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Abstract. This work describes the manufacturing technology and packaging of a single-crystal quartz sensor
with a thickness of 5 µm. The temperature dependence of the resonance frequency of quartz resonators can be
used for thermal radiation sensors with a high signal-to-noise ratio. The sensitive element, in the form of a
bowl or a cantilever, is ion beam etched and must be able to vibrate freely. Impedance measurements show the
temperature-dependent vibration of the resonators. For higher frequencies, scattering parameters are measured
using a vector network analyzer. The cantilever achieves a higher vibration amplitude than the bowl, although
with many secondary resonances. The temperature coefficient of the resonance frequency is determined to be
around 90 ppm K−1.

1 Introduction

Thermal radiation sensors absorb infrared radiation, which
causes a temperature change in the sensing element. Depend-
ing on the physical effect used, the change in a physical quan-
tity is usually transformed into a signal voltage. Examples
include pyroelectric sensors based on a polarization change
or microbolometers with a temperature-dependent resistance
(Gerlach and Budzier, 2010).

Quartz resonators, on the other hand, use the temperature
dependence of the resonance frequency of piezoelectric os-
cillators. Frequency can be measured with high accuracy and
stability. These sensors are characterized by a high specific
detectivity (D∗) or, rather, a high signal-to-noise ratio, allow-
ing for the detection of very small radiation fluxes. The cut-
ting angle at which the resonator is cut from the quartz crys-
tal defines its properties. The so-called “Y cut” has the high-
est temperature coefficient of the resonance frequency and is,
therefore, most suitable for temperature sensors (Neubig and
Briese, 1997). In Ren et al. (2011), an array of 18 µm thick
Y -cut-quartz resonators was used to monitor biochemical re-
actions. There, the sensor array was structured by inductively
coupled plasma etching. In Pisani et al. (2011), the quartz
wafer was bonded to a silicon wafer with etched cavities. Af-
terwards, the quartz film was thinned down, and perforations

were etched to create a free-standing, corner-supported de-
tector. These quartz bulk sensors with a minimal thickness of
7 µm achieved a value of D∗ = 9× 107 cm Hz1/2 W−1 (Ren
et al., 2010).

Another approach is the use of thin films of piezoelec-
tric materials, such as AlN or ZnO, which can be deposited
by sputtering or chemical vapor deposition to achieve res-
onators with thicknesses below 1 µm (Breen et al., 2016;
Wang et al., 2011). However, the need for a carrier sub-
strate and the polycrystalline films limit their detectivity. A
carrier substrate is an additional heat sink, resulting in a
lower temperature change in the sensing element. A value
of D∗= 1.59× 107 cm Hz1/2 W−1 was given for an AlN
micro-electromechanical systems (MEMS) resonator in Li et
al. (2017). In Sui et al. (2024), a 4 µm thick ceramic lead–
zirconate–titanate (PZT) thin film was fabricated by wafer
bonding and chemical–mechanical polishing. Its temperature
coefficient of the resonance frequency is very large, at about
200 ppm K−1; however, to date, there has not been any inves-
tigation regarding the detectivity. In Li et al. (2023), terahertz
detectors using MEMS resonators are discussed in detail.

Free-standing resonator structures of single-crystalline
heteroepitaxial cantilevers of several-micrometer thickness
were fabricated on silicon substrates. In Peiner et al. (2000),
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piezoelectric layers of InP or GaAs were epitaxially grown
on silicon, and the cantilever structure was realized by
etching the silicon in a KOH solution. In Zimmermann et
al. (2006), GaN membranes were fabricated by dry etching.
However, these resonator structures have not been used as
temperature sensors yet. They would be another possible ap-
proach for very thin sensors with a high signal-to-noise ratio,
but this approach is not pursued in our work.

Semiconductor-based MEMS resonators have several ad-
vantages, such as their potential for integration with micro-
electronic and other MEMS devices and high scalability in
manufacturing, resulting in very low costs with respect to
mass production. On the other hand, the development of a
new device and the production plants in general are very ex-
pensive and unsuitable for the production of low quantities.

