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A Servo-Controlled Capacitive Pressure Sensor Using
a Capped-Cylinder Structure Microfabricated by a
Three-Mask Process

Jae-Sung Park and Yogesh B. Gianchandsieimber, IEEE

Abstract—A silicon-micromachined servo-controlled capacitive - pick-off already exists in the device, it faces two constraints.
pressure sensor is described. The use of a capped-cylinder shapeThe first is that applied voltages provide only attractive forces.
with pick-off electrodes external to a sealed cavity permits this de- g a4ds design and fabrication complexity because another
vice to be fabricated in only three masking steps. Device behavior tuati lectrod t be located ab the diaph Past
is evaluated experimentally and by finite element analysis. A fab- actuation electroae mus _e ocated above (_a laphragm. Fas
ricated device with 2 mm diameter, 9.7um structural thickness ~ €fforts have used double-sided wafer processing or as many as
and 10 um cavity height provides a measured sensitivity of 0.516 15 masking steps—including device encapsulation, which is a
V/kPa over a dynamic range of 20—100 kPa gauge pressure, with a significant asset—to accomplish this. The second constraint is
nonlinearity of <3.22% of full scale. The open-loop sensitivity of 5t for voltages smaller than the pull-in voltage (at which the

this device averaged over a dynamic range of 0-250 kPa is408 . . .
ppm/kPa. A voltage bias applied to the servo-electrode can be useqdiaphragm collapses to the actuating electrode), the electrostatic

to tune both the open-loop and servo-controlled sensitivity by more Pressure is smaller than the external pressure. To compensate for
than 30%. An alternative design in which the Si electrode is seg- this, the servo-actuation electrode must be larger than the flex-
mented to relieve residual stress provides 10-20% more open-loop jple diaphragm [4].

sensitivity with similar structural dimensions. Fabricated devices  Atpoyugh the area constraint cannot be easily circumvented,
are sealed within a metal package filled with an inert dielectric o .

liquid. This enhanced open-loop sensitivity by a factor of about the fabrlf:atlo.r.l CompleXIty ofaservo-_controlleq pressure Se”SF”
1.7, and in servo-controlled operation, reduced restoring voltage €an be simplified using an unconventional device structure. This

by a similar factor. Measurements and analysis of temperature re- paper reports on the servo-controlled operation of a pressure

sponses of these devices are presented. [861kensor fabricated by a 3-mask processing pr+ Si as the
Index Terms—Dissolved wafer process, liquid encapsulation, structural material and glass as the substrate. The structure is
pressure sensor, servo-controller. similar to an open-loop pressure sensor reported in [5], [6]. As

illustrated in Fig. 1, this device includes a sealed cavity formed
between the substrate and a diaphragm that extends outward
to form a deformable skirt or flap. The sidewall serves as a
M ICROMACHINED capacitive pressure sensors genefiaxural hinge about which the diaphragm and skirt may flex.
ally operate by sensing the downward displacement gf open-loop operation, as the external pressure increases, the

a thin, flexible diaphragm using an electrode located beneatip #nter of the diaphragm is deflectddwnwardwhile the skirt
[1], [2]. They tend to provide higher sensitivity, lower temperis deflectedupward This movement is sensed capacitively by
ature coefficients, and lower power consumption than piezorgy electrode located underneath the skirt. The location of the
sistive pressure sensors, which sense the deformation of aglinse electrode eliminates the need for lead transfer from in-
aphragm by changes in stress at various locations on its surfagge the sealed cavity. More importantly, for servo-controlled
For these benefits, capacitive pressure sensors tend to comgg@sration, it permits the deflection of the skirt to be balanced
mise linearity and/or dynamic range. by a voltage bias on the sense electrode. A separate actuation

Servo-controlled operation of a sensor can potentially ingjectrode located above the diaphragm is unnecessary. More-
prove the dynamic range and linearity, and also help in othgVer, the concentric layout of the sealed cavity and the skirt
ways. A few servo-controlled pressure sensors have been ggrmits the electrode to naturally occupy a larger area than the
ported in recent years [3], [4]. Typically, the pressure-inducgflaphragm, as preferred for electrostatic feedback. A point of
deflection of the diaphragm is balanced by an opposing electigstinction from other implementations is that in this feedback
static force. Although this is a natural choice when a capacitié@nheme the skirt, and not necessarily the diaphragm, is restored
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Fig. 1. Electrostatic attraction between the electrode and skirt opposes the deflection due to external pressure.

the medium also helps to reduce the operating voltage. In tiikere P, w, t, D and¢ are pressure, mid-plane displacement,
paper, new results in modeling, fabrication and packaging, apléte thickness, plane flexural rigidity, and stress function, re-
experimental measurements of the sealed capacitive pressyectively. The exact solution for this equation exists only for
sensor are described in Sections I, 1ll, and IV, respectivelyery few cases [8]. However, when the deflection is small, the
The open-loop performance is compared to servo-controlled li@st three terms in (1) can be dropped and it is easier to handle.
havior. The impact of packaging and temperature responses ar&nother device component which is critical to performance
assessed. Theoretical estimation of damping noise in a liqisdhe cylindrical sidewall. As pressure is applied to the sensor,
environment is provided. the sidewall bends inward. This behavior can be described by
(8], [9]:

Il. DEVICE STRUCTURE AND MODELING

d*r

_ 12
A. Governing Equations LYY e % 8= i/ Et 1[3(1—v?)

