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Fig. 1. Signal of a novel zeolite-based potentiom-
etric hydrogen sensor device (H2-sensor) in synthetic
base gas with various test gases (details see text).

Results and Discussion
Several measurements with FTIR- and particle-
analytics during wood combustion showed a
possible correlation of hydrocarbon (HC) emis-
sions with particle data.

To derive the HC concentration from sensor data 
and as the CO/HC-sensor measures a sum of 
CO and HC gas concentrations, we follow the
consideration that the H2- concentration in the
flue gas is double the value of the CO-concen-
tration (at least in the burn-out phase during CH4
combustion [7]). So, the concentration values
measured by the H2-sensor divided by “2” were
subtracted from the sum concentration values
measured by the CO/HC-sensor (eq. 1).

2/)()/()( 2HcHCCOcHCc  (1)

Fig. 2 shows time continuous data during wood
combustion exemplarily.  

Fig. 2. Sensor measurements and particle analysis
while one burning phase (stoking with “wood 3” until
burn-out) as part of a combustion experiment. HC-
concentration values are calculated from the sensor
signals according to eq. (1).

Now, resulting continuous HC-concentration val-
ues are plotted against simultaneously collected
particle data (here we used the product of the
particle number concentration, PNC and the
count media diameter, CMD). All data in Fig. 3 
represent a more than 2-hour lasting experiment 
with different phases of wood burning (igniting
the fire and stoking with different wood four
times) with values every second.

Fig. 3. Correlation of HC-concentration evaluated
from two sensor measurements after eq. (1) with sim-
ultaneously collected data from a particle spectrome-
ter (DMS 500). Highlighted points refer to data shown
in fig. 2, background data to the whole experiment
(more than 2 h, 9000 data points including ignition,
cold start and four times stoking with wood.

Regarding the contiguous data for one burning
phase (“wood 3” was the 3rd time of stoking with
softwood of suggested humidity), significant cor-
relation of the data gets visible although some 
assumptions might not be valid for the highly in-
dividual exhaust gas compositions during wood-
log combustion. Furthermore, in comparison to 
the single sensor results (CO/HC or H2), scatter-
ing of data in such display is significantly re-
duced. Future investigation should also take in 
account other secondary data such like residual
oxygen concentration or temperatures to refine
the results and elucidate more the interrelations
of particle generation with operation parameters.
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Summary:
This paper presents novel optomechanical gas pressure sensors featuring a chip-scale mechanical resonator with
ultra-low intrinsic loss, read out via an optical interferometer. In a recent experiment using a free-space optical
Michelson interferometer, we demonstrated a single sensor with an unprecedented 10-decade measurement range
from 10−7 to 103 mbar. After providing a brief overview of our ongoing efforts to extend this range further towards
lower pressures, we present developments of a compact, portable version of the sensor, using an optical fiber-based
readout. We demonstrate this sensor’s functionality over a broad temperature range from 77 K to 300 K.
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Introduction
Chip-scale oscillating membranes have recently
been shown to offer outstanding capabilities for
gas pressure sensing. The demonstrated fea-
tures are enabled by the membranes’ ng-scale
mass and ultra-low intrinsic loss, which are fully
leveraged by measuring their oscillations using
an optical interferometer.

In a recent study, we demonstrated such an
optomechanical gas pressure sensor with an un-
precedented measurement range, spanning 10
orders of magnitude [1]. Furthermore, a sensor
for direct pressure measurements, independent
of gas type, has been realized [2]. Work con-
ducted at the National Institute of Standards and
Technology (NIST) has demonstrated optome-
chanical pressure sensors with a total measure-
ment uncertainty of ∼ 1% [3], making them suit-
able as primary pressure sensors.

In this work we present our current efforts to-
ward two main goals for optomechanical gas
pressure sensors. First, we aim to extend the
measurement range towards lower pressures,
reaching into the ultra-high vacuum regime (<
10−8 mbar). Second, we are developing a com-
pact and portable version of the sensor that is
applicable in typical vacuum setups. To this end
the free-space optical readout is being replaced
with an optical fiber interferometer.