Our focus lies on infrared detectors with small or medium
production quantities using technology known from pyro-
electric detectors, in particular ion beam etching for the thin-
ning process. Reducing the film thickness leads to a higher
resonance frequency and, consequently, an increased abso-
lute frequency change and increased sensitivity. However, the
miniaturization is carried out based on single-crystal quartz,
not polycrystalline thin films, due to the lower noise and the
lack of requirement for an additional substrate.

The goal of this work is to improve sensor parameters
that directly influence the sensitivity, such as the reduction
in quartz thickness, thermal conductivity between the sensor
and the environment, and the absorption coefficient. This will
lead to a better signal-to-noise ratio.

For that purpose, a technological procedure for manufac-
turing quartz sensors with very small thicknesses in the range
of 5 µm with both plate- and beam-like structures is presented
in Sect. 2. After that, impedance measurements to determine
the resonance frequency up to 400 MHz are described in
Sect. 3. Section 4 presents the proof of the temperature coef-
ficient of the resonance frequency.

2 Manufacturing technology

The starting point for the fabrication of the resonator de-
vices are quartz wafers with a size of 20 mm× 20 mm and
a thickness of 500 µm (Quarztechnik Daun GmbH, Daun,
Germany). They are thinned down to a thickness of 20 µm
by lapping and polishing and cut into chips with a size of
4 mm× 4 mm. The chips are structured by photolithogra-
phy followed by depositing thin films or by removing ma-
terial. Electrode films of NiCr and Au are deposited by ther-
mal evaporation. The electrode is reinforced in the contact
area. Structures like bowl-shaped cavities and trenches are
ion beam etched.

In a first step, sensors were built up with unstructured
quartz chips after each technological step (lapping, polish-
ing, and etching) to investigate their influence on the vibra-
tion, as the crystal structure may be damaged by processing

its surface (Danel and Delapierre, 1991). However, our mea-
surements showed no effect on the vibration.

After that, two sensor layouts were implemented. The lay-
outs have to meet the following requirements:

– The quartz membrane of the sensitive element has to be
very thin. The sensitive area is defined by the overlap-
ping parts of the front and back electrodes.

– The thin quartz membrane has to be mechanically sta-
bilized.

– The vibration of the quartz resonator should be decou-
pled from external vibrations.

– An additional thermal isolation is preferable because it
increases the sensitivity.

The basic concept is a thin, free-standing membrane that is
stabilized by a thicker carrier frame. The detailed technologi-
cal steps are presented in Table 1 and Fig. 1. The two layouts
are briefly outlined in the following:

– In the first layout, the front and back electrode form
a cross. The sensitive element is the overlapping part
where a bowl with a thickness of 5 µm is etched in the
chip (Fig. 2a). The sensors are mounted in a TO-8 pack-
age. A substrate is glued on the base, and the quartz chip
is assembled on silicon rods to decouple it from exter-
nal vibrations (Fig. 2c). Ideally, it should vibrate freely
without environmental influences. Three rods are used
for technical reasons – there is more space to contact
the back electrode without a fourth rod.

– The second layout consists of a 5 µm thin cantilever
which is connected to the thicker frame by a narrow
bridge (Fig. 2b). The trench between the cantilever and
frame keeps the sensitive element thermally isolated.
Here, the frame is firmly fixed on a carrier substrate with
a deepening in the middle, leaving the cantilever versa-
tile (Fig. 2d). This layout has been successfully used for
pyroelectric LiTaO3 sensors (Norkus et al., 2014).

Some of the sensor chips were coated with a NiCr absorp-
tion layer with a thickness of 1.2 µm to improve the radiation
absorption (Schossig et al., 2010).

Before the 5 µm thin quartz chips were manufactured, the
technology had been tried out with 80 µm thick test chips.
These chips were either kept unstructured with an electrode
covering the entire surface or they had the bowl-like struc-
ture but were etched just 10 µm deep with a final thickness of
80 µm within a 90 µm thick frame.
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Table 1. Technological steps to manufacture quartz resonator chips.

