layer, 5000 Angstroms thick, is deposited onto the
third wafer surface using either LTO or an ACVD oxide.
Subsequently, the wafer is patterned and etched in a 20% KOH
solution at 56° C, forming the top layer and releasing the
valve. the complete wafer is sawed into individual valves,
which are then packaged, using a capping glass plate which
contains inlet and outlet ports.

We have successfully fabricated the valve without the
sealing ring. We have found that, if two wafers are bonded
together where one wafer has a cavity etched into it, and the
second wafer is thinned back to a relatively thin layer, and
finally, the composite structure is exposed to a high-
temperature environment, the silicon will plastically deform.-
This is the result of the trapped gases within the cavity
expanding, due to increased temperature and the considerably
lower yield point for the silicon at higher temperatures.

We have found that the threshold of the onset of plastic
deformation of silicon is between 800 and 850° C.

Therefore, any material used as a masking material must be
deposited or grown at a lower temperature than 800° C.

We used a low-temperature chemical-vapor-deposited oxide for
masking the second wafer and an atmospheric chemical vapor
deposited oxide for masking the third wafer. Each of these
films was deposited at a temperature of 400° C.

SUBSTITUTE SHEET
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The complete microvalve prototype, without sealing ring,
was successfully actuated in air with voltages below 350 volts.

The foregoing -method has also been found useful in
production of sealed cavities with residual gas pressure.

Residual Pressure in Sealed Cavities

The bonding of a silicon wafer with cavities to another
silicon wafer results in trapped gases within the sealed
cavity. It was of interest to determine the residual pressure
of this trapped gas in order to model the behavior of the
valve. Starting with p-type <100> silicon wafers, we diffused
phosphorous into the wafers to act as an electrochemical etch
stop. These wafers where then bonded to other silicon wafers
which had circular cavities of various depths ranging from 30 to
50 micrometers. After selectively removing the oxide from the
backside of the phosphorous doped wafers, the wafers were then
etched in KOH in order to thin the wafers to a resultant
thickness of 50 micrometers. The wafers then were
electrochemically etched in KOH, resulting in a smooth, 8.0 %
0.2 micrometer-thick capping layer of silicon over the sealed
cavity. The thickness of this layer was verified using an SEM
(Scanning Electron Microscope). After etching, it is
immediately noticed that the capping layer is deflected into the
cavity, indicating that the residual pressure is below
atmospheric. The deflections of the capping layer of silicon
were measured with a calibrated microscope. Using the theory of
large deflection of circﬁ;ar plates we can write an expression
relating the maximum deflection of the circular plate to the .
preésure'differential across the plate as:

w = .662 a3 (ga/Et)1/3

where E is Ybung's modulus of silicon, a is the radius of the
circular cavity, t is the thickness of the capping layer.

In this equation it is assumed that the residual stress in the
silicon layer is negligible.
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The differential pressure across the plate is a function of

the deflection of the capping layer into the cavity and is given
by:

Q = Pamm = ( PyVq1/Vi-delta V)

where Pary is atmospheric pressure P; and V; are the initial
pressure and initial volume of the cavity, respectively, and

AV is the change in cavity volume. The deflection of the capping
layer is assumed to have a spherical mode shape. Calculated
values of the residual pressure inside the cavities measured are
given in Table I where it is seen the average residual pressure
is 0.79 atmosphere.

TABLE 1. RESIDUAL PRESSURE INSIDE SEALED CAVITIES

WAFER # AVERAGE DEPTH AVERAGE DEFLECTION RESIDUAL PRESSURE

1
|

OF CAVITY OF CAPPING LAYER INSIDE CAVITY (ATM)]
1 53 20.1 .778
2 53 19.5 .787
3 32 12.8 .785

4 31 13.1 .782

I
l
l
l
l
i
l
I
l
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Plastié Deformation of Lightly Doped Silicon

High temperature thermal processing of a bonded wafer with a
sealed cavity results in the expansion of the trapped gas causing
the capping layer fo be loaded beyond the yield point. After
removing the wafer from the furnace and allowing it to cool, it is
observed that a residual strain is present in the capping layer, as
is clearly seen in the SEM (Scanning Electron Microscope) view in
Figure 7 of our June 1990 IEEE presentation. The occurrence of
plastic deformation of lightly doped silicon and heavily doped
silicon has been rgpsrted elsewhere. It was of interest to
determine the onset temperature of plastic deformation in lightly
doped silicon1v.Therefore, we prepared bonded wafer samples with
cavities and placed the wafers in a furnace at various
temperatures. Startiné at 600° C the wafers were annealed in
nitrogen for one hour and then removed. The change in deflection of -
the capping 1ay;r of the cavity was then observed using a calibrated
microscope. The wéférs were placed back in the furnace, this time
with a temperature of 650° C and removed after one hour and
‘remeasured. This'seqﬁence continued, incrementally increasing the
temperature each time by 50° C until 1000° C was reached. We found

the onset of plasﬁic deformation to be between 800-850° C.
' It has been reportsd'that the onset of plastic deformation is highly
dependent on the amount of oxygen precipitates within the silicon
and therefore the onset temperature we observed may vary
considerably dependlng on the wafers and process.

