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Abstract: A new microwave fully passive, chipless and packaged sensor for wireless pressure
monitoring in harsh environments (such as, extreme temperature, radioactive and/or toxic
environments) is proposed in this paper. The sensor consists of a planar microstrip resonator, which is
electromagnetically coupled with a high resistivity and thin silicon membrane. Prototypes have been
designed and fabricated using a photoresist intermediate layer for the silicon membrane bonding. The
electromagnetic simulation of the system is also performed in order to predict the transducer
performances. Measurement results using the packaged sensor are provided to experimentally validate
the simulation results and the manufacturing process.
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1. Introduction

Wireless, batteryless (no power supply) and chipless (no electronic circuit) sensors are a promising
solution for remote measurements of physical quantities in high radiation or extreme temperature
environments, or/and when the battery replacement is difficult or induces high costs. Such remote
measurements require two main units: (1) the sensing unit, which is sensitive to any variation of the
(physical or chemical) quantity of interest, and (2) the reader, which allows wireless interrogation of the
sensing unit. Electromagnetic (EM) sensors operating in the microwave frequency range (see, e.g., [1-
3]) are advantageously used here in the sensing unit while a Frequency-Modulated Continuous-Wave
(FMCW) radar will serve in our future work as the reader (see, e.g., [4]). A reading range up to 58 meters
of passive humidity EM sensors using such a radar was recently reported in [5].

Literature reports many developments performed on passive pressure sensors with different
technologies and devices, such as, e.g., microwave circuits [6] [7], microwave cavity resonators [8],
evanescent mode resonator [9], slot antenna integrated resonator [10], capacitive sensors [11], or
dielectric resonators [12]. Table I reports some of their characteristics in terms of pressure measurement
range, operating frequency frs, full-scale frequency range, and the measurement sensitivity.

Table I. Wireless, passive, and chipless pressure sensors reported in the Literature.

full-scale frequency range Measurement
Reference Pressure range  frs (GHz) (absolutejl/ relat);ve) ° Sensitivity

[10] 0.4-1.2 bar 2.107 6 MHz // 0.28% 7.31 MHz / bar
[8] 0- 736 Pa 5.16 50 MHz // 0.97% 16 MHz / Pa
[7] 1-1.8 bar 9.61 25 MHz // 0.26% 0.16 MHz / bar
[9] 0-5.3 bar 11.75 200 MHz // 1.7% 35 MHz / bar
[11] 0-900 Pa 15 16 MHz // 0.11% 0.22 MHz / Pa
[12] 0 -4 bar 20.53 2.2 GHz // 11% 455 MHz / bar
[6] 0 — 3 bar 39 1.1 GHz // 2.8% 370 MHz / bar

This work 1-2bar 22.95 620 MHz // 2.7% 620 MHz / bar
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In view of this state of the art as it will be shown in this paper, our packaged pressure sensor offers
a larger absolute full-scale frequency range and higher measurement sensitivity.

This paper deals with the manufacturing of passive and wireless microwave sensors for pressure
monitoring. These sensors are based on two transductions: (1) the mechanical transduction, which
converts the pressure variation into the deflection of a thin membrane, and (2) the electromagnetic
transduction, which converts this deflection into the variation of the scattering parameters of the
microwave resonator. As an application, pressure monitoring in nuclear plant buildings is targeted. The
first part of the paper reports the design and the technological manufacturing process of the proposed
pressure sensor. Next, mechanical and full-wave electromagnetic simulation results are discussed and
last but not least, the predicted sensor performances in terms of full-scale range and sensitivity are
experimentally validated.

2. Working principle and design of the EM pressure sensor

The passive pressure sensor is a planar microwave resonator, which is electromagnetically coupled
with a high resistivity thin silicon (5i) membrane. In the previous design and first concept reported in
[6], the coplanar (CPW) technology was applied for fabricating the microwave resonator (Fig. 1).
However, the packaging of this solution required input and output CPW-to-microstrip discontinuities
(see Fig. 2) which may excite multiple undesirable spurious modes in addition to the resonant frequency
of the resonator.