Side of chip Technological step

Front Evaporation of the front electrode
Front electrode reinforcement of the outer contact area through evaporation
Only layout no. 2: ion beam etching of the isolation trench
Optional: evaporation of the NiCr absorption layer

Back Lapping and polishing
Ion beam etching of the bowl down to 5µm thickness
Evaporation of the back electrode
Back electrode reinforcement of the outer contact area through evaporation

Figure 1. Schematic representation of the technological process to manufacture quartz resonator chips.

3 Impedance measurements

3.1 Experimental methods

The fundamental resonance frequency of a quartz crystal vi-
brating in thickness shear mode is given by

fr =
1

2d

√
c

ρ
, (1)

where d is the thickness of the quartz plate, c is the Young
modulus, and ρ is the density (Vig, 1996). The material pa-
rameters of Y -cut quartz are c= 40 GPa and ρ= 2.65 g cm−3

(Ren et al., 2010). Figure 3 shows the Butterworth–Van Dyke
(BVD) equivalent circuit of a quartz resonator. It captures the
mechanical behavior of the piezoelectric transducer in terms

of the electrical elements. The dynamic capacitance (C1) rep-
resents the elastic compliance, and the inductance (L1) rep-
resents the effective vibrating mass of the resonator. The res-
onance resistance (R1) results from the damping of the vi-
bration. C0 is the static capacitance of the crystal. L1 and C1
form a series resonant circuit; furthermore, in combination
with C0, they form a parallel resonant circuit (Neubig and
Briese, 1997). The quality factor (Q) of the vibration is de-
fined as the ratio of the resonance frequency to its 3 dB band-
width. It can be expressed with the elements of the equivalent
circuit as

Q=
1
R1

√
L1

C1
. (2)
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Figure 2. (a, b) Sensor layouts and (c, d) packaging for quartz res-
onators: sensitive element as a bowl (a, c) and as a cantilever (b, d).
The numbers in the figure denote the following: 1 – sensitive ele-
ment; 2 – frame; 3 – trench; 4 – bridge; 5 – silicon rods; and 6 –
carrier substrate. The scale bars in panels (a) and (c) also apply to
panels (b) and (d), respectively.

Figure 3. Equivalent circuit of a quartz resonator.

By measuring the complex impedance of the device un-
der test (DUT), in this case the quartz crystal, as a function
of frequency, it is possible to accurately determine its reso-
nance frequency. The excitation frequency is varied, and the
corresponding impedance values are measured. For a series
resonant circuit, the magnitude will be minimal and the phase
will be zero at the resonance frequency. For parallel reso-
nance, the magnitude of the complex impedance is maximum
and the phase is ±90° with a zero crossing. A vector net-
work analyzer (VNA) or frequency response analyzer (FRA)
allows one to measure complex impedance. Using a VNA at
low frequencies is inappropriate because it is limited by sev-
eral factors, including the signal-to-noise ratio and calibra-
tion range. Therefore, an FRA measures current and voltage
using the four-terminal method in the low-frequency range.
At higher frequencies, the VNA characterizes the DUT using
scattering parameters (S parameters) of an electromagnetic
wave as a function of frequency. The S parameters describe

the ratio of the transmitted or reflected power wave to the in-
cident wave. In the high-frequency range, the wavelength is
smaller than the cable length; thus, the current and voltage
are location dependent, and a simple measurement of them is
no longer sufficient (Radschun, 2017). Using the VNA, the
complex impedance Z (more accurately the complex input
impedance, Z11) of the DUT is determined by

Z = Z0×
1+ S11
1− S11

, (3)

with a reference impedance Z0 of 50� and the complex in-
put reflection coefficient S11.

In this work, six quartz resonator sensors were fabricated
and studied. The first two sensors with a resonator thickness
of ca. 80 µm were measured with an FRA (Solartron SI 1260,
Solartron Analytical, Farnborough, UK). This analyzer oper-
ates at frequencies of up to 32 MHz. The thin sensors with
a thickness of approximately 5 µm were characterized with
VNAs. For that, an R&S ZVL-6 device (Rohde & Schwarz,
Munich, Germany) that operates in the frequency range from
9 kHz to 6 GHz was used for sensors no. 3 and no. 4. Sensors
no. 5 and no. 6 were measured with an R&S ZNB8 with a fre-
quency range from 9 kHz to 8.5 GHz. Table 2 summarizes the
characteristics of the sensors and the expected resonance fre-
quencies determined by Eq. (1). The thickness was measured
with a mechanical precision feeler for the thicker sensors or
with a light section microscope otherwise.