AR2D R212 (2)

dz4

The deflection of the sensing diaphragm depends on its struc-
tural dimensions and the pressure across it. Depending onWerer, P, E, t, R andv are inward displacement, pressure,
magnitude of this deflection, the mathematical model and FE¥oung’'s modulus, thickness of the cylinder, radius of the
model both vary. When deflection of the plate is larger thancylinder and Poisson’s ratio, respectively. The sum of particular
half of its thickness, it is treated as a large deflection, for whigtnd homogeneous solutions of the equation is
stretching of the diaphragm should be considered in addition to
its bending [8]. Since most sealed pressure sensors are sealégl) + r,(z) = e="*(Cy cos Bz + Cy sin 32)
in vacuum to preve_nt the temperature dependence that WOL!ld be +eP2(C cos Bz + Cysin fz) + f(2) 3)
caused by expansion of trapped gas, the diaphragm deflection at

atmospheric pressure is significant and large deflection aPP'friere f(2) is the particular solution which depends on specific
imation is needed. This is true especially when the diaphragmds,qs For the devices mentioned in this paperis much less
thin. The gene_ral governing differential equation for deflectiog gy (the case for short cylinders), and this means the load to
of a thin plate is expressed as [8] the footprint of the cylindrical sidewall affects device behavior
significantly [8], [9]. For example, the initial strain at the device

34_’“’ +2 9w + 9w footprint can affect device performance by changing the slope
ozt dx20y?  oy* of the sidewall and stress state of the skirt electrode. These char-
t [P 9% 0%w 0% 0%*w ¢ 0%w acteristics can affect the temperature coefficient of offset (TCO)

=—|=+ oy — 2 @)

Dt = 0y?ox? ' 9z 0y " 9xdy dzdy and temperature coefficient of sensitivity (TCS).
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30 o 100k mensions of the devices weré = T3 = 12 ym, T2 = 15 um,
20 R1 = 500 pm, R2 = 1000 pgm, H = G1 = 15 pym. It was as-
,5_2" 10,4%M. sumed that the Si structure was bonded to the glass substrate at
S ol _ I 450°C. At 25°C, pressure upto 100 kPa was simulated across
3 Rad. atOkPa}/"’/m’: the diaphragm. (In the case of a sealed cavity, this would be the
& 710 {  6e50 AR difference between the applied pressure and the cavity pressure.)
-201 ‘ﬁw‘ 1 The device with the segmented electrode showed a sensitivity
-30

(defined asAC/C/AP, the fractional change in capacitance per
500 603 d_70°( 800 900 1000 unit change in pressure) ef113 ppm/kPa, while the device
adius (um) with a continuous electrode showed 03 ppm/kPa. Thus, the
Fig. 2. ANSYS results for circumferential and radial stresses for 0 kPa aﬁgrmer provides~10% higher sensitivity.
100 kPa for the device with dimensiond &= T3 = 12 um, T2 = 20 pum,

H =Gl = 15 um, Rl = 500 gm, and R = 1000 pm. The residual C. Device Height and Capacitance
stress from bonding at 45@ and 15 MPa tensile stress from boron doping are 9 P

considered. A displacement; 2, of the skirt electrode, serves as amomentarm As the height of the sidewall increases, so does the deflection
which combines with the tensile circumferential stress and compressive racgz?lthe skirt electrode at any given pressure. This can potentially
stress to create a bending moment. . o nl .

increase sensitivity. However, the capacitance is inversely pro-

The last devi tis the skirt electrode. which Vportional to the average distance between the skirt and the thin
€ lastdevice componentis the skirt electrode, which MOVER, gjactrode patterned on the substrate. To understand the re-

upward and inward when pressure is applied to the diaphraqghon between the device height and sensitivity, FEA was per-

Th'SS. comtﬁonent Ic::n ble alzo Id escribedl bytﬁ)' i b formed. The simulated pressure was less than 100 kPa to elimi-

_>ince he analytical model must solve the equalions abQygie e need for large deflection analysis. The dimensions used
simultaneously, it is more convenient to use finite element andl e 1 = T3 = 12um T2 = 15 um H = GIL = 15 um
ysis (FEA). The open-loop response for this pressure sensor s prms e,

S . . )

! . ﬁ = 500 um, and R = 1000 um, For this set of dimensions,
calculgted by ANSYS using element SO“d.95 for the structur e absolute value of the sensitivity decreases as the height in-
material and Contac 49 for the sealed cavity.

creases as reported previously [5], [6]. It was also noted in [5],
B. Segmented Skirt Electrode [6] that one way to get higher sgnsmwty_ is to make G1 smaller
than H. This can be done by using a thicker electrode metal or

When pressure is applied to the diaphragm, the sidewall q@yrtially countersinking the structure into the substrate. Setting
flects inward, while the skirt electrode deflects upwards formingimensjonal variables, T= T2 = T3 = 5 um, R = 500 zm,

a conical shape. Resistance to this deflection comes not oRly = 1000 um, H = 30 ym, and @ = 5 um, large de-

from the stiffness of the sidewall, but also from the skirt elegfection simulations indicated that the open-loop sensitivity was
trode, which is under tensile circumferential stress and compresp9o0 ppm/kPa when the diaphragm was not in contact with the

sive radial stress that result from the nature of the fabricati@fipstrate, i.e., in nontouch mode, an@70 ppm/kPa in touch
process and design of the device. However, the stiffness coppge.

tribution from the skirt reduces as its deflection increases. Fi-

n_ite element analysis was performed for a structure with dimef- gjgewall and Diaphragm Thickness

sionsT = T3 = 12 um, T2 = 20 um, H = G1 = 15 um, . . .

