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Batch-Processed Vacuum-Sealed Capacitive Pressure

Sensors
Abhyjeet V. Chavan, Sewnior Member. IEEE, and Kensall D. Wise, Feliow, IEEE

Abstract—This paper reports two multitransducer vacuum-
sealed capacitive barometric pressure sensors, one using single-

lead and the other using multiple-leads to transfer the elecirical
signal out of the vacuum-sealed reference cavity. The first device
operates with a resolution of 37 mtorr over a pressure range from
600 to 8300 torr. The sensitivity is 27 fF/torr (3000 ppm/torr). The
TCO at 750 torr is 3900 ppm/*C and the TCS is 1000 ppm/~C.
The second device has a resolution of 25 mtorr over a range from

300 to 300 torr, with individual transducer sensitivity of 39 fF/torr.

The TCO at 750 torr is 1350 ppm/*C and TCS is 1000 ppm/~C.
Both devices have an on-chip compensation capacitor and are read
out uzing an electromicallv-trimmed switched-capacitor charge

integrator. [611]

Index Terms—Capacitive semsor, MEMS, pressure, vacuum
sealing.

I. INTRODUCTION

ITH an establizhed market of $2.5B [1], pressure sensors

are among the most important MEMS devices, with ap-
plications in areas such as automotrve systems, industrial process
control, medical diagnostics, and environmental monitoring (in-
cluding distributed weather forecasting networks). While a ma-
jority of the silicon pressore transducers in use today are piezore-
siztive, capacitive devices have become the focus for most new
developments to achieve higher pressure sensitrvity, lower tem-
perature sensitivity, and reduced power consumption. The sen-
sors described here are multitransducer capacitive devices suit-
able for barometric applications [2]. They have a wide dynamic
range {300-800 torr) as well as very high resolution (25 mtorr,
equivalent to an altitude difference of about one foot at sea level).
These requirements are especially challenging becanse this reso-
lution must be maintained over a temperatore range from —23°C
to 85 “C. To meet this temperatore range requirement it 13 essen-
tial that the effectz of trapped gas expansion be eliminated [3]
through the uze of a vacuum-zealed reference cavity. This also re-
sults 1n a device with wider bandwidth by avoiding the damping
effects associated with a gas-filled cavity [4]. The first device
transfers a single lead (the electrode on the glass) from inside the
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Fiz. 1. Cross sachons of the capacitree sensor using a smgle transfer lead from

the sealed canty. (3} The cut 1= shown through the lead transfermne the glass
alectrode out of the cavaty. A tab used to contact the wafer bulk during bondimgs
18 also showmn. (b) The cut 1= showmn alonz a device diagonal. The mner nng
forms the vacmmm zeal; the cuter ning pronndaes a permanent contact to the sibeon
alectrode.

cavity to the outside world. Paraszitic capacitance in parallel with
the sensor capacitance has a different thermal behavior than the
actual senzing element and thus complicates temperature com-
penzation The second device has multiple signal tranzfer leads
and significantly reduces such parazitics. During the develop-
ment of these senzors, specific emphasis was put on making them
suitable for planar batch procezsing and low cost applications.
The devices described here are bonded at wafer level and avoid

—
]
d

use of glasz drilling, epoxy seals, or special metal zeals [6], [T]-

II. SINGLE-LEAD TRANSFER SENSOR

The sensor cross-zection 13 shown in Fig. 1 and consists of
vacuum-zealed capacttors realized in a silicon-on-glass dis-
solved-wafer process. In bringing the glass electrode out from
the reference cavity and sealing that cavity in vacuvom, one
approach 1s to bring the lead out using polysilicon embedded in
a plananizing low temperature oxide (LTO) layer; a second level

1057=7157/01510.00 & 2001 IEEE

Authorized licensad use lmited to: University of Michigan Library. Downboaded on February 25,2010 at 12:12:44 EST from IEEE Xplore. Resinctions apply.



CHAVAN AND WISE: BATCH-PROCESSED VACUUM-SEALED CAPACITIVE PRESSTURE EENSORS 381

Fie. 2. FEA resulfs for one quarter of a creular bossad diaphrazm, showing center deflechion for apphed atmosphenc pressure of 101 kPa

of polysilicon could then be bonded to the glass substrate. Such
sedls are known to be hermetic [5]. In the device described
here, these two polysilicon layers are collapsed into one layer
that functions both as a lead transfer and as a sealing base for
the cavity. As shown in Fig. 1(a), the internal senszing lead on
the glass 15 transferred to the polysilicon and then back to metal
externally using Pt—Pt bonds formed duning the electrostatic
bonding operation. Since the polysilicon must be electrically
connected to the szilicon bulk during bonding but muost be well
1zolated later, lateral polysilicon tabs are vsed to contact to the
lightly-doped portion of the bulk. This area 1z automatically
removed during the etch-back process to provide the required
13olation. Permanent contacts to the top silicon electrode are
made via similar transfers to the p+4 body region as shown
in Fig. 1(b). Using thiz approach, the process flow i= much
simplified and wafer-level bonds can be made to both 7740 and
Hovya SD2 glazses. In addition, since the vacuum zeal 13 done
at wafer level before etch-back, the cavity 13 never exposzed to
the etch and stiction problems are avoided.

