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Abstract—in high-temperature applications, such as pressure  Potential high-temperature materials have been investigated
sensing in turbine engines and compressors, high-tempera- as an alternative to silicon. Silicon carbide, polycrystalline di-
ture materials and data retrieval methods are required. The amond and ceramic materials have been reported as high-tem-

microelectronics packaging infrastructure provides high-temper- . s .
ature ceramic materials, fabrication tools, and well-developed perature materials for sensor fabrication [5], [6]. Silicon car-

processing techniques that have the potential for applicability bide pressure sensors employ the flexible membrane design and
in high-temperature sensing. Based on this infrastructure, a use piezoresistors to measure pressure changes. The incorpora-

completely passive ceramic pressure sensor that uses a wirelessjon of silicon carbide circuitry is also possible in order to re-
telemetry scheme has been developed. The passive nature of thg jeye the pressure data. Polycrystalline diamond pressure sen-

telemetry removes the need for electronics, power supplies, or . . .
contacts to withstand the high-temperature environment. The SOrS also employ a flexible membrane and piezoresistors. These

sensor contains a passiveC resonator comprised of a movable t€chnologies show great promise for integrated high-tempera-
diaphragm capacitor and a fixed inductor, thereby causing the ture pressure sensors, but their manufacturing infrastructure is
sensor resonant frequency to be pressure-dependent. Data isnot nearly as well developed as that for silicon and electronic
retrieved with an external loop antenna. The sensor has been packages for silicon.

fabricated and characterized and was compared with an electro- . . .
mechanical model. It was operated up to400 °C in a pressure The microelectronics packaging industry offers a well-de-

range from 0 to 7 Bar. The average sensitivity and accuracy Veloped ceramic packaging procedure using ceramic cofireable
of three typical sensors are: —141 kHz Bar~' and 24 mbar, tape. The ceramic tape consists of alumina particles and glass

respectively. [662] particles suspended in an organic binder, which is subsequently
Index Terms—Capacitive sensor, ceramic, high temperature, fired to form a ceramic structure. In general, this type of tape
low-temperature cofireable ceramic (LTCC), pressure sensor, is referred to as low-temperature cofireable ceramic (LTCC) as
screen-printed. the typical curing (firing) temperature #0 °C [7]. Ceramic
tapes made solely from alumina particles are also available and
I. INTRODUCTION have curing temperatures aboi€00 °C. These high-temper-

) o ature characteristics indicate that the ceramic tape may be an
I N high-temperature applications, such as pressure sensige|ient choice for the fabrication of pressure sensors for high

in turbine engines and compressors, high-temperature Némperatures.
terials are required. Pressure sensors inside a turbine engingy this work, a pressure sensor for high-temperature applica-
for example, monitor surface pressure differentials and tempggns pased on LTCC fabrication technology is realized. A pas-
ature gradients [1], [2]. In an aircraft engine, the measuremefie wireless resonant telemetry scheme, which is well known
of the air-pressure as it reaches the combustor helps to confialansor technology [8]-[10], is employed to measure the pres-
the air/fuel mixture to reduce the risk of stall. This requires &,re . |n this scheme, the pressure is translated into a frequency
sensor that operates in a turbulent gas environment at elevagk output, which can be detected remotely. This scheme is
temperatures from 600 to 186C and provides an incentive forjgealy suited for high-temperature sensing, since the passive
the development of high-temperature pressure Sensors.  patyre of the telemetry removes the need for electronics, power

Micromachined pressure sensors are an established cQ@piies, or contacts to withstand the high-temperature environ-

mercial product [32]. A typical pressure sensor is based @Rent, thereby allowing the sensor to operate at temperatures that
a flexible silicon membrane as the sensing element and uggs ideally limited only by materials.

silicon piezoresistors or capacitors for data retrieval. These
sensors have been documented extensively [4]. However, these
devices have typically not been used in extremely high-temper- Il. DESIGN AND FABRICATION
ature environments for both materials and readout reasons.
A schematic of the wireless pressure sensor is shown in
Fig. 1(a) [8]. The sensor consists of two diaphragms, sep-
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Inductor Coil The inductor coils and capacitor electrodes of the pressure
sensor were fabricated using screen-printing. Dupont 6160
silver ink, which is shrinkage-matched to the ceramic material,
was used as a conductor material. The ink was dried in an oven
at120 °C for 10 min and then fired along with the firing of the
green tape as described above.