R1 = 500 um, and R = 1000 zm, with the residual stress from The sensitivity of the device with the continuous (unseg-
’ ’ : -rnented) skirt electrode was calculated at different values of

sidewall thickness (T2) and diaphragm thickn€®s = T3).

be explained later. Results show that in open-loop operation, device heiah fixed dth ied
the applied pressure increases from 0 kPa to 100 kPa, the tensilé d€Vice height was fixed at bn and the applied pressure

circumferential stress decreases from 19.6 MPa to 16.6 MIQQ, t?]e dlapr;_Lagm W?_S in the range of Q_lgo kP_a lzi_crogs the
while the compressive radial stress at the inner perimeter of ﬁf@p ragm. heresu ting sensitivity map IS shown in IRS.
skirt increases from-20.4 MPa to—22.9 MPa. Thus, as pres-the sidewall th_|c_:k_nes_s (T2) decreases, its stifiness _decreases,
sure increases, the circumferential and radial stresses chaﬂg;c the sensitivity increases regardiess of the diaphragm

from the initial residual stress, albeit not very much (see Fig. 2. pes;.ln r?ddmonr,].tr;(e sensglwty shows a ?ar(qrc?umhat a
Under applied pressure the skirt electrode deflects upward, rain diaphragm thickness, because very thick diaphragms

creasing the moment arm for the stress in the skirt electrode. not deflect adequately, and very thin diaphragms cannot

Since the stresses are relatively constant while the moment &tvide sufficient force to bend the sidewall. For a23-thick

increases, the total bending moment on the skirt electrode ﬁllqﬁwa"’ thi sensn:cwty 1S ma>r<]|.mkumdf0r elll J;ﬁn-tmck. (.j'._
creases, causing additional deflection at elevated pressuresap ragm, whereas for a Jn-thick sidewall, the sensitivity

An alternative design, which has a radially segmented Sk!i\tvrgfsxzﬁmnfgrr gge%;;rl'l'thmk diaphragm. The overall trend

electrode, is also evaluated. Eight4&®gments are formed from

each skirt. This device is almost free of radial and circumferen- )

tial stresses and provides more deflection by reducing the stfff- Residual Stress

ness of the skirt electrode. Another critical parameter for the device behavior is residual
The responses of both devices to differential pressure westeess in the pressure sensor. It affects not only the device sensi-

calculated assuming that there was no initial deflection. The diwity, but also the initial state of the pressure sensor. The residual



212 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 12, NO. 2, APRIL 2003

0
2
T 1207 @ 4 Segmented //
o i > Skirt El/eW /
ecé 100 S gl
o 807 @ 8 Continuous
% (@) /./' Skirt Electrode
> 60 10 -
2 T
% 40 -12
T 20 0 100 200 300 400
w Temperature (°C)
0
) 20 Fig. 4. Capacitance responses to temperature change for the devicd with T
D"aphr T3 =12 pum, T2 = 25 pum, Rl = 500 gm, R2 = 1000 um, H = G1 =
4 15 um for the segmented and continuous electrode devices when the pressure

(T ‘ 7 \ across the diaphragm is zero.

Fig. 3. Sensitivity for the device with continuous skirt electrode. Itis assumélthe .CTE of Siis less th.an that of glass bellow at?OUt 100

that H= 15 um, Rl = 500 um, R2 = 1000 um, and @ = 15 um, and At this temperature, the integral part of (4) is maximal. Below

pressure range is 0-100 kPa. this temperature, the relative coefficient of Si with respect to
the glass is negative and it folds the response (Fig. 4). For the

stress in the dissolved wafer process comes from thermal exp@vice with a segmented electrode, TCO 3.3 ppm/K in the

sion mismatch between Si structural material and glass substf&ag€ of 25-50C, and 16.6 ppm/K in the range of 150—-400.

accumulated betweea 450°C, the temperature at which theyFor the device with a continuous skirt electrode, TCO 1.4

are bonded together, and the operating temperature. It also hBB&/K in the range of 25-58C, and 25.6 ppm/K in the range

component from boron doping, which is about 15 MPa intrinsf 150-400°C. Itis clear that the former is less sensitive to tem-

tensile [9]-[11]. These stress components were included in Brature change. The reason is thatwhen there is tensile residual

FEA analysis described in this paper. stress in the device, the sidewall bends inwards, which is im-
In order to evaluate device behavior over a wide temperatdi@rtantin determining the electrode deflection. The stress in the

range, the coefficient of thermal expansion (CTE) of Si and maggn_tmuogs skirt electrode res_lsts the S|dewal_l deflectlo_n. qu the

must be evaluated as a function of temperature. A piece-widgvice with a segmented skirt electrode, this stress is relieved

linear approximation with seven values of the relative CTE of §jaking it less sensitive to residual strain.

with respect to glass (Corning Pyrex #7740) is taken in the range

of 0-550°C to approximate true nonlinear expansion [12]. The Servo-Controlled Operation

average relative CTE for the purpose of calculating bonding The method employed for servo-controlled operation is to re-

stress is store the sensing signal to its reference value. The diaphragm is

not necessarily restored to its original undeflected position. This

operation is shown in Fig. 5 and the parameters used are defined

in Table I. When barometric pressure is applied, the diaphragm

deflects, causing the deflection of the electrode, which, in turn,

relative (1) = asi(T) = aglass(T) ) causesa capacitance change. Based on this capacitance change,

. . ) . the equivalent barometric forcéy to the electrode can be cal-
where « is CTE, T' is temperature of operation, ari) is culated from the transfer functiaf,

bonding temperature. These averaged values are provided to

T
(Crelative )avg = jTo Qrelative(1)dT ‘
relative Javg T TO 7

ANSYS at the specified temperatures of concern, and the _
device strain state at the specified temperature changes can be
calculated. An electrostatic forceF),, is applied by biasing the lower elec-

After bonding in the range of 300-50(, the center di- trode to restore the capacitance. This is nonlinearly related to the

aphragm is under tensile stress. This is reflected in the skirt e'%f)'plied voltage and capacitive gap. The total equivalent force
trode as a radial compressive stress, which varies with tempeJ?p"ed on the electrode after feedback is

ture. (Note that elevated bonding temperatures in the vicinity o

550°C result in compressive residual stress for the diaphragm AF=F,—F,. ©6)
with undesirable consequences [14].) For comparison, the tem-

perature dependent residual strains for the device with a cont'j%— shown in Appendix |

uous skirt electrode and with a segmented skirt electrode were

calculated. The capacitance responses for devices Wite=T Z.A

T3 = 12 um, T2 = 25 um, RL = 500 um, R2 = 1000 m, Fo=Zay—F—o—3 %P ™
H = Gl = 15 um at zero pressure across the diaphragm o

are shown in Fig. 4. It was assumed that the bonding tempeiereZ. is capacitance change per unit pressdigs the elec-
ature was 450C, leading to 18 MPa tensile residual stresgrostatic pressure per unit applied voltage, a@nid the transfor-
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Fig. 5. Block-diagram for closed-loop operation.

