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1. Overview
This work is focused on transfer of semiconductor gas sensor technology to flexible
substrates and utilization of nanotechnology in such sensors. Since both of these tasks are
challenging, we have approached them separately, with the ambition of merging them in a
following step (which is outside of the scope of this thesis).
In the following, we will describe fabrication and characterization of two types of TiO2 thin
film based chemoresistive semiconductor gas sensors, following the two above mentioned
approaches - a sensors with micrometer-sized interdigital top Pt electrodes prepared on a flexible
foil and sensors with sandwich-like top-bottom arrangement of nanometer scale (and later porous)
Pt electrodes. Cross-section drawings of both types of sensors are shown in Figure 1.

Figure 1: Schematic cross-section drawings of a) sensors with comb-like electrodes on top
of a TiO2 layer formed on a flexible polyimide foil, b) sensor with sandwich-like structure
with TiO2 layer between the electrodes.
The flexible gas sensors (Figure 1a) were prepared on polyimide Kapton® foil. Our
experimental aim in this case is to fabricate functional device sensitive to hydrogen and test its gas
sensing performance and structural robustness against application of mechanical stress. Optimal
result to achieve is to prepare sensors which are able to withstand reasonable amount of
mechanical stress without observable degradation of the sensing performance. Fabrication process
is supposed to utilize our established facilities to the greatest possible extent, so we can find a way
how to adapt to polyimide substrates in the simplest realizable way. Sample layout will consist of
standard sensor geometry with interdigital electrodes (IDE) placed on top of the gas sensitive layer.
The novelty of this approach lies in the combination of TiO2 gas sensitive layer deposited by DC
magnetron sputtering and Kapton® substrate.
The sensor exhibited very high sensitivity to hydrogen even at room temperature, its
response (R0/RH2) to 10 000 ppm (parts per million) of H2 in dry synthetic air reached ~104 and
observable response to hydrogen concentration as low as 30 ppm was shown. At 150 °C, the
response reached more than 106 for 10 000 of H2 in synthetic air. Presence of humidity negatively

affected the obtained responses. At 32 % relative humidity and room temperature, the sensor
response to 10 000 ppm H2 decreased to ~103 and the lowest detectable H2 concentration was 300
ppm. The sensor was subjected to mechanical bending repeated 1000 times over a diameter of 10
mm to assess the adhesion of the TiO2 layer and overall durability of the sensor. It has been shown
that the bending did not considerably damage the sensor and nor negatively affected its
performance. In fact, the sensor response became even higher at room temperature and low H2
concentrations after the bending.
The second type of sensors presented in the dissertation thesis is of top-bottom geometry
with thin TiO2 gas sensitive layer between the electrodes (Figure 1b). The underlying reason to use
such a geometry is to significantly decrease the distance between the electrodes. Explanation in a
deeper detail is as follows: Spacing of the IDE used in sensors on Kapton® foils is 10 𝜇𝑚. Diameter
of TiO2 grains is, as shown by X-ray diffraction (XRD) measurements, approximately 10 𝑛𝑚. There
is thus roughly one thousand crystalline grains between the two planar electrodes formed by optical
lithography. If we want to decrease the size of the gas sensing device down to the nanometer scale
and study only a system consisting of a few grains (also keeping the size of the grains small), we
have to place the electrodes only tens of nanometers from each other. However, the bottom limit
of dimensions of structures achievable by electron lithography in our laboratory is approximately
100 𝑛𝑚. Therefore, the easiest possible approach to place the electrodes close enough in our
conditions is to form the bottom electrode, deposit a thin layer of TiO2 and then form the second
electrode on top. However, this method has its drawbacks and the biggest one we have observed
so far is the presence of pinholes in the TiO2 layer, which are short-circuiting the sandwich-like
structure. Gains that stem from this sample layout are connected to the dimensions of the device
being comparable to material constants such as diffusion length of O2 and H2. As will be shown in
the respective section, combining high surface-to-volume ratio of a layer consisting of nano-sized
grains with very small structural dimensions of the device leads to novel effects and interesting
results. Our aim is to produce functional nano-sized devices and explore optimal configuration of
electrodes. As will be discussed later, our goal is also to investigate the fabrication methods
available for forming electrodes of desired shape and size without the need to use electron
lithography. In this way, we believe we can provide an original approach and simplify the research
and development of this type of sensors.
In the first set of samples, the top electrodes consisting of 1 and 100 parallel ~100 nm wide
platinum stripes were formed by electron beam lithography and compared. Response of the
sensors with the top electrode consisting of 100 parallel Pt stripes was superior to the sensor with
a single Pt stripe, reaching over 101 for 500 ppm of H2 and ~105 for 10 000 ppm of H2 in dry