Evacuated
Cavity

\ . . I1l. M ODELING
Ceramic Capacitor
Diaphragms Electrodes The electromechanical model of the ceramic pressure sensor
@ is derived in three steps. First, the load-deflection part gives the

center deflectionl, of the membranes as a function of applied
pressureP. Next, the pressure dependent capaciioP) is
calculated as a function @f,. This capacitance determines the
resonant frequency of the sensor. Finally, the coupled system
antenna and sensor is analyzed.

The sensor model is illustrated in Fig. 2(a). The deflection of
the diaphragms is calculated using thin plate theory, in which
(b) the effects of both bending and stretching of the diaphragm are
considered. Several assumptions are made:

i) the edges of the diaphragm are clamped and can be mod-
eled by built-in boundary conditions;

i) no residual stress is present in the diaphragms since the
diaphragms as well as the rest of the sensor are fabricated
from the same material;

iii) the diaphragms are subject to a uniform lo&d

Using these assumptions and large deflection theory for circular
plates a model of the diaphragm shape is given by

2\ 2
© d=d, (1 = ;—2) (1)

Fig. 1. (a) Schematic cross section, (b) layered construction, and (c) top-vie\rg~I . . L .
photograph of a ceramic pressure sensor with silver screen printed conduct¥f8€red, is the center deflection and is given by the equation

d, d,\° 3P(1-v%) [ a\*
240488 =) =———~+— | — 2
tm +0.488 <tm> 16E <tm> @

LC resonator with resonant frequengy, which is pressure
dependent. To achieve passive wireless telemetry, the sensor is i< the ol i i , aul @i
placed inside an external loop antenna coil and the impedaniéere e IS the plate radiusE' is Young's Modulus and- is

and phase response of the antenna coil are measured gsoiason’s rgtio of the_plate [12]. ) ,
function of frequency. The maximum strain allowed before either plastic deforma-

) ) ) tion or plate rupture occurs is determined by [12]
The sensors are fabricated using multiple sheets of Dupont

951AT ceramic tape [7]. The tape consists of alumina and glass e — 32d; 3)
particles suspended in an organic binder. The structure of the e 2762

sensor is .comprls_ed of three sections |Ilust_rated in Fig. 1(Q})hich, when given the material property of ultimate strain, al-
Each section consists of two sheets of ceramic green tape, Whigls the maximum size of the gap of the cavity to be deter-
has been cut into square shapes with an area of approximajflited. Using (2) and (3), as well as constraints imposed by fab-
16¢m and a thickness of approximatel§0 xm. The top and rication, the optimum geometrical parameters (kg t,, and

bottom sections create the pressure sensitive membranes of i@y 4 given pressure range and desired maximum deflection
mechanical structure. The center section contains a circular hglg, pe calculated.

of radiusa to form the evacuated cavity. For example, consider a typical pressure sensor with the fol-

To form the sensor, the ceramic sheets are laminated togetlogring design parameters: = 4.2 mm, ¢,, = 0.1 mm. The
in a hot vacuum press for 5 min, rotated horizontd#p° and Young’'s modulusF of the ceramic tape (as given by the manu-
pressed for 5 min again. The press temperature uséd i€ facturer) is 152 GPa and the Poisson’s ratisas assumed to be
with a pressure of 3000 psi (9.38 tons for an are&.85in?).  0.3. The maximum deflection allowed before the diaphragm will
After lamination, the sample is cut down to a square approxidpture was determined from (3) using the rupture strain. The
mately 3.8 cm on a side prior to firing. The sample is fired in maximum straire,,,, of the Dupont 951-AT ceramic tape pro-
box furnace in air for 30 min &0 °C (5°C min~ ' ramprate)to vided by the manufacturer is 0.0021, at room temperature. This
bake off the organics and then for 20 mirga6 °C (5°C min~* maximum strain corresponds to a maximum deflection of 0.176
ramp rate) to melt the glass particles and harden the sample [filn and a maximum pressure of 12.5 bar. As a result, a pressure
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Substitution ofl; in (6) and using (9) gives the antenna voltage
Vi