TABLE | 2.16 kP o
DEFINITION OF THE VARIABLES USED INFIG. 5 215 A -
" - < [y 214 M 70
Variable Physical Meaning a< M/ 100
A [V/F] Circuit gain from capacitance to voltage %' 213 r’_’;/r
C, [F] Capacitance output of pressure sensor (¢} 519 /*/://:
C,,[F] Reference capacitance I el
e[F] Capacitance offset at zero pressure 21
F, [N] Electrostatic force generated in feedback 210
F,[N] Mechanical force on sense electrode due to P 0 20 40 60 80 100 120
AF [N] Net force on electrode Voltage (V)
N [F] Capacitance measurement uncertainty
P [N/m?] Barometric pressure Fig. 6. Simulated feedback actuation over various pressures applied across the
V,[V] Output voltage diaphragm.
Z,[N/V] Ratioof F, to V,
Z,[m’] Ratio of F, to P : various pressures across the diaphragm. The calculated pull-in
Z,[F/N] Capacitance change per unit force on sense electrode

voltage was>100 V, the neutral capacitance was 2.13 pF, and
the servo-controlled sensitivity was 0.64 V/kPa from 20 kPa to
9% kPa. The overall response is compared to measurements in

mation from capacitance to voltage. Thus, the net force appligection Y,

on the diaphragm is

7.A G. Measurement Uncertainty and Noise
AF = Z4P —Fy = 74P — Zy————7,P. (8)

1+72.7Z,A In Fig. 5, the measurement uncertainty or noise in the capac-

N o ) itance measurement is indicated By and the output voltage
As amplifier gain increases, the steady-state equivalent force @ik 1o it is

the diaphragm is zero

AV, A

=——— N. 11
AF -0 as Z.,A — oo. (9) 14+272.7,A 11)

iyliding (10) by (11), itis evident that the resulting expression
or signal to noise ratio is independent of the eleméfitsand
A, which are related to the electrostatic feedback force. How-
7. A 74 ever, although servo-controlled operation does not change the
o= mzdp - Z_aP — asA — oo. (10) ' hominal value of the signal to noise ratio of the transducer, it
does help to reduce the uncertainty in the readout. In partic-
Coupled-field analysis is necessary to model this outputar, (11) shows that for large, the uncertainty is reduced
voltage response of the pressure sensor, since both presbyréactor of1/(Z.Z,). When a high dielectric constant liquid
and electrostatic forces must be simulated. Using MEMCABedium is usedZ. and Z, both increase. From another per-
software, a structure with dimensions £ T2 = T3 = 10 um, spective, even though the sensitivity of the pressure sensor is
R1 =500 pm, R2 = 1 mm, H= 10 ygm, and @ = 9 um, was nominally un-changed by the relative dielectric constant of the
meshed with a 10-node tetrahedral element. The dimensidigsiid ambient inside the package, the resolution—defined as
of this device are well-suited to servo-controlled operatiod\C,,;,,/(C - S), whereAC,,;, is the minimum detectable ca-
The change in device capacitance with applied bias, whiplacitance change arfflis the sensitivity—is increased by the
characterizes the feedback actuation, is plotted in Fig. 6 fdielectric constant of the medium.

The bias applied to the lower electrode also serves as the ou
signal
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H. Impact of Liquid Encapsulation: Dynamic Effects after anodic bonding. However, it is evident from (12) that re-

Presence of liquid in the small sense gap causes the ovetlyifing the Si-wafer thickness relative to glass can alleviate this
temporal response to be heavily overdamped, thereby redudi blem. It is convenient to chemically thin the Si wafer prior

the susceptibility of the device to vibrations and transient af Ponding to release stress. Fig. 8 shows the estimated shear
celerations. For a device withIT= T3 = 12 ym, T2 = Stresson bonding surface and normal stress across it as a func-

15 um, RL = 500 um, R2 = 1000 zm, and H= 10 um, the tion of the thickness of the Si wafer. These calculations assumed

natural frequency of the pressure sensor in air is 65 kHz, alit @s = 2.3 ppm/K, oy = 1.3 ppm/K, AT = 300 °C,
the damping factor is about 0.23. However, the damping factbr = 160 GPa,E, = 73 GPa,t; = 600 um, v = 0.23 for

changes to 0.8 in the dielectric liquid, which has a viscosity §Cth Si and glass and the, width of bonding surface 20 xm.
1.313 x 10-3N.S/n?. When the Si wafer was chemically thinned prior to bonding, the

functional test yield for unpackaged devices wa80% with

ll. FABRICATION & PACKAGING Corning Pyrex #7740 glass as a substrate.

