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Abstract — The paper reports upon the design and 
characterization of a resistive O2 sensor, which is fully CMOS-
compatible and is based on an ultra-low-power Silicon on 
Insulator (SOI) micro-hotplate membrane. The microsensor 
employs SrTi0.4Fe0.6O2.8 (STFO60) as sensing layer. Thermo-
Gravimetric Analysis (TGA) Energy-Dispersive X-ray 
Spectroscopy (EDX), X-ray Diffraction (XRD) and Scanning 
Electron Microscope (SEM) techniques have been used to assess 
the quality of both the sensing layer and STFO-SOI interface. At 
room temperature, the SOI sensor shows good sensitivity and fast 
response time (≤ 6 seconds) to O2 concentration ranging from 0% 
to 20% in a nitrogen atmosphere. This is the first experimental 
result showing the potential of this structure as O2 sensor.  

I. INTRODUCTION 

Industrial applications, such as combustion optimization 
and emission monitoring in automotive, as well as domestic and 
other small-scale boilers, require low cost, low power, and fast 
O2 sensors. They should be capable of reliable operation both 
at room temperature and in harsh environment conditions 
(temperatures up to 2250C, high levels of relative humidity up 
to 100%, condensing environments). The sensors currently 
available on the market fail to fulfill one or more of these 
requirements. For example, optical technologies have either 
serious reliability issues, especially when used above room 
temperature, or are expensive and suitable mainly for 
applications such as industrial boilers and power plants [1]. 
Oxygen-pump electrochemical oxygen sensors employing 
Yttria Stabilized Zirconia (YSZ) are expensive, have very high 
power consumption and require a reference chamber filled with 
clear air [2]. Solutions which do not require fresh air as 
reference have been also proposed [3], but, due to the 
complexity of the technological process, they lack the 
opportunity of large-scale production, which puts a serious 
limitation on lowering the final cost of the sensor. Finally, 
oxygen paramagnetic sensors are far too expensive for most 
domestic and industrial applications.   

It is the purpose of this paper to introduce a resistive O2 
sensor employing STFO60 as sensing layer on an SOI micro-

hotplate membrane, employing a heater made of doped single 
crystal silicon. The technology is fully CMOS-compatible, thus 
potentially yielding highly scalable, low cost sensors. The 
nature of the silicon (p-type Si) and SiO2 layers enables stable 
operation at high temperatures, with the membrane design 
ensuring extremely low power consumption [4]. At the same 
time, the suitability of STFO60 as O2 sensing layer has already 
been demonstrated in an O2 probe tested on a diesel engine car 
under real driving conditions [5]. This study presents the first 
experimental results obtained after depositing an STFO60 layer 
on a fully CMOS-compatible SOI micro-hotplate membrane, 
with Si heater, and measuring its oxygen sensing capability.  

II. SENSOR DESIGN 

A. SOI Membrane 

Fig. 1 shows a schematic cross section of the SOI micro-
hotplate membrane employed in this study. The SOI membrane 
was formed by the Deep Reactive Ion Etching (DRIE) of a bulk 
silicon layer, above which a 5µm thick membrane was 
fabricated. The membrane comprises layers of high quality 
buried SiO2, silicon and SiO2. The silicon die (Fig. 2) was 
fabricated in a commercial 6” wafer SOI CMOS process. A p-
doped single crystal silicon resistive heater was embedded in 
the SiO2 membrane. The microheater has a diameter of 300µm 
and a resistance of 91Ω, at ambient temperature. The circular 
membrane features a diameter of 600µm. Si3N4 was used as 
passivation layer. Post-CMOS deposited gold interdigitated 
electrodes (IDEs), with an aspect ratio of 320, allowed electrical 
contact to the semiconductor sensing layer.  

Key advantages of the SOI micro-hotplates employed in 
this study are the very low DC power consumption and high 
temperature uniformity across the heater sensing area. The use 
of a commercial CMOS process means that the devices can be 
fabricated in high volume (millions), at low unit cost. The p-
type single crystal silicon heater is used because it is stable at 
high temperatures (compared to doped polysilicon, for 
example, especially above 4000C), and has a closer temperature 
coefficient of expansion (TCE) to silicon dioxide than metal 
heaters.  

This work has been funded by the EU FP7 SOI-HITS (Smart Silicon-on-
Insulator Sensing Systems Operating at High Temperature) project. For more
details, see www.soi-hits.eu. 
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Results from Fig. 3 demonstrate the approximately linear 
relationship between the measured heater temperature and its 
DC power consumption.  

 
Fig. 1. SOI CMOS micro-hotplate cross-section. 