As shown in Fig. 3, the use of the microstrip technology instead of a CPW technology allows us the
removal of eventual spurious resonances. A high-resistivity Si membrane is placed above the resonator
located inside a cavity (Fig. 4). All the dimensions of the structure are reported in Figs. 4 and 5.
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3. Manufacturing process

The manufacturing process is described in Fig. 6. It uses a 500 um thick borosilicate glass (B33)
substrate. After piranha and plasma cleaning, a 0.55 pum thick chromium-aluminum (Cr-Al) layer allows
manufacturing of the planar microwave resonator by using PVD deposition and lift-off patterning. The
ground plane is fabricated by PVD deposition of a 1.55 pm thick Cr-Al layer. A high resistivity Si (100)
membrane of thickness 100 um + 10 um is then bonded over the resonator using a low-loss photoresist
(thickness of 16 um). This bonding solution provides a quite simple process to guarantee the sensor is
sufficiently hermetic.

Borosilicate glass (B33) substrate

500um thick |
d

1. Piranha and plasma cleaning 2. Photoresist  coating  an 3. Chromium 50nm and Aluminium
resonator photolithography 500nm PVD deposition
High Resistivity Silicon membrane . 4. Lift-off of resonator pattern
100um Photoresist 16pum

o

7. Bonding of Si membrane on cavity 6. Low-loss photoresist coating 5. Chromium 50nm and Aluminium
by thermocompression process and cavity photolithography 1.5um backside PVD deposition
8. UV curing adhesives deposition for ground plane

9. Dicing of the substrate

Fig. 6. Description of the manufacturing process of the microwave sensor.
4. Manufacturing analysis
4.1. Thicknesses measurement

Resonator metallization and cavity thicknesses were measured before and after the bonding in
order to (1) predict the sensor performances and (2) check the reliability of the manufacturing process.

41.1. Measured thicknesses before the bonding

In Fig. 7, the locations of the thickness measurement are indicated with the letters C (center), E
(east), N (north), S (south) and W (west). Table II gives the thicknesses measured from a mechanical
profilometer with an accuracy of 0.1 um for the photoresist and of +0.01 um for the metallization of the
resonator. It is found that the resonator metallization and photoresist layer are deposited at an average
acceptable thickness of respectively 0.57 um and 15.7 um with an average deviation of +0.02 um (3.5 %)
and +0.5 pm (3.2 %). Si membranes thicknesses were also measured using a dial test indicator with an
accuracy of +1 um. For a given membrane, measurements indicate that the thickness ranges between
102 pum and 105 pum.

Table II. Measured thicknesses of the resonator metallization and photoresist layer (in pm).

A
CenterC NorthN EastE SouthS West W Average v?ra.ge
deviation
Photoresist 16.5 15.9 15.6 15.9 14.8 15.7 0.45
Resonator 0.598 0585 0573 0545  0.559 0.57 0.02

Metallization




41.2. Measured thicknesses after the bonding

After the bonding step, the separation distance between the bottom of the Si membrane and the
planar resonator was measured by using X-ray microtomography at different points on the circular
cavity. The measurement resolution is of 2.5 - 3 um and the measurement accuracy is of 0.1 um. The
variation from the center point of the cavity thickness is between -1.7 % and 5.1 % (see Fig. 8). The
separation distance between the planar resonator and the bottom of the membrane is then quasi-
uniform inside the circular cavity. The cavity thickness of the sensor (placed at point T in Fig. 7) was
also measured using interferometric profilometry technique with a measurement accuracy of + 0.5 pm.
This distance is evaluated at 15.2 um + 0.5 um. In the next section, both airtightness and resilience to
pressure hysteresis of the sensors will be evaluated in order to validate the technological process and
materials choice.
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Fig. 7. Map of the different cells on the substrate. Green Fig. 8. Upper (top) and cross-sectional (bottom)
patterns represent the different cavities. C, E, N, S, T, W micrograph for X-ray microtomography
denote Center, East, North, South, Transducer, and thickness measurement.

West, respectively.

4.2, Airtightness measurement

To check the structure is hermetic, the sensors were placed inside a chamber where the vacuum
was maintained for some days. The resonant frequency of the planar resonator was measured with a
Vectorial Network Analyzer (VNA), as it will be detailed in Section 6. The results are displayed in Fig. 9.
From the frequency measured when vacuum is established (1.2x10% mbar), it is observed that the
circular cavity is not fully hermetic: an undesirable decrease of 7.54 MHz per hour (or equivalently of
0.035 % per hour) of the resonant frequency occurs. However, as a pressure monitoring will be
performed in less than one hour in our application, it can be concluded that the sensors’ airtightness
sufficient to demonstrate the proof-of-concept.