A. Fabrication Sequence C. Device Packaging

The devices were fabricated by the three-mask dissolvedAfter fabrication, the wafers are diced and packaged. The
wafer process. A Si wafer is first dry-etched to define the sidpackage housing is composed of three parts: a steel cylinder,
wall of the sealed cavity, then selectively diffused with boroa thin stainless steel diaphragm and a brass base. The stainless
to define the radius of the pressure sensor. To minimize thteel diaphragm is welded to the cylinder. The motivation to use
stress variation along the z-axis, postdiffusion annealing waiainless steel is to prevent plastic deformation under high pres-
performed at 1000C for 20 min. The Si wafer was then flippedsure. According to the ASME design code for flat-head pressure
over and anodically bonded to a glass wafer that had beegssels [8]
inlaid with a Ti—-Pt—Au metal pattern that serves as interconnect
and provides the bond pads. During anodic bonding, for some t=dy/ — (13)
design variations, the out-diffusion of gas from the glass layer Tm
was blocked by a metal layer that was located within the cavityheret is the minimum required thicknessis a diameter of the
although it was not used as an electrode. Since the encapsulgtaihless diaphragm,is a numerical coefficient which depends
gas is mostly @, the Ti layer in this metal film serve as a gettenn the method of attachment of diaphragm to cylindey, is
as well [13]. To increase yield, a dummy anchor surroundingaximum allowable stress, is applied pressure ands 0.5 for
the pressure sensor was devised. This dummy anchor delag@itcular plate welded to the end of a cylinder. This package can
the exposure of the device sidewall to the etchant, and alsgstain 370 kPa, since the yield strength of the stainless steel is
increased the overall mechanical strength of the bond betweeh GPa. The brass base provides six electric leads: four leads
the Si and glass wafers. The undoped Si was dissolved ifoawire bonding and two for electrical grounds for the package
dopant-selective etchant. The lead transfer from the Si structiasly. It has also has an open tube attached as shown in Fig. 9.
to the substrate occurred where the Si overlapped the mefthk detailed dimensions of the package are provided in Table I.
inlaid on the glass. Since the cylinder has a narrow footprint, Two pressure sensors were enclosed within each package.
a protrusion was used to increase the alignment toleranceFof the purpose of laboratory testing, the steel cylinder (along
the bond [5], [6]. A notch in the skirt electrode circumvents theith the stainless steel diaphragm) was bonded to this brass
additional rigidity due to this protrusion: fabricated devices aitsottom by using cyanoacrylate glue. A bulk polydimethyl-

shown in Fig. 7. siloxane (PDMS) plug, which had two small perforations,
) was inserted into the tube, and an inert liquid (Fluorinert-75)
B. Thermal Stress on Bonding Area was injected through one perforation while the entrapped air

A point of interest in fabricating the device pertains to theubbles were removed through the other perforation. Fluorinert
shear force due to expansion mismatch between the glass i&n@ chemically stable liquid and does not react with glue, and
Si wafers. When it is assumed for simplicity that CTE of Si i§0 swelling or shrinking of PDMS was observed due to it. To
independent of temperatures, the shear stress generated oiningmize the likelihood of a pressure increment induced by
bonding surface is injection of fluid into the package, the package was left without

sealing for 24 h. After this, a layer of cyanoacrylate glue was
Tys = (12) applied into the tube and the package was sealed fully.
T2 (%ts + Low tg) Although the total volume of the inert liquid was 0.52 mL, this
: ? can be reduced along with the size of package as far as it does
where AT is the difference between the bonding temperaturet affect the device performance. One criterion for the size is
and operating temperatures, E, v, t,, t,, and1'2 denote the that the volume change in an empty package under applied pres-
expansion coefficient, Young’s modulus, Poisson ratio, thiclure should be larger than volume change of the unpackaged
ness of the Si wafer, thickness of the glass wafer, and widthessure sensor under the same pressure, i.e., the compliance
of bonding area between silicon and glass. Since the bondd#dhe package must be greater than that of sensor. To estimate
area in the device is only the footprint of the cavity sidewalthe volume change in package due to the deflection of the stain-
the shear force is sustained by a small area. This can leadess steel diaphragm in the range upto 100 kPa, small deflection
failure manifested as cracks in the glass as the wafers are codlezbry (bending deflection) is applicable. The estimated volume

2 (ag — as)AT
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Fig. 7. SEM images of fabricated devices. (a) Device with continuous skirt electrode. (b) Device with segmented skirt electrode. (c) Gap beaheztrodiir
and substrate. The metal thin film on the substrate and the dummy anchor are also visible. (d) Protrusion of the sidewall for the lead transfssoaratdtie a
notch in the skirt electrode.

200 device sensitivity. The package height can be reduced as long as
/| the stainless steel diaphragm does not touch the Si diaphragm.
f:j;;;"sﬁfa‘;’; The optical images of the device after packaging are shown in

/ Fig. 10.

-
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Stress (MPa)

80
/ IV. EXPERIMENTAL RESULTS
Normal stress on
40 w Tests were performed on both unpackaged and packaged de-
0 +enust vices that were placed within a test chamBdrmeasurements

0 50 100 150 200 250 300 are referenced to the gauge pressure within the chanvaeich
Si Wafer Thickness (um) was measured by a Motorola MPX5100DP or Honeywell
40PCO015G1A pressure sensor devices (upto 100 kPa). Above
Fig. 8. Calculated shear stress at the bonding surface and normal stress i) kPa. a calibrated valve pressure gauge attached to gas
wafer. !
tank served as the reference. The absolute pressure across the
diaphragm calculated as explained below, is also noted on all
package change is 4.3 at 100 kPa, while the volume changemeasurements. The capacitance was measured by a Kiethley
of the pressure sensor cavity is 1.82 nL at 100 kPa. The volus@0 CV Analyzer and HP 4284A Precision LCR meter. The
change of pressure sensor cavity is overestimated by small desults described in this section are typical and representative
flection theory. This suggests that the package does not limit thieeach device type.
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Upper Metal Thin Metal TABLE 1lI
Housing Diaphragm Inert Liquid DEVICE DIMENSIONS AND MEASUREMENTRESULTS WHICH ARE IN TERMS OF
Pressure GAUGE PRESSURE Cy IS THE CAPACITANCE AT ZERO GAUGE PRESSURE