As a result of thls experlment it was concluded that hlgh
temperature processlng of the device wafers must be avoided whenever
a sealed cavitylekists inside the bonded wafers. Consequently, the
masking oxide used to pattern bonded silicon layer 2 and layer'3 was
a low-temperature deposited oxide. It is also noted that the
bonding of layer'jzfo the composite structure of layer 1 and layer 2
requires a high temperature anneal. However, in this case the
pressure balancing of the valve helps to prevent the valve from
being permanently deformed.
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CLAIMS:

1. Method of making a microvalve by bonding together
a plurality of layers each having upper and lower major surfaces,
comprising the steps of:
providing a first wafer (3) serving as a carrier layer;
‘successively bonding on wafers (5, 7, 9) by their
respective lower surfaces: and

profiling the upper surface of each wafer, to provide
a structure therein. '

2. Method according to claim 1, wherein

each successively bonded wafer is initially unstructured,
and said structure is provided only after the bondlng of said
wafer and prior to the bonding of any succeeding wafers, thereby
avoiding any necessity to align structures of adjacent wafers
prior to bonding together adjacent wafers.

3. Method according to claim 2, wherein,

prior to bonding to said first wafer of a succeeding wafer,

forming a recess (11) in said first wafer (3) for use as
part of a valve actuating means (3, 5, 15, 21, 39).

4. Method according to claim 3, wherein said forming step
comprises forming a circular recess (11).
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5. Method accoréing to claim 3, further comprising
bonding a second wafer (5) onto said first wafer (3), and
forming in said second wafer (5) a first channel (13) which
partially spans said recess (11) and thereby defines
a flexible, elasfic\covér (15) over said recess (11).
6. Method according to claim 5, wherein said
channel forming step comprises

forming an annular channel (13) concentric with said recess.

7. Method according to claim 5, further comprising

bonding a third wafer (7) onto said second wafer (5), and

forming in said third wafer (5) a second channel (17) which
communicates with said first channel (13).

8. Method according to claim 7, wherein said steps of
forming said first aﬁd_second channels comprise

forming said second channel (17) in annular form with an
interior width less.than an interior width of said first channel
(13) and forming;saidxsecond-channel (17) with a diameter
at least as large &5 a diameter of said first channel (13).

9. Method ac@brding to claim 8, wherein said steps of
forming said first énd second channels comprise ,

forming said gecond channel (17) concentric with said first
channel (13). '

10. Method acbdrding to claim 7, wherein said steps of
forming said first and second channels comprise

defining within said second channel (17) an upwardly
projecting annularfseaiing shoulder (27) in a region (19) of
said third wafer (7)-surrounded by said second channel (17).

e
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1l. Method according to claim 10, further comprising

providing a hard surface (29) on said surrounded region (19).

12. Method according to claim 7, further comprising
bonding to said third wafer (7) an unstructured cover layer (9);
and
forming in said cover layer a first opening (23) which
communicates with said second channel (17) and a second opening
(25) spaced from said first opening (23) and aligned with said
region (19,21) defined within said second channel (17).

13. Method according to claim 12, wherein said opening
forming step comprises

forming said second opening (25) with an outer radius
smaller than an inner radius (rl) of said sealing shoulder (27) .

14. Method according to claim 1, wherein said profiling
step comprises etching a surface of a wafer remote from a
surface by which said wafer is bonded to an adjacent wafer.
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15. Microvalve having a plurality of layers bonded
together, wherein ' N

each layer (3, 5, 7, 9) has apertures (11, 13, 17, 23, 25)
formed therein from only one side thereof.

16. Microvalve éccording to claim 15, wherein said layers
compfise

a firstswaferA(3) which serves as a carrier layer;

a second wafer (5) bonded to said first wafer and formed
with a central projection .(21) defined by a surrounding first
channel (13);

a third wafer (7) bonded to said second wafer (5) and
including a valve plate (19) secured to said projection (21);

and a cover layer (Q)Vbonded to said third wafer (7) and

including an undersurface adapted to engage said valve plate
(19) . . |

17. Microvalve according to claim 16, further comprising
a sealing sh&hlder (27) formed on an upper surface of said
valve plate (19), spaced from a circumferential edge thereof,

and adapted to engage said undersurface of said cover layer (9).

18. Microvalve according to claim 17, wherein
said sealingishoulder (27) has a height which is
substantially lesé than a thickness of said valve plate (19).

19. Microvalve according to claim 16, wherein

a surface of said valve plate (19) adjacent said
undersurface of said cover layer (9) is coated with
a hard layer (29):

20. Microvalve according to claim 19, wherein

said hard layer.éonsists essentially of silicon nitride.
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21. Microvalve according to claim 16, wherein
said cover layer (9) consists essentially of PYREX glass and °
all other layers (3, 5, 7) consist essentially of silicon. '

22. Microvalve according to claim 16, wherein
all of said layers (3, 5, 7, 9) consist essentially of silicon.

23. Microvalve according to claim 16, wherein
an insulating layer (33, 35) is provided on at least one of:
a surface of said first layer (3) adjacent said second layer (5)

and

a surface of said second layer (5) adjacent said first layer (3).

24, Microvalve aécording to claim 16, wherein
an insulating layer (33, 35) is provided on at least one of:
a surface of said second layer (5) adjacent said third layer (7)

and

a surface of said third layer (7) adjacent said second layer (5).

25. Microvalve according to claim 16, wherein

at least one major surface of said first wafer (3) includes a
doped layer (31).

26. Microvalve according to claim 16, wherein

an undersurface of said second wafer (5) includes
a doped layer (45).

27. A method of making a sealed cavity, with residual
internal gas pressure, in a semiconductor wafer, comprising the

steps of bonding wafers together, thinning a surface of one
wafer, and heating.
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(a) (d)
Etch Trench In Sillcon Substrate Bond Wafer #3

— E;_E?

(b) (e)
Grow Oxide and Bond Wafer Pattern Wafer #3

|
N
L]

(c) f
Etch-back and Pattern Wafer #2 Packag(ezj Valve

Figyre 5. Valve Fabrication Sequence
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