—s2L2 C
Vi = (sLy) I L I. 10
L= (s )1+<1+L50532+3R505>1 (10)

Substituting L,, with the coupling coefficientk =
Lnl(LaLs)il/Qy

@ 1 1
: ; o=5- | 7 11
N\ o AR'SAT =5 () v
. and@ = 2= f,L. /R, the input impedance is given by
noom G v ( Fa )2
) T Zi= 7 = j2nfLy |1+ il . (12)
1 f 1,0
1= (£) +ait
Antenna Sensor This result relates the resonance frequeficyf the sensor to
(b) the measurable quantity, . By measuringZ; as a function of

. . . . , ‘f , o can be extracted.
Fig. 2. (a) Schematic cross section of ceramic sealed cavity structure for

mechanical modeling. (b) Equivalent circuit of electrical model for a sensor
coupled with an antenna. IV. RESULTS

Measurements for the pressure sensors were taken using a
range from 0 to 12.5 bar is the predicted operating range foParr pressure/temperature vessel. The pressure can be controlled
diaphragm with the geometrical properties described. from atmospheric pressure up to 194 bar using a nitrogen gas

The capacitorC, for the pressure sensor consists of theank, a Fisherbrand regulator and an Ashcroft pressure gauge.
top and bottom metal electrodes separated by the ceramic Tlie temperature can be controlled from room temperature up to
aphragms and the cavity, as shown in Fig. 2(a). The capacitagog°C using a Waslow 4780 temperature controller and a ther-

at zero pressure is given by mocouple placed in proximity with the sensor. For the described
e na2 measurements, the temperature ramp rated3v&s min~* and
Co= # (4) adwell time of 10 min was used. Sensors left@t °C over a
n151

24-h period did not exhibit a change in resonance frequency or
wherea is the diaphragm radius,, ande, are the thickness pressure sensitivity nor did they exhibit hysteresis.

and relative dielectric constant, respectively, of the ceramic di-Since the vessel is made of metal, the antenna must be placed
aphragms. A pressure dependent capacitor model is givenitgide the chamber for all the measurements. In the cases where

[13] there is no metal between the sensor and the antenna, the an-
- ; tenna can be placed outside of the harsh environment. However,

C.(P)=C, Z . 1 < 2d, ) ' (5) evenin the case where the antenng must be exposed_ to the hgrsh
— 20+ 1 \t, + 2t ert environment, the wireless scheme is advantageous since it elim-

inates the need for potentially unreliable, high-temperature con-

The sensor resonance and its coupling to the antenna is modedets to be made with the sensor, and also allows for the possi-

with a two-port network using transformer theory, as shown ility of the sensor to be mounted on moving parts. The antenna
Fig. 2(b) [14]. The input impedance of the antenna is expressiesk an inductance of roughly 670 nH. The frequency dependent
with the electrical parameters of the sensor it encloses. Traagtenna impedance is measured using an HP9141A impedance
former network theory and Kirchhoff’s law, using phasor notaanalyzer. Feed-throughs in the vessel shell provide the connec-
tion (s = jw = j2nf), yields tions between antenna and impedance analyzer. They have a
. parasitic cross-coupling capacitance of 0.202 pF. The self-reso-

Vi =skaly+ skl ®)  hance frequency of this system is 43 MHz, which is high enough

Vo =sblpm Iy + sL,1 (") for our purposes to avoid interaction with the sensor resonance.
The sensor was placed in the plane of the antenna loop and

and
the impedanceZ of the antenna was measured as a function
“R.I,—Vy— 1 I, =0 8) of frequency. Fig. 3 shows the measured phase and magnitude
5Cs of Z for sensor 1 at atmospheric pressure. Below and above

resonance the phase is close to the ideal value dff@0an

'inductor and the magnitude depends linearly on the frequency.
At resonance, the sensor induces a change in impedance phase

I__\;:(\_)nd magnitude. The phase minimyiy,, occurs at 17.14 MHz.
The phase data were fit with (12), using Mathematica 4.0. The
fitis shown as a solid line in Fig. 3(a). The resonance frequency