Sensor “LINEARITY FOR DEV1 wAs MEASUREDOVER 0—250 kParorRDEV2, DEV3,

AND DEV4, LINEARITIES WERE MEASURED OVER 0—100 kPa

DEV 4
DEVICE DEVL | DEV2 | DEV3 | Segmented
kirt
T1=T3 (Lm) 9.7 2 12 2
T2 (um) 8 18 20 20
H=G1 (um) 10 i5 15 5
) R1 (um) 500 500 500 500
Lower Metal Bonding i R2 (um) 1000 | 1000 | 1000 1000
Housing Pad Bonding Temperature (°C) 550 350 450 450
Solder C, (pF) 2910 | 1.562 | 1.684 1514
Flexible Plug Egs; Sensitivity 408 154 124 -136
i i (ppvkPa)
Electric Wire Sensitivity 121 | -024 | -021 -021
Transfer Unpackaged (fF/kPa)
Linearity (%) <3.1 <4.5 <14.6 <6.5
Fig.9. The device is packaged in aliquid-filled metal housing with dimensions coed | Stumpay | 06| PO 1208 1oB
as described in Table II. Lo Tinearity* (%) | <32 | <26 | <26 18
(>20kPa)
C, (pF) 2.882 2.646
TABLE I Sensitivity 137 164
DIMENSIONS OFMETAL PACKAGE ILLUSTRATED IN FIG. 9 Open (ppm/kPa)
Loop AC/AP -0.39 -0.44
s n T (fF/kPa)
Material Dimension Packaged Lincarity* (%) <11.0 <4.7
Steel cap thickness 0.4 mm Sensitivity 0.748 0.819
Steel cap diameter 11.4 mm C,lﬁf;d _(V/kPa)
Steel heisht 6.4 Linearity (%) <14 <1.8
cel cap heig 4 mm (>20kPa)
Brass base thickness 0.5 mm
Diameter of port in base 3.28 mm
Stainless steel diaphragm thickness 75 pm rigidity, T is absolute temperature, the subscript O indicates ther-
Stainless steel diaphragm diameter ~8 mm

modynamic state at bonding, and subscript 1 indicates the ther-
modynamic state in the cavity at room temperature after the dis-
solution process. The volume change in the cavity after cooling

down iSAV
a a Pa _ P
AV = 27r/rw(r)dr ~ 2T / TDlr(az —r%)2%dr
0 0
_ a%(P, — Py)m (15)
Fig. 10. Optical view of packaged device. o 192D

whereq is radius of the diaphragma(r) is deflection of circular
plate, andP, is applied pressure on the circular diaphragm. To
Due to equipment constraints, the cavity was sealed at atnaitain this, it was assumed that the deflection is not large and ax-
spheric pressure at bonding temperatures of 400265When  isymmetric bending theory can be applied. Also, the circular di-
anodic bonding is not done at low absolute pressure, gas is aphragm was modeled with clamped edge boundary condition,
trapped in the sealed cavity. The quantity of the gas dependsyich results in only~7% discrepancy with ANSYS modeling
the anodic bonding temperature, and it changes the initial der a typical device.
flection state of pressure sensor at room temperature. As noted
earlier, the structure for some devices included a metal thin film w(r) & Po— Py
to block the gas which may out-diffuse from the glass substrate 64D
[13]. If it is assumed that the entrapped gas is only from thghe net pressure across the diaphragm can be estimated from
bonding conditions, the pressure across the diaphragm can(t) and (15).
calculated using a few basic assumptions [14]. Several devices with different dimensions were fabricated
After anodic bonding and dissolution, as the devices is rand tested as shown in Table Ill. DEV1 does not have a metal
turned to room temperature, the contraction of the gas cauggger to block glass outgassing, unlike the rest of the devices
a diaphragm deflection. At the equilibrium, the pressure in thigted. Thus, for all the remaining devices, using (14), the

A. Cavity Pressure and Entrapped Gas

(a® —r%)? (16)

cavity is pressure across the diaphragm is 56.8 kPa for 0 kPa gauge
mRT) mRT} pressure, and 153.1 kPa for 100 kPa gauge pressure.
P = TAV ® @ P (14)
0 Vo - 192D B. Open Loop Measurements

where P is pressure Py, iS the atmospheric pressurg, is Open-loop measurement response of DEV1 is shown in
volume of the vacuum cavityy is entrapped air masg, is uni-  Fig. 11 with results for all devices summarized in Table Ill. The
versal gas constant for &0.287 kN - m/kg - K), D is flexural average sensitivity obtained by a least squares fit over the entire
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2.95 \ 1.565 Pressure across Diaphragm (kPa)
T 2.90 [ 1560 (Bl 76 95 115 134 153
=285 N > 1555 = -0.005 RS Unpacksged
52 \/ . 5 oot SOOE, 05w
© 280 1.550 8 0015 DN N
@ 2.75 N 1.545 > 5 0,020 | Packeged T w AT
o \ / DEV2 \ o §-0.025 DEV3 N Unpackaged
2.70 e 1.540 é -0.030 Packaged /\\ DEV4
1.535 S . pEVe NN
2.65 0.035
0 50 100 150 200 250 0,040 AN
Gauge Pressure (kPa) -0.045 \

0 20 40 60 80 100
Fig. 11. Measured response in open-loop operation for DEV1. Gauge Pressure (kPa)

. . . Fig.12. Measured response of DEV3and DEV4 in open-loop operation before
tested range of 250 kPa is408 ppm/kPa, with a reading of angd after packaging. P P pop

2.91 pF at zero gauge pressure. While this sensitivity is lower

than that of conventional capacitive pressure sensors, it does ) » )
not pose a measurement challenge: capacitive acceleromefés greater, and resulted in a smaligr In addition, since the

offer even smaller outputs, and commercial instrumentatiGiectrode is higher than the device height, DEV2 does not show

can easily measure this. As noted earlier, the sensitivity can®80Wed response to pressure.

increased by reducing the sense gap, €e.g., by electroplating up

the thickness of the metal electrode. Despite the wide dynanfle Impact of Liquid Encapsulation

range used in the test, no hysteresis was observed in th@fter packaging DEV3 and DEV4, open-loop measurements

response, demonstrating that yield strength was not exceedggre repeated. The dielectric constant of the inert liquid pack-

It was also verified by FEA that for DEV1, the weakest devicgged inside package is theoretically 1.8. While packaged ca-

in Table I, the maximum von Mises stress, which occurs at thgacitance at zero pressure for each case was about 1.7 times

seam between the diaphragm and the sidewall is 369 MPa, wilthe unpackaged device, the sensitivity of packaged device

below the fracture limit of Si. The peak stress at the bondingas found to be 1.1-1.2 times lager than unpackaged devices.