3.2 Calibration

To obtain accurate and reliable measurements of electrical
characteristics and frequency response, the measuring in-
struments were calibrated in advance. This calibration com-
pensated for systematic errors caused by cables, connectors,
and other factors, as the according parasitic effects are not
negligible, especially at higher frequencies. Calibration was
carried out using the through–reflect–line (TRL) calibration
method (Engen and Hoer, 1979; Williams et al., 1991). This
method defines a reference plane in close proximity to the
DUT that corrects for reflections and losses caused by the
test setup.

Figure 4 shows the board for TRL calibration of the VNA.
This calibration of the VNA with two ports, one port on each
side of the DUT, consists of the following steps:

– Through. A line of exactly known zero length is inserted
between the two ports of the VNA. The zero length
refers to the reference plane, which is located at the cen-
ter of this line.

– Reflect. The reflect step is used to determine the reflec-
tion characteristics of each port. This can be done us-
ing an open or short circuit. While a short circuit has a
well-defined reference plane, the open circuit can have
fringing effects that introduce uncertainties. The actual
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Table 2. Quartz resonator sensors and their characteristics.

Number Layout Thickness Calculated resonance Absorption
(µm) frequency (MHz) layer (µm)

No. 1 (SQ18) Unstructured 84.0 23.1 –
No. 2 (SQ14) No. 1 (bowl) 80.0 24.3 –
No. 3 (SQ80427) No. 1 (bowl) 5.1 380.9 –
No. 4 (SQ26) No. 2 (cantilever) 5.2 373.7 1.2
No. 5 (SQ29) No. 1 (bowl) 5.2 373.7 –
No. 6 (SQ31) No. 2 (cantilever) 4.8 404.8 1.2

Figure 4. Board for TRL calibration of the VNA. The numbers in
the figure denote the following: 1 – open standard; 2 – short stan-
dard; 3 – match standard; 4 – line standard; 5 – measurement fixture
including TO-8 package; and 6 – through standard.

magnitude of the reflection does not need to be known,
but the phase of this standard must be within one-fourth
of the wavelength.

– Line. The line step involves a line of a different
length compared with the through standard but with
the same characteristic impedance and propagation con-
stant. Therefore, this line must have an appropriate elec-
trical length for the frequency range of the calibra-
tion. Thus, within this frequency range, the phase dif-
ference between the through standard and the line stan-
dard should be greater than 20° and less than 160°. For
the calibration board in this work, the frequency range
is between 65 and 520 MHz.

– Match. This step is an optional low-reflection termina-
tion standard used to verify correct calibration.

3.3 Results and discussion

Figure 5 shows the magnitude and phase of the complex
impedance of sensors no. 1 and no. 2 with approximately
80 µm thick quartz resonators. The maximum of the magni-
tude marks the resonance frequency, which is close to the
expected values (see Table 2). The calculated values depend

on the accuracy of the thickness measurement. The paral-
lel resonance is much stronger than the series resonance for
both sensors. The phase at resonance is ϕ=−47° for sen-
sor no. 1 and ϕ= 0° for sensor no. 2. Outside of the res-
onance the phase is −90°, which corresponds to the static
capacitance C0. An ideal quartz resonator would exhibit a
phase jump from −90 to +90° and back, which is almost
the case for sensor no. 2. Note that the equivalent circuit in
Fig. 3 is only a basic model that can be extended. Both spec-
tra show a clear peak among smaller side resonances which
are more pronounced in sensor no. 1. Secondary resonances
towards higher frequencies are not uncommon in the thick-
ness shear mode (Neubig and Briese, 1997). The behavior
of sensor no. 2 bears a stronger resemblance to an ideal res-
onator than sensor no. 1.