The device haz multiple tranzdocers to segment the overall
preszure range [2]. The diaphragm diameters vary from 920 to
1100 pm with a gap separation of ~10 pm and a diaphragm
thickness of ~3 pum. The device 13 designed to operate with
a resultant diaphragm tensile stress of about 25 MPa. The di-
aphragm design 135 done using the ANSYS finite element anal-
vsis tool. The center deflection, =, for a circular diaphragm with
a rigid center can be obtained to a first order as [16]

E#s B R

F = 7 Tal
:“I,;{z.* Y = ﬁ

Here, F' iz pressure, £ 13 the Young's modulus, ¢ 13 diaphragm
thickness, a iz diaphragm radius, and v 1s the center deflection.
A, and £, are constants, which in this case are 0.1135 and
12,4059, respectively. In order to ensure that the diaphragm
does not buckle under compressive stress, some residual ten-
sile stress 13 present in the diaphragm and reduces the center
deflection, #y. The effect of thiz residual stresz 1s not accounted
for 1n the equation above. In caze of heavily-boron-doped
membranes compensated by a thin layer of oxide, this stress is
about 2530 MPa. Fig. 2 gives the finite element analysis (FEA)
output, showing the center deflection with all the stress factors
present for thiz diaphragm.

Fig. 3(a) shows a complete five-tranzdocer sensor with an
on-chip reference capacitor in the center of the lower row.
Fig. 3(b) depicts a single transducer. A scanning electron mi-
crograph (SEM) view of a single transducer 13 zeen 1n Fig. 3(c).

I SINGLE-LEAD FABRICATION PROCESS

A compreszed process flow 13 shown 1n Fig_ 4. The device 13
fabricated vsing an eight-mazk bulk-micromachined dizzolved
wafer process. The silicon processing starts with a KOH re-
cess etch of about 9 ;ym. Small vanations in thiz depth can be
compensated in later dielectric deposition steps. A patterned
mazking oxide [see Fig. 4(bl)] iz uvsed to define the anchor
area psing a solid-source boron diffusion at 1175 “C. A nom-
mnal etch-stop depth of 15 jum 13 obtammed. This 1z followed by a
stmilar masked [Fig. 4(b2)] shallow boron diffusion step to de-
fine the diaphragm thickness at about 3 pm. This 13 followed by
0.08 jtm dry thermal oxide grown 1n O ambient to ensure cap-
ping of the boron diffused areas. Next, low-pressure chemical-
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Fie. 2. Topviews of the fabnicated single-lead-transfer devices. (a) Frve trans-
ducers are formed per die, havine stazgered diameters and pressure ranges.
A refarence capacitor can be zeen 1 the center of the lower row: (b) A back-
Uhmmated view of 2 single transducer 1= shown (c) An SEM picture grves a
three-dimensional view of the tramsducar.

vapor deposttion (LPCVDY) 510,/313N4/810, dielectrics with
thickness of 0.3/0.15/0.3 jym are deposited. Contact openings
are patterned to allow the subszequent 1.5 pum-thick polysilicon
layer to make contact to the silicon bulk. After depositing the
polysilicon, a short boron diffusion at 950 °C 1z done to re-
duce the rezistance of polysilicon. This also reduces the rate
of EDP attack if the protective dielectric coating on polysil-
icon 13 broken Boron diffusion increases the surface roughness
of polystlicon to between 80 nm—300 nm_An ophonal chem-
ical-mechanical polishing (CMP) step can be used to achieve
higher yield during vacuum bonding. The use of CMP reduces
thiz roughness below 7 nm and also helps to overcome yield loss
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Fiz. 4. Process flow for the vacuum-zsaled capacitive pressure sensor.

due to minor wafer bowing, which may occor in earlier high
temperature steps. It 1s necessary to adopt proper cleaning pro-
ceduores after CMP [8] to deal with heavy metals from the pol-
1shing slorry being embedded in the polizhed surface. Other op-
tions include using in-sifu doped polysilicon [9], [10] or 1on-1m-
plantation.

The polysilicon is patterned using an SFg plasma. The
dielectric layer on the diaphragm area 1z then removed using
wet etching. A 280-nm-thick LTO layer 13 deposited to protect
the polysilicon from attack by EDP. The LTO layer on the
diaphragm area alzo provides izolation for the two electrodes
of the capacttor and stress compensation The LTO layer is
patterned to provide for contact openings. Ti—Pt 15 evaporated
with the resizt maszk for the LTO contact opening still in place,
followed by lift-off to provide contacts to the polysilicon with
a total height of about 70 nm. This avoids any misalisnment
between the metal and the LTO contact opening. At this point
the polysilicon 13 completely enclosed m a dielectric layer
and has two metal contact areas. Due to the loss of some
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