4.3. Resilience to pressure hysteresis of the fabricated sensors

The samples were placed inside a hermetic chamber. The resilience to pressure hysteresis was
measured by applying pressure cycles {atmosphere pressure — vacuum} and by measuring the resulting
resonant frequency shift after the air filling of the chamber. The measurement results are reported in
Table III. In the worst case, the resonant frequency changes from the initial value frrof + 0.90 % (+ 205
MHz for frr = 22.8 GHz). The resilience to pressure hysteresis of the sensors is therefore acceptable for
the proof-of-concept phase.
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Fig. 9. Resonant frequency variation vs. time (in hours) for the airtightness analysis.

Table III. Resonant frequency variation after pressure cycles.

Cycle number Cycle 0 Cycle 1 Cycle 2
Resonant frequency (%) —cell 1 fref fror (1 —0.43%) frer (1 = 0.90%)
Resonant frequency (%) — cell 2 fref fref (1 +0.17%) fref .(1 = 0.35%)

5. Full-wave electromagnetic simulation of the pressure sensor

The performances in terms of full-scale range and sensitivity of the microwave pressure sensor
were evaluated by using rigorous (full-wave) electromagnetic simulations. These simulations were
performed by using ANSYS HFSS commercial software [13].

5.1. Simulated sensor performances without overpressure

Considering the transducer described in Figs. 4 and 5, the effect of the cavity thickness on the
electromagnetic descriptors is first studied. The cavity and membrane thicknesses of the transducer
(placed at point T in Fig. 7) are respectively of 15.2 um + 0.5 pm and between 102 pm and 105 um. From
electromagnetic simulations, the resulting resonant frequency of the planar resonator is expected
between 22.6 GHz and 22.8 GHz for a Si membrane thickness of 105 um (see Table IV).

Table IV. Simulation of the cavity thickness impact on the resonant frequency for a Si membrane
thickness of 105um.

Cavity thickness (um) 14 15 16

Resonant frequency (GHz) 22.60 22.75 22.80

Table V. Simulation of the silicon thickness impact on the resonant frequency for a cavity thickness of
l6pm.

Cavity thickness (um) 100 102 105

Resonant frequency (GHz) 22.88 22.83 22.80

The very small non-uniformity (5um) of the membrane thickness is expected to generate a
acceptable frequency shift of 80 MHz (~0.35 %) of the resonant frequency (see Table V). The amplitude
of the microwave electric field (E-field) on the microwave resonator surface was also computed. As
observed from Fig. 10 (a) and (c), the maximum E-field amplitude is located at the two edges of the half-
wavelength microstrip resonator (coordinates Xa=1.535 mm and Xs=-1.535 mm in Fig. 10). The E-field
amplitude decreases abruptly by moving away from the edges (see Fig. 10 (c)).
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Fig. 10. a) Amplitude of the microwave electric field (blue line) at the resonant frequency of 22.85 GHz along the
x-axis and the corresponding displacement (orange line) along this axis when the overpressure of 1 bar is
applied; (b) the 2D E-field distribution on the microwave resonator surface at the atmospheric pressure; c) zoom
of the electric field amplitude at coordinates X4 and Xs.

5.2 Simulated sensor performances with overpressure

In order to analyze the performances of the sensor when the overpressure occurs on the Si
membrane, it is necessary to compute the membrane deflection when a pressure is applied. An accurate
model for membrane deformation prediction is now described.

5.2.1 Mechanical modelling

The deflection of the membrane when the pressure is applied (that is, when a gradient is created
between pressures inside and outside of the cavity) can be simulated from a close-form expression and
from rigorous simulation techniques.

When the pressure is applied on the Si membrane surface, the resulting membrane deflection
can be derived from a fourth-order differential equation. The solutions of this equation depend on the
geometry (square, circular, rectangular, etc.), dimensions, and mechanical properties of the membrane
[14]. As the cavity is circular in our case, only membranes with circular geometry were considered here.
The deflection W(r) of the membrane when an overpressure is applied on its surface can be
approximated by the following close-form expression (see Fig. 11) [15]:

W(r) = WoWy () 1)

where Wy denotes the maximum deflection at the membrane center, and Wn(r) designates the distance
from the center. For the circular membrane, Wo and Wn(r) can be approximated as follows [15]:

12R*(1-v?)
Wo = 64—Ee3v P @)
Tz 2
Wy =(1- 3)

where R and e denote respectively the radius and the (uniform) thickness of the membrane while E, v,
and P are respectively the Young’s modulus, the Poisson’s ratio, and the applied overpressure.