L =1 —SLy, 9) fo, the coupling coefficient, and the quality facto® obtained
Rs +sLs + - from the fit are 16.99 MHz, 0.190, and 61.9, respectively. Note

whereL, is the antenna inductanck, is the sensor inductance,
L,, is the mutual inductancé;; is the sensor capacitandg,

is the sensor series resistance, aad V>, 1; and I, are the
transformer voltages and currents, respectively, in Fig. 2(b).
placingV; in (8) with (7) and solving fod yields
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Fig. 3. Phaseb, (a) and magnitude (b) of impedanga versus frequency. Fig. 4. Antenna coil magnitude (a) and phase (b) for a ceramic pressure sensor
The measured data are shown as points while the optimum fit using (12) is sh@yF00m temperature for 07 bar pressure range.
as solid line.

. _ o b . based on a capacitor electrode radiusnd gap sizef, of
that the phase minimumyix is 0.92% higher tharf,. The dif- 4 76 mm and 20@m, respectively, and a diaphragm thickness
ference is discussed by calculating the frequency, where Ph?,ﬁeand relative dielectric constant. of 200 xm and 7.8,
minimum of Z, occurs from (12). The Taylor expansionffin  respectively. The calculated and measured inductdncef

in k- andQ~" is the screen-printed coil are 6.7 and 4B, respectively. The
fom=1f 1+ k_2 n 1 (13) theoretical resonance frequency is 93%—158% higher than the
S 4 8Q?)° experimental results. The discrepancy between measured and

The difference betweefin;, andf, can therefore be exp|ameo|predicted resonance frequencies was attributed to two effects.
as an effect of the large coupling factoin this measurement. First, the capacitor electrodes are larger than the cavity, as
To fit the magnitude data in Fig. 3(b), the parametgysk, indicated in Fig. 1(a). Second, the assumption of parallel field

and@ were kept the same as for the phase fit and the paramét@@s in the capacitor may not be valid at the boundary. Both
L, was optimized. The solid line in Fig. 3(b) shows fit dat#ffects increase the capacitance significantly because of the
obtained with an optimal value of 1.6/H for L,,. larger dielectric constant of ceramic compared to vacuum.
Three sensors were characterized. Their resonance frelne magnitude and phase of Sensor 1 as a function of fre-
quencies at zero pressure are 19.49 MHz, 16.99 MHz, afdency and as parameterized by the applied pressure is shpwn
22.68 MHz, respectively. Theoretical resonance frequenciesafig. 4. The pressure dependence of the sensor can be obtained

zero pressure were calculated using (4) and (11), yielding by determining the frequency at which the phase minimum of
each curve occurs and plotting this frequency as a function of
L[ty +2tmert

S n . pressure. The pressure dependence of three nominally identical
JolP =0) = 2 Lie,ma? 43.76 MHz (14) sensors as determined in this manner is shown in Fig. 5. Since



FONSECAet al.: WIRELESS MICROMACHINED CERAMIC PRESSURE SENSOR FOR HIGH-TEMPERATURE APPLICATIONS 341

L X sensor? 80
. 100 |a
% + sensord * .
0.99 N j % + sensors 50
. x e The
e + ory
N . x B el 3
s 098 | \\\ + x . ? 0.95 ] -
‘iﬂ S + x Q 40 ©
5;-« R~ * X ‘-‘\E A
= o097 | S X 3
. . + x Y
S x 0.90 |
et 20
0.96 P . 4
R R T S .
0.95 0.85 - 0
0 ! 2 3 4 3 6 ! 0 200 400 600
P |Bar]
T[°C]

% 6. Normalized resonant frequengy and quality factor() versus

Fig. 5. Normalized resonance frequengyof three samples versus pressuregei
mperature for sensor 1.