Squeeze-Film Pressure Sensor
In Ref. [1], we present a single optomechani-
cal gas pressure sensor covering a measure-
ment range from 10−7 to 103 mbar. The sensor’s
measurement principle relies on a pressure-
dependent frictional force exerted on the oscillat-
ing membrane by impacting gas particles. This
is reflected by a pressure-dependent mechanical
quality factor Q, which, in the free molecular flow
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Fig. 1: Pressure dependency of the mechanical
quality factor for three different trampoline pressure
sensors. The inset shows a simulated oscillation
mode profile of a mm-sized device, which forms a
µm-scale gap with a neighboring surface.

regime, is given by
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with intrinsic quality factor Qin, resonance fre-
quency f , mass density ρ, and thickness h of the
membrane, as well as pressure P , temperature
T , and particle mass m of the gas. The additional
parameter ξ is explained in the following.

To extend the measurement range further to-
ward lower pressures, we exploit squeeze-film
damping. The inset of Fig. 1 shows a schematic
of the corresponding setup. Here, a silicon ni-
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tride trampoline membrane (details provided in
Fig. 1 of Ref. [1]), comprising a central pad sus-
pended by four tethers, is installed parallel to a
neighboring surface, with a µm-scale gap in be-
tween. As the membrane oscillates, gas is shut-
tled in and out of the gap, which increases the
pressure sensitivity compared to a free-standing
membrane, used in the first generation of the
sensor.

The red points and curve in Fig. 1 represent
the measured and modelled pressure sensitiv-
ity of the free-standing trampoline, respectively
(adapted from Fig. 4 of Ref. [1]). In the corre-
sponding model function (Eq. 1), ξ = 1. Re-
sults for the novel squeeze-film sensor are repre-
sented by light and dark blue points and curves
for 45 µm (ξ = 4) and 5 µm (ξ = 62) gaps, re-
spectively. Compared to the free-standing tram-
poline, the onset of the pressure sensitivity for
the squeeze-film sensor with a 5 µm gap is
shifted to about sixty times lower pressure val-
ues. Overall, the relative deviation between data
and respective model is within ±15%.

Compact & Portable Pressure Sensor with
Optical Fiber Readout
As the first step toward realizing a universally ap-
plicable version of our optomechanical pressure
sensor, we replaced the free-space optical com-
ponents with fiber optics. Figure 2(a) shows a
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Fig. 2: Optomechanical gas pressure sensor with
fiber-based readout setup (a) and key sensor
components (b). (c) Photograph of the square silicon
nitride membrane, suspended from a periodically
patterned silicon chip. (d) Helium pressure
dependence of the mechanical quality factor at
different temperatures.

schematic of the setup, where light from a laser,
including an optical isolator, is split such that
90 % are directed onto photodiode 1, for moni-
toring laser stability, and 10 % to the membrane
sensor, which reflects a fraction of this light back
onto photodiode 2. The output voltages of the
photodiodes are measured with a lock-in ampli-
fier. Figure 2(b) shows a schematic of the sen-
sor’s key components, an optical fiber pointed
at an oscillating square membrane. The mem-
brane’s oscillation is measured via amplitude
modulation of the reflected light, which results
from interference of the part directly reflected at
the fiber tip and the part reflected by the mem-
brane back into the fiber. Panel (c) shows a pho-
tograph of the membrane, suspended from a pe-
riodically patterned silicon chip (for suppressing
the coupling to the support structure).

We measured the dependency of the sensor’s
mechanical quality factor on the surrounding he-
lium pressure, inside a liquid nitrogen dipper
cryostat. Figure 2(d) shows the results, at four
different temperatures, where the data points are
shown together with the corresponding model
functions (Eq. 1, ξ = 1), each represented by
a curve of the same color. The relative devia-
tion between each data set and its correspond-
ing model function is within ±15%, as obtained
for the squeeze-film sensor (presented above).
The observed fivefold increase in the intrinsic
quality factor from Qin = 6 × 105, at 298 K, to
Qin = 3× 106, at 78 K, follows the general trend
for silicon nitride membranes.

Conclusion
We demonstrate that exploiting squeeze-film
damping in optomechanical gas pressure sen-
sors expands their measurement range to pres-
sures sixty times lower than an otherwise identi-
cal sensor without squeeze-film damping. Fur-
thermore, we developed a compact, portable
optomechanical pressure sensor with fiber-optic
readout. This sensor is compatible with cryo-
genic temperatures, where it provides an ex-
tended measurement range compared to room
temperature, due to a fivefold increase in its in-
trinsic mechanical quality factor.
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