From Eq. (1), it can be observed that the deflection depends only on dimensions ( R and ¢) and
mechanical properties (E and v) of the circular membrane.
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Fig. 11. Membrane geometry (left) and deflection W (r) when an overpressure P is applied on its surface (right).

mechanical properties (E and v) of the circular membrane. For a membrane radius R of 2750 um and a
thickness e of 105 pm, and assuming that the direction of the Si membrane deflection occurs along the
crystallographic direction <001>, we will set E to 130 GPa and v to 0.28. Moreover, in our application,
the applied overpressure P will vary between 0 to 2.5 bars. The membrane deflection when the pressure
is applied was also analyzed from rigorous mechanical simulations by using COMSOL Multiphysics
commercial software [16]. These simulations allow taking into account the geometry and mechanical
properties of the constitutive materials (Si, photoresist, and B33 materials) of the sensor. Assuming that
the Si membrane deflection occurs in the crystallographic direction <001>, a so-called pressure boundary
load was assigned along the z-axis to the top faces B33, Si, and photoresist materials (see Fig. 12 (a)),
while the fixed constraint (perfect clamping) was assumed on the bottom side of the B33 material, as
illustrated in Fig. 12 (b). Fig. 13 shows the simulated total deformation of the membrane obtained from
COMSOL Multiphysics software by assuming an applied overpressure of 1 bar, and Fig. 14 displays the
maximal membrane deflection as a function of the applied overpressure. As expected, a linear
relationship is obtained both from the close-form expression of Eq.(1) and from the rigorous mechanical
simulations. Moreover, the difference between the results given by these two simulation approaches
does not exceed 9%. From these results, the pressure beyond which the membrane is in contact with the
planar resonator can be predicted. From the close-form expression, this pressure is of 2.44 bars (see point
P1in Fig. 14(a)) while the rigorous membrane simulation gives 2.23 bars (see point P2 in Fig. 14(a)).

sz Perfect damping

- | Pressure boundary load Photoresist =

e
(b)

Fig. 12. The two structural mechanical boundary conditions: a) a pressure boundary load was assigned along
the z-axis and on the top side of the B33, Si and photoresist materials (in purple); b) a fixed constraint (perfect
clamping) was assumed on the bottom side of the B33 material (hatched region). It was assumed to model a
sensor with a 16 um thick cavity and a 105 pm thick silicon membrane.

Total displacement (jim) = e

VA o 3
¥ o
wo

Fig. 13. Simulated total displacement [um] for an applied overpressure of 1 bar. The mechanical simulations
were performed by using COMSOL Multiphysics software [16].
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5.2.2  Electromagnetic simulation of the microwave pressure sensor

In order to analyze the impact of the membrane deflection on the performance of the microwave
pressure sensor, rigorous (full-wave) electromagnetic simulations were performed by using of ANSYS
HFSS commercial software [13] and by applying a flat membrane model (the clamping condition of the
membrane is then taken into account in these simulations). The electromagnetic simulations were
performed for the displacements d extracted from the following simulation conditions:

e Case A: where the electrical field E-field is maximum, i.e. in x = Xa for the corresponding
displacement calculated through the close-form expression;
e Case B: where the electrical field E-field is maximum, i.e. in x = Xa for the corresponding
displacement simulated through COMSOL simulations;
e (Case C: where the membrane deflection is maximum, i.e. at the center of the membrane
(x =0) for the corresponding displacement calculated through the close-form expression;
e (Case D: where the membrane deflection is maximum, i.e. at the center of the membrane
(x = 0) for the corresponding displacement simulated through COMSOL simulations.
The variation of the resonant frequency and the input reflection coefficient Sii at fc = 23.8 GHz (radar
reader central operating frequency respect to the band (22.8 - 24.8 GHz) when an overpressure is applied
on the sensor membrane are displayed in Figs. 15 and 16. Both the resonance frequency shift and Sii in
correspondence with the maximum deflection of the membrane (Cases C and D) are of 62 to 66 % greater
than the one obtained for deflections extracted where the E-field is maximum (Cases A and B).
Moreover, for the same position on the sensor surface (Cases A and B, and Cases C and D), the difference
between the results obtained from the close-form expression and from COMSOL simulations is of 21 -
25 % for the resonant frequency shift and of 11 — 13 % for the input reflection coefficient.