synthetic air at room temperature. We attribute the enhanced gas sensing characteristics to the
increased area of the many-stripe top electrode, which led to lower overall resistance of the sensor.
Following the “proof of concept” above, we have focused on simplification of the fabrication
process and prepared sensors with the top electrode consisting of nano-porous platinum film
without using electron beam lithography. Only preliminary results from this type of sensors are
presented in this work. Nevertheless, the sensor achieved high responses of ~5.7 to 300 ppm of H2
and over 4.5 ∙ 104 to 3000 ppm of H2 at room temperature.

2. Flexible gas sensors on polyimide foils
Flexible sensors studied in this work were prepared on two types of Kapton® polyimide foils
(Kapton® 100QR2 and Kapton® 150QR5, kindly provided by DuPont Company), which were used as
substrates. Surfaces of such foils are often modified by plasma treatment prior to the metal and
metal oxide layer deposition to enhance the adhesion and durability of the deposited layers [1].
The effect of plasma treatment is to chemically functionalize the surface, but it is also reported to
enhance the adhesion by increasing the roughness [2]. We decided to test the properties of the
samples prepared without this fabrication step and as will be shown in the following, adhesion of
the TiO2 layer was sufficient for the sensor to withstand 1000x mechanical bending over diameter
10mm and gas response measurements without significant damage.
Analyses of the prepared samples by optical microscope, SEM and AFM confirmed that the
Kapton® 150QR5 is much more suitable and promising for our proposed application. Structural
integrity of the sensor prepared on Kapton® 100QR2 is very low due to low adhesion of the TiO2
layer and consequent formation of numerous cracks across the whole device. The SEM images of
the sensor prepared on Kapton® 150QR5 after mechanical bending are shown in Figure 2.

Figure 2: SEM images of the sensor prepared on the Kapton® 150QR5 foil, after bending.
Both images show details of the electrodes.

We can see that the sensor was not considerably damaged, although a few cracks were formed
during the bending. However, the results of gas sensing measurements presented in section 2.1
show that sensor’s performance was not negatively influenced. As was already mentioned above,
we intentionally skipped any additional Kapton® surface treatment (for example by plasma) before
deposition of the TiO2 layer in order to find out if the fabrication process could be simplified and
cost-reduced, without losing durability and gas sensing performance. Despite of slightly decreased
durability of the sensor, results of our measurements show that the implemented fabrication
process is well functioning and should be suitable for applications where flexible device is not
expected to undergo a heavy mechanical stress and cheaper options are preferred.

2.1 Gas response measurements
The first dynamic gas response measurements performed after the sensor was fabricated
exhibited unstable behavior. The initial response (R0/RH2) to 10 000 ppm of H2 at 24 °C was about 3
orders of magnitude and it was increasing during the following measurements until it saturated.
The whole series of measurements was performed at temperatures in a range from 24 to 225 °C.
We hypothesize that this initial stabilization of R0/RH2 values might be related to unfinished
structural transformation process of the gas sensitive material during the thermal annealing [3] that
was still ongoing during the first set of measurements, and desorption of water or other
contaminants from the sensor's surface, especially at elevated temperatures. After the sensor
response was saturated, we performed a set of dynamic gas response measurements which are
presented in Figure 3. These measurements were performed in a regime of pre-set constant time
intervals of H2/clean synthetic air cycles. The graphs show that in dry conditions the sensor had a
very high response even at room temperature. The response in dry conditions is higher and can be
obtained at lower temperatures compared to similar hydrogen gas sensors prepared previously on
rigid substrates [4]. We believe that the sensor responses were also influenced by higher roughness
of the polyimide foil (compared to silicon, glass, or sapphire), which positively affects the active
surface of the sensing layer and therefore also sensitivity [5]. At 150 °C, the response to hydrogen
reached ~105 for 300 ppm and over ~106 for 10 000 ppm. The temperature dependence of the
sensor response will be discussed in more detail later. The effect of mechanical bending of the
sample can also be seen in Figure 3a at room temperature and Figure 3b at 150 °C. As we can see,
the bending did not significantly affect the response curves at high H2 concentrations and at
elevated temperatures, but the response obviously increased at room temperature for 300 and
1000 ppm of H2. Although we do not have any experimental evidence, we believe that this increase
of sensitivity might be connected to the formation of nano-cracks and enlargement of spacing
between crystalline grains during the bending. Such ruptures in the gas sensitive layer could