The results of sensor no. 3 are presented in Fig. 6. The
spectra show the magnitude and phase of the measured pa-
rameter S11 and the calculated impedance Z, respectively.
The maximum of the magnitude occurs at 372.355 MHz. The
resonance is explicit, but its respective amplitude and phase
jump are rather small at about 1.5 dB and 20° (for S11).

The measured impedance is fitted to the BVD model of
Fig. 3. The fit in Fig. 8a reveals a quite large measurement–
model disagreement. The series resonance is not visible in
the measured curve. The equivalent circuit of the quartz res-
onator should be extended for a better fit. The quality factor
amounts to 59 according to Eq. (2). An estimation using the
ratio of the resonance frequency to its 3 dB bandwidth yields
a value of Q= 117.

Sensor no. 4 with the cantilever achieves a vibration with
a larger magnitude of approximately 8 dB and a higher phase
jump of 60°, as is visible in Fig. 7a. However, the major
drawback is the large number of secondary resonances. Fig-
ure 7c shows an enlarged section of the impedance spec-
trum in Fig. 7b. Here, both the series and parallel reso-
nance are pronounced in contrast to sensor no. 3, which
has a dominant parallel resonance. The series resonance fre-
quency amounts to 302.5 MHz and the parallel resonance fre-
quency to 302.75 MHz, corresponding to a resonator thick-
ness of 6.4 µm. This value is equal to the sum of the thick-
nesses of the quartz chip and the absorption layer. The NiCr
layer increases the mass of the resonator, resulting in a
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Figure 5. Magnitude and phase of the complex impedance Z of (a) sensor no. 1 and (b) sensor no. 2.

Figure 6. Magnitude and phase of (a) the complex input reflection coefficient S11 and (b) the complex impedance Z of sensor no. 3 (curves
are smoothed). The resonance frequency is marked.

lower frequency as well known from quartz crystal microbal-
ances (Steinem and Janshoff, 2007). This also applies to sen-
sor no. 6 and explains the large deviation from the calculated
resonance frequency.

The fit to the BVD model for sensor no. 4 is only carried
out for the main resonance, while the secondary resonances
are cut off (Fig. 8b). The measurement–model agreement is
moderate. The quality factor amounts to 263 using Eq. (2)
and to 448 using the 3 dB bandwidth of the resonance fre-
quency. It has improved compared with sensor no. 3, but it is
extremely low with respect to the quartz resonator in Pisani
et al. (2011), which has a quality factor of 4200.

The measurements of the S parameters confirm the vibra-
tion of the 5 µm thin quartz resonators, but either the vibra-
tion amplitude is very small (sensor no. 3) or there are many
side resonances (sensor no. 4). Possible approaches to im-
prove the sensor behavior are the optimization of both the
sensor packaging and the sensor layout. The quartz chip is
contacted with gold wires, which are glued to the electrodes
with a conductive adhesive. When mounting the chip on a
carrier substrate, it is important that there is no connection
between the back electrode and the substrate that could in-
terfere with the vibration. The chip is only fixed at its four
edges and should be able to vibrate freely.

To investigate the influence of the packaging, a quartz chip
with a bowl (layout no. 1) was fixed on the carrier substrate
with a deepening in the middle and a chip with a cantilever
(layout no. 2) was positioned on silicon rods. These combi-
nations were implemented for sensors no. 5 and no. 6 (see
Table 2). Figure 9 shows the complex impedance of both
sensors. The bowl in sensor no. 5 still vibrates at an un-
ambiguous frequency, despite the stronger fixation, and the
cantilever in sensor no. 6 still shows secondary resonances,
although less than in sensor no. 4. Sensor no. 5 behaves sim-
ilarly to sensor no. 3, and the same applies to sensors no. 6
and no. 4. This leads to the conclusion that the vibration char-
acteristics (and thus the existence of side resonances) mainly
depend on the sensor layout and not on the fixation.

In a next step, the layout will be changed in such a way
that a self-supporting quartz membrane is connected to the
frame by several bridges instead of just a single one.