6. Experimental results

The packaged sensor is shown in Fig. 17. A dedicated setup is used to apply pressure inside this
packaging as depicted on Fig. 18. The pressure is applied with a precision of * 50 mbar between 0 and
2.7 bars on the top face of the sensor (and thus on the Si membrane) as described in Section 5.2.1. The
scattering parameters (reflection and transmission coefficients) of the microwave sensor are measured
using a calibrated VNA allows an accuracy of +0.05dB and + 16 MHz. The reproducibility of the
measurement results was first investigated by using one sensor which has been four times mounted,
connected and removed from its metallic package. As shown in Table VI, the resonance frequency fr
fluctuated slightly during the measurements (0.35 % from its original value) leading to a precision of
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Fig. 16. Input reflection coefficient Siiat fc = 23.8 GHz (radar operating frequency) as a function of overpressure:
comparison between the experimental data (dashed black line), the close-form expression results, and the
COMSOL results (See Fig. 15 for the definition of Cases A, B, C and D). The parameters S and FSR denote
respectively the sensitivity and the full-scale range of the sensor between 0 and 2 bars.

+ 80 MHz (for a resonant frequency of 22.85GHz). The precision of the measured resonant frequency is
then of + 96 MHz.

Table VI. Measurement results reproducibility of the sensor’s resonant frequency

#1 #2 #3 #4
frs (GHZ) fres fres. (1+0.013%) fres. (1-0.310%) fres. (1-0.349%)

Measurement results at atmospheric pressure (Pam) give a resonant frequency close to 22.95
GHz (see Fig. 19). Simulation results with a 16um-thick cavity and a 105um-thick Si membrane are in
agreement with the experimental data with a shift of around 150 MHz (0.7 % of frs). In addition, it can
be noticed that the cavity thicknesses of 15 um and 14 um provide a frequency shift of 200 MHz (0.9
%) and of 350 MHz (1.5 %), respectively (see Table IV and Table V).
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These results validate the choice of 16um in the electromagnetic simulation for the separation
distance between the membrane and resonator. Fig. 19 also displays the variation of the reflection
coefficient Sii for different overpressures applied on the sensor’s membrane.

The linear behavior of the input reflection coefficient of the microwave sensor between 1 bar
and 2 bars depicted in Fig. 20 allows deriving the contact overpressure Pc. The extrapolation of linear
behavior at 2.54 dB (that is, when the membrane is in contact with the resonator) gives an overpressure
Pc at 2.26 bars, which corresponds to the value obtained from COMSOL simulation (2.23 bars). It is also
relevant to compare in Figs. 15 and 16 the experimental data with the simulated results obtained from
the four cases defined in Section 5 (see cases A, B, C and D): the results obtained for the deflection in
cases A and B (flat membrane model approximation) are in excellent agreement with the measurement
data. Moreover, the sensitivity and full-scale range of the sensor between 0 and 2 bars are respectively
of 2 % / bar (or equivalently, 460MHz / bar) and 4 % (930 MHz) for the resonant frequency (see Fig. 21).

The best performances are obtained between 1 and 2 bars with a sensitivity of 2.7 % / bar (or
equivalently, 620 MHz / bar) and a full-scale range of and 2.7 % (620 MHz). Moreover, when measuring
Sii parameter at the operating frequency f. (see Fig. 20), the sensitivity is of 1.86 dB/bar while the full-
scale range is of 3.2 dB. Again, the best performances are obtained between 1 and 2 bars with the
sensitivity of 2.29 dB/bar and a full-scale range of 2.29 dB. To the best knowledge of the authors, these
results show the device is the most sensitive in comparison with the state-of-the-art (see Table I).
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1. Conclusion

This paper described the design, manufacturing and characterization of a transducer dedicated to
wireless measurement of pressure. The proposed EM passive and wireless pressure sensor brings a
significant performance improvement compared the very first pressure sensor reported in 2007 [6]. A
monolithic configuration using microstrip technology was proposed and allowed the manufacturing of
packaged pressure sensors without spurious resonances. The analysis of the cavity thickness before and
after the silicon membrane bonding, as well as the airtightness and the resilience to pressure hysteresis
of the transducer, was reported and validated the technological process. Mechanical and
electromagnetic simulation results were discussed and were found in very good agreement with
experimental data. The future work will consist of remotely interrogating the fabricated pressure
sensors by using the FMCW radar beam scanning technique reported in [5] and [17].
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