 

Fig. 2. Layout of dual micro-hotplate chip (2mm x 2mm), used here for testing 

 
Fig. 3. Measured DC power consumption as function of the heater temperature 

with linear fit. 

The average power consumption can be substantially 
reduced when the heater is driven in a pulse-mode (~ mW). This 
driving method is possible because of the very small thermal 
mass of the SOI membrane, which results in a thermal rise time 
(10% - 90%) of approx. 20ms. Fig. 4 shows a typical, 3D-
simulated temperature distribution across a circular SOI micro-
hotplate; as expected, the temperature is highest above the 
heater and decreases almost linearly down to ambient 
temperature at the edge of the membrane structure. One should 
note the extremely uniform temperature distribution over the 
entire sensing area. 

Several resistive gas sensors have been demonstrated in the 
past based upon this type of SOI micro-hotplate. As a sensing 

layer, the resistive sensors employed either nanomaterials or 
thin layer metal oxides grown or deposited on the SOI substrate. 
For example, zinc-oxide nanowires grown on the SOI micro-
hotplate have been used for detecting NO2 

 
Fig. 4. SOI micro-hotplate temperature profile as predicted by the Finite 

Element Module of the Ansys simulator 

 (the minimum detection threshold was sub-ppm concentration 
[6]), ethanol [7], hydrogen (minimum detection threshold 
around 100ppm - [8]), and toluene (concentrations above 
400ppm- [9]). ‘Spaghetti-like’ carbon nanotubes, also grown on 
the SOI membrane, have been found to be sensitive to NO2 
(sub-ppm concentration were measured) [10] and methane 
(500ppm, as minimum detection threshold - [11]). At the same 
time, deposited tungsten-doped lanthanum iron oxide has 
shown response to ethanol [12], while deposited tungsten 
molybdenum oxide was found to be able to detect 
concentrations of NO2 as low as 0.1ppm [13]. 

B. STFO Sensing Layer 

Several types of SrTi1−xFexO3-δ (STFO) have been proposed 
in the literature to be suitable candidates as O2 resistive sensing 
layers [14 - 16]. While varying the ratio between the Ti and the 
Fe concentrations (and keeping their sum constant), it has been 
found that the temperature coefficient of resistance (TCR) 
changes from negative to positive values as the Fe 
concentration increases. For a certain Ti:Fe ratio, STFO shows 
zero temperature coefficient. Depending on the manufacturing 
method, STFO exhibits TCR=0 either for 35% Fe and 65% Ti 
(yielding STFO35, as in [15]), or for 60% Fe and 40% Ti 
(yielding STFO60, as in [16]). For the latter, the temperature 
independence of the electrical resistance occurs if the layer is 
heated to temperatures between 4500C and 6500C. In an 
experiment meant to prove the suitability of STFO60 as sensing 
layer for O2 resistive sensors operating in harsh environment, a 
30µm thick STFO60 layer was deposited by screen printing on 
a 6mm × 3mm alumina substrate [5]. A Pt heater was embedded 
in the substrate. The Pt heater was heated up to 6500C. The 
sensor was placed in the exhaust line of a diesel-powered car 
engine and showed a response similar to that of commercial 
linear oxygen sensors used to control the combustion in 
automotive industry: good sensitivity to O2 concentration 
ranging from 2 to 20%, response time of 5s and recovery time 
of 350s. 

C. STFO60 Deposition on the SOI Membrane 

An STFO60 material similar to the one used in the 
experiment described above, provided by Innovative Materials, 
prepared as in [5], was acquired for the purpose of this study. 



STFO60 powder was mixed with terpineol forming highly 
viscous slurry. Instead of alumina, we employed an SOI 
membrane as the substrate onto which STFO60 was deposited. 
Due to the reduced dimensions of the circular SOI micro-
hotplate membrane (600µm diameter, 5µm thickness), the 
deposition of the sensing layer is a critical process. The slurry 
containing STFO60 is not suitable for ink-jet deposition; 
therefore a “dip-and-drop” technique has been adopted instead. 
Both a manual (using a micromanipulator) and an automatic 
(using NLP2000 from NanoInk) method have been employed 
to deposit the slurry on the membrane. The manual deposition 
was less accurate in terms of the amount of material deposited 
and the covered surface. After drying, an STFO60 layer of 3 to 
5µm thickness was obtained (Fig. 5). The more accurate 
automatic deposition process led to an STFO60 layer of 1µm 
thickness (Fig. 6). From the point of view of the thermal 
stability of the whole structure, the latter value of the thickness 
value is more appropriate.  

 
Fig. 5. SEM of the STFO layer 
manually deposited on the SOI 

membrane with Au IDEs. 