4 Temperature dependence

The targeted goal is the use of the quartz resonators as tem-
perature sensors in the form of thermal radiation sensors.
Thus, an important aspect is to validate the temperature de-
pendence of their resonance frequency. Figure 10 shows the
measurement setup.
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Figure 7. Magnitude and phase of (a) the complex input reflection coefficient S11 and (b) the complex impedance Z of sensor no. 4 (curves
are smoothed). Panel (c) presents an enlarged section of panel (b); the resonance frequencies (f ) and the corresponding magnitudes (M) and
phase angles (P ) are marked.

Figure 8. Fit of the measured impedance (magnitude) to the model of a quartz resonator in Fig. 3 for (a) sensor no. 3 and (b) sensor no. 4.
The measured curve was cut off after the main resonance for sensor no. 4.
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Figure 9. Magnitude and phase of the complex impedance Z of (a) sensor no. 5 and (b) sensor no. 6. The resonance frequency is marked.

Figure 10. Measurement setup to determine the temperature dependence of the resonance frequency of the quartz resonators.

The sensor was placed in a temperature-controlled heat-
ing cabinet (WB 60K, mytron). The reference temperature
was measured at the sensor cap with a PT1000 probe (GTH
175/Pt, Greisinger, Regenstauf, Germany), and the tempera-
ture of the ambient air was measured with a type-K thermo-
couple (YC-727, YCT Electronics, Shanghai, China). After
some settling time, the temperature difference was a maxi-
mal value of 0.3 K. The S parameters were determined by the
R&S ZVL-6, and the resonance frequency was derived from
the calculated impedance. The chosen temperature range ex-
tended from 20 to 50 °C, as in Pisani et al. (2011). This seems
reasonable for applications like the measurement of the reac-
tion heat of biological processes.

Figure 11 presents the temperature dependence of the res-
onance frequency for sensors no. 3 and no. 4. It is a clear
linear function. Sensor no. 3, with fr= 372.4 MHz at room
temperature, shows an increase of 35.6 kHz K−1, yielding
a temperature coefficient of 95.6 ppm K−1. The increase in
sensor no. 4, with fr= 302.5 MHz at room temperature,
amounts to 28.1 kHz K−1, yielding a temperature coefficient
of 92.9 ppm K−1. This confirms the expected temperature co-

efficient of 90 ppm K−1 for Y -cut quartz (Neubig and Briese,
1997).

5 Conclusions and outlook

Y -cut-quartz resonators were successfully thinned down to
5 µm by lapping, polishing, and ion beam etching. Sensors
with two different layouts were built up: the sensitive ele-
ment had either the form of a bowl or of a cantilever. The
packaging was adjusted to the layout, ideally aiming at free
vibration of the thin quartz membrane. The resonance fre-
quency was determined by impedance measurements. A fre-
quency response analyzer was used for sensors with a res-
onator thickness of 80 µm, corresponding to a frequency of
around 24 MHz. Thinner quartz chips with frequencies above
300 MHz were characterized by a vector network analyzer.
In the latter case, the S parameters were measured, and the
impedance was calculated from them. The vibration of the
quartz resonators was confirmed for both chosen sensor lay-
outs. The sensors with a bowl-like structure show a clear res-
onance, but they exhibit a comparably small vibration ampli-
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Figure 11. Temperature dependence of the resonance frequency for (a) sensor no. 3 and (b) sensor no. 4.

tude. The cantilever vibrates with a larger amplitude but with
many secondary resonances. Because the packaging does not
have an effect on the side resonances, future work will focus
on advancing the sensor layout.

A coupled electromechanical finite-element analysis will
be implemented to analyze the influence of the chip geome-
try on the resonance behavior. The goal is to develop a quartz
sensor with a high vibration amplitude at a clear resonance
frequency with a small resonance bandwidth. Such a res-
onator can be excited to vibrate in an oscillator circuit. So far,
this has not been successful for the 5 µm thin sensor chips.

The quartz resonators in this work are to be used as ther-
mal radiation sensors. The temperature coefficient of their
resonance frequency was determined to be approximately
90 ppm K−1 for both sensor types, as expected for Y -cut
quartz. If an oscillator circuit is used, the frequency can be
measured by a simple frequency counter.
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