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ABSTRACT

In this paper, we report an AT-cut quartz diaphragm pressure
sensor based on force frequency effect. Commercially available
100 pm thick AT-cut quartz blanks were thinned down using
micromachining processes to achieve high pressure sensitivity. The
quartz sensor is resonated in thickness shear mode (TSM) and
change in resonance frequency is monitored with change in
pressure. Based on the signal-to-noise performance, we report a
resolution of 2.39 mTorr for the 83.56 MHz resonator and 11.14
mTorr for the 45.5 MHz resonator. The range of linear operation
for 45.5 MHz and 83.56 MHz was comparable to up to 80 Torr with
the latter having higher sensitivity.

INTRODUCTION

Vacuum pressure sensors are widely used by industries like
semiconductor equipment manufacturing and biomedical
instrumentation in systems like metal deposition, plasma
processing, process control, etc. These processes require a high
vacuum environment and thus require sensors that can sense
pressures in the range of 10° Torr to 10 Torr. Since there is no
single technology that can operate throughout this regime, a
combination of multiple pressure sensors, like Pirani gage (for
~760 - 107 Torr) and cold cathode gage (for ~107 - 10 Torr), is
employed.

Micro electro mechanical systems (MEMS) based vacuum
sensors have been extensively studied, but so far have been limited
by the range of operation, reliability in various environments or
bulkier integration with systems [1]. Micromachined Pirani gages
are available commercially, but they suffer from small range of
operation (~10 - 100mTorr) [2]-[4]. Miniaturized ionization gages
are good for the high vacuum regime but are not suitable for
pressures > 1 mbar absolute pressure [5]-[7].

Both Pirani and cold cathode sensors rely on indirect
inference of pressure based upon heat transfer and ionization
currents that depend not only on the pressure but also on the gas
composition and various other factors relating to a vacuum
chamber. Capacitance diaphragm gages (CDG) measure pressure
by sensing the deflection of a diaphragm to applied pressure.
These devices can provide highly accurate measurements of
vacuum from 103 — 10 Torr. However, several of these sensors
with varying full scale ranges are required to cover such a large
pressure range with optimized resolution. Further extension of the
range of the CDGs is extremely challenging since the change in
capacitance for pressure signals of less than 10 Torr results in
extremely small diaphragm deflections. Under such inputs, the
corresponding capacitances changes are in the 10> — 108 F range

and therefore difficult to resolve under standard operating ambient.

Extensive research was done on micromachined pressure sensors
in the early 1990’s showing the potential of such devices for high
vacuum measurements [8]-[10].

Force frequency effect in quartz crystal has been known since
the 1960’s, where researchers were trying to understand the
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stability of crystal oscillators under various applied load
conditions [11]. Specifically, the case of response of a quartz plate
resonator under transverse loading conditions was theoretically
studied by Markenscoff and Lee [12]. The fractional frequency
change Af/fo was determined to be a function of the zeroth and first
order strains and first order strain gradients, and is related through
second and third order elastic stiffness. This effect is used
extensively for pressure sensing using quartz resonators in oil
exploration for pressure measurements >1 bar [13]. However, due
to the lack of effective micromachining techniques for quartz, the
use of this effect for sensing vacuum pressures has not been
explored.

With the motivation to span a large pressure range with high
resolution, we present a micromachined AT-cut quartz diaphragm
pressure sensor utilizing the force frequency effect. Unlike a CDG,
the quartz pressure sensor does not require a closely placed
(sub-micron) counter electrode and hence places less stringent
constraints in the pressure sensor design. Thinned inverted mesa
quartz resonators can be readily fabricated using deep reactive ion
etching (DRIE) of quartz. Differential pressure applied across such
a high-Q thickness shear mode resonator diaphragm results in a
uniform transverse load and consequently bending of the quartz
diaphragm. The resulting change in resonance frequency is
monitored by constantly measuring the at-resonance impedance
characteristics of the resonator as function of applied pressure.
This design allows for the realization of differential, gage, or
absolute pressure sensing depending upon the pressure used on
one of the faces (reference pressure) of the diaphragm. Sensitivity
and range of operation with different thickness of resonators has
also been studied. We also observed bi-directionality in the
response of the device.