interface to the substrate is only 177 MPa. This is unexpected, because sensitivity is a fractional quantity.
Measured results listed in Table Il also show that the seghe reason may be that during packaging, the pressure in the

mented skirt device (DEV4) achieves higher average sensitivigackage becomes higher than outside pressure, and it reduces

and better linearity (defined as the maximum variation from thg,.

best fit line, as a percentage of the full scale output) than DEV3,

which is identical except that the skirt is not segmented. How- Servo-Controlled Measurements

ever, above 50 kPa gauge pressure, their sensitivities are simila[.n preparation for servo-controlled measurements, the

responses of the devices were characterized by measuring the
capacitance change with applied bias at various pressures.
Variation in the stress along theaxis in the boron-doped Measurement results for packaged DEV3 and DEV4 are shown
layer affects the flatness of the skirt [11], [15]. Although aim Fig. 13. When the applied bias voltage was changed from 0
annealing step is performed after boron diffusion to minimiz® 130 V at zero gauge pressure, the capacitance changes for
this, a slight downward deflection at the free end of the skiREV3 and DEV4 were 0.096 pF and 0.073 pF, respectively. The
electrode exists. Based on design values, at zero gauge pressamnge trend was seen at other devices as well. This means DEV3
the ratio of the capacitand€,) of DEV3 to DEV4 should be needs lower restoring voltage during servo-controlled operation
about 0.94 without considering fringing, because the segméste Fig. 5). The reference capacitance is the capacitance at
cuts reduce the capacitor area. However, the measured ratinde gauge pressure. However, if the reference capacitance is
0.89 (see Table Ill). When the initial displacement is such th&tken as the capacitance at zero pressure and a moderate bias
the skirt edge is lower than the cylinder height, the sensitivityoltage, then the operating voltage swing can be reduced.
is somewhat reduced because the bending moment from thénother interesting characterization is device response at dif-
residual stress, as explained in Section I, is reversed until tfegent bias voltage levels. By applying voltage, the initial elec-
skirt is bending upward. As pressure is increased, the curvattnade deflection can be changed, and the device sensitivity to
in the skirt reverses, and with it, the sensitivity increases. Conggessure can be tunable as a result. For DEV1, the open-loop
quently, the pressure responses of DEV1 and DEV3 are bowsahsitivity changes from-328 ppm/kPa tc-437 ppm/kPa as
at low pressure, although this effect is minimized for DEV4he applied bias voltage is varied from 0 V to 65 V (see Fig. 14).
by the segmented electrode (see Fig. 12). In contrast to DEM3ie noise in this figure is due to a limitation of the equipment
DEV2 shows a very linear response to pressure. The ratiotbht was used for this particular measurement.
Cy between DEV2 and DEV4 is 0.98, which is higher than de- Servo-controlled operation of the pressure sensors was
sign value, because of the lower bonding temperature used demonstrated by varying the chamber pressure and setting the
DEV2. Since this temperature was500°C, the tensile stress bias voltage to provide the capacitance that was measured at

C. Impact of the Stress Gradient
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3.0 0 kPa ~80 simulation
DEV3 50/kPa S y
. et - 7
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= 5 measurement
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© 0kPg o /
DEV4 £
2.7 _a—4 50[kPa 5 20
2.6 T o ' ' \ \
0 30 60 90 120 150 0 20 40 60 80 100
Voltage (V) Gauge Pressure (kPa)

Fig. 13. Electrostatic deflection at various pressures for packaged devi¢ég. 15. Closed-loop response of the unpacked device, DEV1.
DEV3 and DEV4, which has radial segments.

Pressure Across Diaphragm (kPa)

3.05 57 76 95 115 134 153
3.00 < 140 Unp;,gbiged # & Unpackaged
< 120 K DEV3
'5 2.95 2 100 /
S ~ S 80
T 2.90 Pres > / S~
o 2 60
£ Packaged
2.85 :o: 40 / / packaged DEV3
280 T g 20 DEV4
0O 20 40 60 80 100 0

0 20 40 60 80 100

Gauge Pressure (kPa) Gauge Pressure (kPa)

Fig. 14. Device response with various bias voltages for DEV1. Noise in t

measurement is due to a low sense current that was limited by the apparathﬁg' 16. Measured response of DEV3 and DEV4 in servo-controlied operation

Wefore and after packaging.

zero gauge pressure. For the unpackaged DEV1 operating inair, 1.648 1.872
the restoring voltage in servo-controlled operation was varied /

from 31.2-73.2 V as the pressure was varied from 20-100 kPa, __1.646 REF2 1.870 T
providing an average sensitivity 0.516 V/kPa (Fig. 15). Over L:d, \>/ ’ 68;
this range the response deviates from linearity $§.22% %'1'644 REF1 / 8 S
of the full-scale output. In addition to the measured results, © 4642 / 1.866 &
Fig. 15 shows the output predicted by FEA. For gauge pressure 5 \\ / &
lower than 60 kPa, the match is clearly very good. At larger ©1.640 1.864
pressures there is a deviation, possibly because the tetrahedra 1.638 \:—3L’\’/. 862
element that was used in FEA is structurally stiffer than the real 0 20 40 60 80 100 -
value, and large deviation analysis was not accurate. Also, it is Temperature (C)

worth noting that the servo-controlled operation compensates _ _
nonlinear response as the cases for DEV2, DEV3, and DE\'1ZZ'§':171'2 uMnf a%’ ridZECuQmOfH”lp?%kﬁgnedéel'cf&iif 13?]ng§ E:Fi ‘?ﬁ":_T
indicate (see Fig. 16). REF2 has a segmented electrode. ’

For packaged devices DEV3 and DEV4, closed operation be-
fore and after packaging are compared in Fig. 16. In servo-cagith small openings in the sidewalls. The differential pressure
trolled operation, the restoring voltages are affected by the dieross the diaphragm is always zero for these devices. The ref-
electric constant of the inert liquid in package, which reducegence device REF1 had the structural dimensionslas=T
the restoring voltages by factors of1.8 for DEV3 and~1.7 T3 = 12 ym, T2 = 25 um, H = 15 ym, RL = 500 pm, and
for DEV4, respectively. These voltages can be further reduckd = 1 mm. The reference device REF2 had the same dimen-
by decreasing the sense gap as well. sions, but had a segmented skirt electrode with g&rtitions.