P. The solid line denotes the theoretical pressure dependence accordin

model (15).
120.00

no sensor data were taken at ambient vacuum (i.e., ambient pi
sure of zero bar), the first data points are at 1 bar. In ord  100.00
to compare with the theoretical development, which assum
a minimum differential pressure (as well as absolute pressu 80.00 §
since the reference pressure sealed in the cavity is ideally zi__ g g9 s
bar), the experimental data were extrapolated to a pressure= :
zero bar (yielding a zero pressure resonance frequgney), 40.00 e
and this extrapolated frequency was used to normalize the d m, %

L : 20.00 | .
points in accordance with the theory. At low pressurgsie- A +0Bar
pends linearly orP. The sensitivities of the three samples ar: 0.00 [ o 7 Bar
—105 kHz bar?, —154 kHz bar*, and —164 kHz bar* re- v
spectively, between 0 bar and 3 bar. Above 3 bar the sensit  -20.00 : ' ‘
ities of sensors 4 and 5 are reduced. Sensor-to-sensor disc 15.00 1700 19.00 21.00 23.00 25.00
ancies may be influenced by the relatively nonreproducible ir Frequency [MHz]

tial curvature of the membranes, which is introduced during the

vacuum lamination process and set during the firing proce§®. 7. Simultaneous readout of two sensors with different resonant
This initial curvature was not included in the models discussgggufgg'res' The phase, of Z, is shown as a function of frequency at 0 bar
above. Based on an accuracy of 3.2 kHz of the measurement of '

fo, the accuracy of the pressure sensing is calculated. The three

samples have a pressure sensing accuracy of 31 mbar, 21 mbdrig. 6 also shows the quality factQrof sensor 1 as a function
and 19 mbar, respective|y, at room tempera’[ure_ of temperatur&? is reduced from 70.2 &5 °C to 6.0 at100 °C.

The theoretical pressure dependence fiowas calculated The temperature dependence of the quality factor is attributed
using (5) and (11), yielding to the increase in resistivity with temperature of the inductor
metal. This limits the range of operation 300 °C. A higher

> 2d i\ ~/2 temperature range can be achieved by optimization of the coil
fo(P) = fo(P=0) <Z ] < - 1) ) geometry.

im0 (15) The re_ad—out sche.me enables the measurement of multiple
These theoretical data are shown as a solid line in Fig. SISEnsors in parallel. Fig. 7 shows phase_ data for an array of two
sensors. Data for sensors 4 and 5 in Fig. 5 were obtained from

linearized sensitivity of-205 kHz/bar over the range 0-4 barthis data. This confirms, that an array of sensors can be measured

is obtained, in reasonable agreement with the measured datia}1 parallel

T rmine th rasiti mperatur nsitivi h . .
o dete € the parasilic temperature sensitivity, teThe use of ceramic as membrane material also allows to mea-

resonance frequency was measured as a function of tem- :
req y ) _ “lrement at elevated pressures. Fig. 8 shows the pressure depen-
perature. Fig. 6 shows normalized resonance frequernfies

~dence of a device tested up to 100 Bar.
betweer25 °C and400 °C for sensor 1. The average slope is Vi sted up

—5.56 kHz°C™! between25 °C and400 °C. This parasitic
temperature dependence needs to be compensated if the sensor
is exposed to temperature variations of more th@b76 C. A The design, modeling, fabrication and testing of a wireless
possible compensation scheme utilizes integration of a secamalamic sensor are presented. The sensor is made from ceramic
sensor with no pressure dependence on the same substratecbéred tape to create a sealed cavity structure with a flexible
a sensor without cavity. ceramic membrane. The ceramic structure is integrated with a

tg + 2t 50

V. CONCLUSION AND OUTLOOK
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Fig. 8. High-pressure sensor data. The resonance freqyerisyshown as a function aP.

varyingC' and fixedL resonant circuit. The resonant frequency [4]
of the sensor shifts with applied pressure. A passive wireless
scheme is used to retrieve the pressure data.

An array of sensors with different resonance frequencies was
characterized and successfully used to measure pressure up @
7 Bar. The average sensitivity and accuracy of three sensors are
—141 kHz Bar* and 24 mbar. Its temperature dependence is
—5.56 kHz°C™! and will be compensated using a reference [7]
sensor co-integrated on the same substrate. The temperatufg
range is currently limited to 40@ due to a reduction of the
resonator quality factor with temperature. &)

Future optimization of the coil geometry and material will 114
extend the range of operation to higher temperatures. The
sensor structure will be redesigned to encapsulate the metaf!
electrodes of the capacitor. Using a multi-layered coil will
reduce the overall size of the sensor. [12]
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