THEORETICAL BACKGROUND

Application of a differential pressure across the quartz
diaphragm of circular shape will result in a peak deflection wo at
the center of the diaphragm. In the absence of any residual stress
in the diaphragm, the peak deflection of the quartz diaphragm can
be related to the differential pressure Ap as [14]
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where #; is the thickness and 7y is the radius of the quartz resonator
diaphragm, E, is the Young’s modulus and v; is the Poisson’s
ratio of quartz respectively.

For a rectangular plate resonator, clamped on one end and
with an applied point load at the free end of the beam, the model
for frequency shift of the quartz resonator with applied load in
terms of second and third order elastic constants and zeroth and
first order strains can be given by [12]:
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where Cgg is the second order and Cpg, is the third order elastic

stiffness coefficients, respectively, s,(,,?) and ST(,P are the zeroth

and first order strains, t, is the thickness of quartz, and x;, x5,
and x3 are the three principal axes in the Cartesian coordinate
system.

EXPERIMENT SETUP
Sensor Fabrication

100 pm thick, 1 inch diameter AT-cut quartz wafers were
cleaned in Nanostrip® for 30 minutes and then 15 nm chromium
(Cr) and 150 nm gold (Au) was deposited as seed metal layers
using an e-beam evaporator. First lithography was done using
photoresist SPR 220 to define the etch regions. 12-15 um Nickel
was electroplated that acts as a hard mask for plasma etching.
Patterned quartz wafers were then etched in Alcatel AMS 100
inductively coupled plasma reactive ion etcher (ICP-RIE) using
Argon and SFe gases. After completion of etching, the remaining
metal mask was removed in aqua regia (HCl: HNOs :: 3:1). 20
nm/150 nm of Cr/Au was deposited using an evaporator, second
lithography was done and Cr/Au was wet-etched to define an
electrode on one side of the resonator. A third lithography was
done on the other side of the resonator using LOR5A and SPR
3012. Again, 20 nm/ 150 nm of Cr/Au was deposited using an
evaporator and finally lift off was done using Remover PG to
define electrodes. Figure 1 schematically illustrates the process
flow. The fabricated quartz sensors were cut into smaller pieces
and mounted on a modified ceramic dual in-line package having a
5 X 5 mm? square hole machined in the center. RTV 157 silicone
epoxy was applied all around the quartz piece to hermetically seal
the two sides of the sensor while minimizing any possibility of
stressing the quartz as shown in Fig. 2.
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Figure 1: Sensor fabrication process
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Figure 2: Finished device mounted on the package

Sensor Characterization Setup

The packaged device in the ceramic package was mounted
on a custom made package fixture. This fixture hermetically seals
the two sides of the quartz diaphragm with the help of a gasket on
one side and an O-ring on the other. Figure 3 shows the mounting
of the sensor on the custom fixture in detail. Finally, this fixture is
connected to a vacuum system with the help of Swagelok fittings.
The two sides of the diaphragm are isolated with the help of an
isolation valve and a pressure difference is created by introducing
nitrogen on one side of the diaphragm. The pressure is monitored
using an MKS Baratron® capacitance manometer and an MKS
Cold Cathode Gage. The resonance characteristics of the sensor
were monitored with the help of 4294A Agilent Precision
Impedance Analyzer. Figure 4 shows a schematic of the test setup.
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Figure 3: Sensor assembly process
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RESULTS AND DISSCUSSIONS

All pressure sensing experiments were done after bringing
both sides of the diaphragm into the high vacuum regime (~10
pTorr) and then isolating the two sides with the help of the
isolation valve. Thus, one side of the diaphragm is constantly
under high vacuum whereas the other side is subjected to variable
pressure by the introduction N2 gas through a needle valve. The
quartz diaphragm is constantly resonated in thickness shear mode
with the help of impedance analyzer. Its conductance and
susceptance properties were monitored as a function of the applied
pressure on one side of the quartz diaphragm. For high resolution
and small pressure range of 1 — 2 mTorr, the susceptibility of the
resonator was monitored at a constant frequency fo, set by the
unloaded resonance frequency, which was determined by the peak
of the conductance maximum as seen in the typical resonance
characteristic of an 83.56 MHz resonator in Fig. 5. This method is
limited to the frequency range between the two inflexion points in
the susceptance curve shown in Fig. 5. Thus for measurements
involving larger pressure range of > 1 Torr, the resonance
frequency shift of conductance was monitored as a function of
pressure.
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Figure 5: Conductance and susceptance characteristics of an
83.56 MHz AT cut quartz resonator excited in thickness shear
mode.
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Pressure Sensitivity with Thickness