In servo-controlled operation measurement results, it is cleBsth devices were on the same die. The devices were bonded
that above 20 kPa pressure, the restoring voltage is almost linga450° C, but not packaged. The temperature response of these
with pressure (see Fig. 15 and 16). The change in slope at lowlewices from room temperature upto 95 is plotted in Fig. 17.
pressure can possibly be removed by biasing the electrodeBnh devices clearly exhibit a negative TCO at low tempera-
that the structure is predeflected to the 20 kPa position. Thees and positive TCO at the upper end of the tested range. For
entire dynamic range then causes the skirt electrode to deflgg$ device REF1, TCO is-38.2 ppm/K from 27°C to 80°C,
upward from this position. and 36.5 ppm/K from 80C to 90°'C with respect to the capac-
itance at 27°C. Similarly, for the device REF2, TCO is36
ppm/K from 25°C to 50°C, and 165 ppm/K from 60C to

Reference devices designed to measure the TCO in a mar@@fC The reason that the TCO is folded around 50280is
that eliminates the possibility of trapped gas were fabricatéitermal expansion mismatch between single crystal Si (SCS)

F. Temperature Response
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and Pyrex #7740 glass. Thermal expansion curves of SCS avab tested upto 250 kPa. Measurement noise for packaged

Pyrex #7740 cross around 100 and 500°C [12]. The temper- device can be suppressed in servo-controlled operation. Both

atures at which the TCO slope changes from negative to positfeetorsZ,, (electrostatic pressure/voltage) afd (capacitance

are around 60C and 80°C for the two devices. These resultxhange/barometric pressure change), increase linearly with

match modeling results within 50C. Above 100°C, TCO in- dielectric constant, so the measurement noise can be suppressed

creases monotonically upto the bonding temperature. The mbgthe square of dielectric constant. Also, mechanical vibrations

surements for a wider range were presented in [6]. are damped by viscosity of the liquid. Consequently, the use of
The temperature coefficients for packaged devices were rodlielectric liquid within the package is highly beneficial.

measured. However, these are expected to be substantially worse

than for the unpackaged devices because the volume expansion APPENDIX

coefficient of the dielectric liquid used in the package is 1380

ppm/K and that of the brass housing is 19 ppm/K. With respect to Table I, in open-loop operation

C.=Z.AF +¢ (A1)
V. CONCLUSION Vo = A(Ce — Cher) (A.2)

The results presented in Section IV demonstrate the op€pncan be provided by substituting (6) into (A.1)
and servo-controlled operation of the pressure sensor, and their

package. There are several points worth noting about the design Ce = Ze(Fa = Fa) + ¢ (A-3)
and operation of this device. Substituting (A.3) into (A.2)}, can be provided by

First, for the dimensions that were selected, the closed-loop
sensitivity was 0.516 V/kPa, which necessitated a 73.2-V bias Vo =A[Z(Fqg— F,) + e — Cret] (A.4)
for a dynamic range of 100 kPa. The bias can be reduced by V, = AZ(Fy— F,) if Cet=c. (A.5)

increasing the diameter of the skirt or by reducing the capacitive
gap between it and the electrode. As explained in [6], the ga&pis signal is fed back to the electrostatic actuator, which gen-
may be reduced by increasing the thickness of the depositedtes force,:
metal that forms the electrode (e.g., by electroplating). Re-
ducing the cavity height is not recommended because it reduces Fo = Za Vs (A.6)
the overall compliance of the Si structure, and depending on @ﬁbsntutmg(S) and (A.6) into (A.5), the output of the servo-
dimensions used, may result in lower sensitivity. Reducing tla

Bntrolled system is
capacitive gap would increase the nonlinearity of the open-loop

response. Vo = AZo(ZaP — Z,V,) (A7)
Second, the sensitivity of the servo-controlled response can Z, A

be electronically tuned. It was measured that a 100 kPa dynamic Vo= mZdP (A-8)

range requires a bias swing of 0—73 V if the reference capac- 1

itance is 2.91 pF. However, at 2.96 pF, the 0-100 kPa range Vo= Z—ZdP asZ.A — oo. (A.9)

requires a swing of only 53.9-82.3 V, which corresponds to a

sensitivity of 0.284 V/kPa. This may be implemented, for exLhe electrostatic force can be obtained by substituting (A.8) into
ample, by biasing the Si structure-a68 V and modulating the (A.

electrode voltage over a range-b15 V. The advantage of this Z.A

implementation is that standard electronics may be used for the Vo =2, 1+ Z.Z,A ZaP. (A.10)
servo-operation, while the bias supply, which is out of the loop,
serves as a control parameter that could compensate for varia-
tions in manufacturing or operating conditions.

Third, the bias between the structure and electrode may alsa he authors gratefully acknowledge Prof. E. G. Lovell of Uni-
be used to tune the open-loop response. Fig. 14 shows thatsity of Wisconsin-Madison for discussions.
the average open-loop sensitivity over a 0-105 kPa dynamic
range changes from 328 ppm/kPa to-437 ppm/kPa (a 33% REFERENCES
increase) while the 'jefe.rence capacitance changes from 2.91 pﬁ] R. Puers, “Capacitive sensors: when and how to use th8ens. Actu-
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zero-bias sensitivity of-408 ppm/kPa obtained from Fig. 11 [2] A.V.ChavanandK.D. Wise, “A batch-processed vacuum-sealed capac-
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