Fig. 6. SEM of the STFO layer 
mechanically deposited on the 

SOI membrane. 

 

An annealing process was needed in order to stabilize the 
sensing layer. Two sets of tests were performed for an optimal 
temperature choice: thermo-gravimetric analysis (for the 
detection of the optimal firing temperature allowing removal of 
all organic components) and device resistance measurement 
while rising the temperature (for a stable electrical behavior). 
Fig. 7 presents the variation of the weight of STFO60 with 
temperature. The steep variation occurring at 200oC is due to 
terpineol loss. Beyond 400oC the material is stable from the 
chemical point of view. 

 
Fig.7. STFO60: thermo-gravimetric analysis. 

But the temperature of about 400oC is not enough to obtain 
a stable device from electrical point of view. More structural 
modifications take place above 400oC without major changes in 
material density. In order to investigate the electrical behavior 
the device has been further heated using its own heater up to 
8000C. The heater temperature was kept constant at its 
maximum value for 5 minutes. During this “conditioning” 

process, the sensing layer changed its color from black (at room 
temperature) to yellow-brown (at around 5500C) and then again 
to black (above 7000C). The electrical resistance of the layer 
has been monitored during conditioning and its behavior is 
shown in Fig. 8. The drop in resistance corresponds to color 
change from black to yellow-brown. The origins and 
temperature behavior of metal-insulator transition in 
perovskites are well documented [17]; it was demonstrated that 
STFO samples subject to a DC field stress exhibit a 
conductivity increase [18]. This is confirmed by our samples. 
As shown in Fig. 8, the resistance drops dramatically above 
5500C (Fig. 7).  

 
Fig. 8. Sensing layer resistance vs. temperature during annealing  

The STFO60 layer proved to be highly porous and 
uniformly distributed on the IDEs, as shown in Fig. 9. This was 
mainly due to the fact that, during the conditioning process, the 
solvent and the binder inside the slurry were removed and the 
STFO60 particles got in close contact, thus yielding a 
continuous layer. The EDX analysis performed on the STFO60 
layer, before and after conditioning (Fig. 10), shows the 
significant chemical process that the STFO60 undertook during 
the annealing process. Before conditioning, peaks 
corresponding to carbon and gold were present in the EDX. 
After annealing, the carbon and gold peaks completely 
disappeared, indicating removal of additional compounds in the 
sensing layer. Fe and Ti concentrations in the film are in good 
agreement with the envisioned STFO60 stoichiometry. 

 

Fig. 9. SEM of the STFO layer after annealing. 

 

Fig. 10. EDX analysis on the STFO after and before conditioning. 



III. SENSOR PERFORMANCE 

The STFO-SOI micro-hotplate resistive sensing structure 
was experimentally tested in an N2 atmosphere, where the O2 
concentration was varied from 1% to 32%. The heater 
temperature was set at 6000C. The results in Fig. 11 show p-
type behavior, good sensitivity and fast response. The response 
time was less than 6s, while the recovery time was less than 20s 
(with a fast recovery up to 90% in less than 7s). This is the first 
experimental test proving the feasibility of the STFO-SOI 
structure as O2 sensor. Further work needs to be devoted to 
reducing the thickness of the sensing layer below 1µm. This 
will improve both the sensitivity and the response times of the 
sensor and will increase its reliability. The post-deposition 
annealing step (“conditioning”) also needs to be optimized 
(both in terms of temperature range and time). Another problem 
is related to the time stability of this sensor. Drift is a well-
known problem of the resistive gas sensors, therefore effort will 
be dedicated to understand its causes and build a reliable 
product.  

.. 

Fig. 11. SOI-based sensor response to oxygen, at room temperature.  
The heater temperature was set at 6000C. 

 

IV. CONCLUSIONS 

A fully CMOS-compatible resistive oxygen sensor has been 
reported, comprising a SOI micro-hotplate membrane as 
substrate and STFO60 as sensing layer. A 1µm thick STFO60 
layer was deposited on a 5µm thick SOI membrane and 
annealed at 8000C, for 5 minutes. Good sensitivity to O2 
concentration from 1 to 32% and response time below 6s were 
measured at room temperature. The heater temperature was set 
at 600oC. This is the first experimental result showing the O2 
sensing potential of this structure. Issues such as the deposition 
of a thinner sensing layer and long-time stability still need to be 
addressed in order to optimize the sensor. However, the use of 
a commercial, highly-mature CMOS process enables the 
fabrication of the sensing structure in high volume, at low cost. 
Owing to the already proven successful operation at high 
temperature of both STFO60 and SOI micro-hotplate, the 
sensing structure introduced in this paper has the potential to 
cope with harsh environment operation conditions. 
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