Figure 6 shows the dependence of the susceptance of the
resonator as a function of applied pressure for two resonators.
Both resonators have a diaphragm diameter of 1 mm. However,
the thickness of the two resonators is 20 um, corresponding to fo =
83.56 MHz and 37 um, corresponding to fo = 45.5 MHz. From eq.
(1) it is clearly evident that as the thickness of the diaphragm is
reduced, the peak deflection will increase proportionally. Thus, the
strain and strain gradients in the diaphragm are also expected to
increase, resulting in a fractional change in the frequency as given
by eq. (2). Figure 6 shows the at-resonance susceptibility
sensitivity of two devices as a function of the applied pressure.
Clearly, a linear dependence of the frequency on applied pressure
is observed for both the resonators. The straight lines are the least
square fits to the experimentally obtained data and are used to
calculate the pressure sensitivity for the two resonators. At the
respective resonance frequencies, the slope of the 83.56 MHz
resonator was 10.65 pS/mTorr, whereas for the 45.5 MHz
resonator the slope is 3.46 uS/mTorr. Thus, the slope for ~20 um
(83.56 MHz) thick resonator is about three times higher than the
slope of ~37 pm (45.5 MHz) resonator.

Noise Characteristics and Range of the Resonator

Resonator noise was experimentally measured to be 38.5 uS
for the 45 MHz resonator and 25 puS for the 83.56 MHz resonator
for a bandwidth of 1.35 Hz (i.e. for 0.74 sec time constant). Based
on the sensitivity measurements shown in Fig. 6, this corresponds
to a SNR resolution of 11.14 mTorr for the 45.5 MHz resonator
and 2.39 mTorr for the 83.56 MHz resonator. The biggest source
of noise could be attributed to the vibrations on the measurement
set-up from various sources such as the vacuum pump and floor
vibrations and thus could be improved by better damping and
isolation of the sensors. The range of linear response for both the
45.5 MHz and 83.56 MHz resonators was 0 — 80 Torr. However,
in this larger pressure range, the 83.56 MHz resonator showed
only two times higher sensitivity than the 45.5 MHz resonator.
The burst differential pressure for the sensor diaphragm for the
83.56 MHz resonator was determined to be around 350 Torr
leading to a catastrophic failure of the sensor.
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Figure 6: Comparison of at-resonance susceptance versus change
in pressure for 20 um (83.56 MHz) and 37 um (45.5 MHz) thick
resonators.

Pressure Sensitivity to Direction of Pressure Application
Figure 7 shows that the quartz pressure sensor response also
depends on the side of the diaphragm on which the pressure was



applied. Similar observations have been reported for in-plane
applied stresses, whereby changing the sign of diametric force
application from tensile to compressive or vice-versa, resulted in
the sign of the change in resonance frequency to reverse [11]. The
cause of this behavior is currently under investigation.
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CONCLUSION

In this report, we have demonstrated a micromachined
quartz diaphragm based pressure sensor with a range of operation
from 1 mTorr to 80 Torr. A resolution of 11.14 mTorr and 2.39
mTorr for 45.5 MHz (~37 pum thick) and 83.56 MHz (~20 pm
thick) resonator has been demonstrated. The range of operation
has also been explored where sensors show a linear response in the
0 — 80 Torr pressure range with the 83.56 MHz resonator having
higher sensitivity compared to the 45.5 MHz resonator.
Bi-directionality of the pressure sensor has also been shown. The
sensitivity is shown to be a function of thickness and thus can be
tuned by changing the thickness of the quartz diaphragm. A
theoretical model to explain the performance of the quartz
resonator as a function of applied pressure is currently under
development and will be presented in future.
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