enhance diffusion along grain boundaries and thus also the sensor response, especially for low
concentrations and at low temperatures. Introduction of additional defects into the structure of
TiO2 due to the bending can also modify the sensor response by shifting the charge neutrality level,
as it is described for example in [6].

Figure 3: Dynamic gas responses of the sensor at room temperature before bending, after
bending and after bending in humid atmosphere a) at room temperature, b) at 150 °C.

After the bending process, measurements were repeated in the same manner, but with relative
humidity (RH) in the measurement chamber set to 32% to evaluate the influence of humid
atmosphere on the sensor performance (green graphs in Figure 3). At 150 °C, humidity did not
significantly affect the responses at concentrations of 1000 ppm of H2 and higher. However, at 300
ppm H2 the response is almost 1.5 orders of magnitude lower than in dry air. The resistance of the
sensor in synthetic air without any hydrogen did not observably change with humidity (if there was
any change of resistance, it stayed above our measurement limit). There was no change observed
in response times compared to dry atmosphere, but the recovery times were considerably
prolonged. The influence of humidity was apparent at room temperature. The sensor response was
much lower, reached only 2.2 for 300 ppm and 5.4 for 3000 ppm of H2. Interestingly, the decrease
in response was not so severe for 10 000 ppm of H2, where it reached ~103. The baseline resistance
was also significantly decreased (by ~1 order of magnitude), which can be assigned to the sensor
response to humidity. As we can see, this response to 32% RH is even larger than the response to
hydrogen at concentrations lower than 10 000 ppm.
We have also performed measurements in concentrations below 300 ppm of H2 (with
pressure bottle with concentration of 0.01 % hydrogen in synthetic air). In Figure 4, we can see the
dynamic gas response measurements for H2 concentrations ranging from 30 to 100 ppm. The graphs

show that the sensor was able to detect 30 ppm of H2 in dry synthetic air at room temperature.
Lower hydrogen concentrations were not observable due to extensive noise. Unexpectedly, the
response to such low hydrogen concentrations was even lower at 150 °C and the lowest visible
response in the graph was for concentration of 50 ppm of H2. The data were also utilized to explore
the theoretical lower limit of detection (LOD) of the sensor as defined by IUPAC (International Union
of Pure and Applied Chemistry). The LOD for H2 was determined to be 9.7 ppm at 24 °C and 6.8 ppm
at 150 °C in dry conditions.

Figure 4: Dynamic gas responses for H2 concentrations in a range from 30 to 100 ppm in
dry air at 24 °C and 150 °C. Filtering the data by adjacent averaging over 5 data points
was used for better clarity due to extensive noise in the original data.
Results of the measurements presented here so far indicate that such sensors might work
at room temperature, but only in dry conditions. In humid atmosphere, operation at elevated
temperature would be necessary to counteract the negative impact of humidity on the sensor’s
performance. The cross-sensitivity of the sensor to other gaseous species has not been evaluated
in this work. However, cross-sensitivity to different gases and vapors would need to be tested in
order to evaluate practical applications of the sensors, since metal oxides usually tend to have poor
selectivity. Sensors with TiO2 gas sensitive layer were reported to be very sensitive e.g. to CO, NO2
[7], NH3 [8] and several other gases.
In order to obtain more information about the sensing and charge transport mechanism,
we have also investigated the dependence of the sensor's resistance on temperature at various H2
concentrations. At zero hydrogen concentration, the measured resistance remained above the
measurement limit of our experimental setup up to temperature of about ~180 °C and just then
started to decline into measurable values. All R(T) characteristics measured at non-zero H2
concentrations have a minimum at a specific temperature. We also note that the shape of the R(T)

characteristics did not principally change after bending of the sensor. Positions of these minima
could be considered as optimal working temperatures for detection of given H2 concentrations,
since the highest sensor responses are achieved at these temperatures. The maximal sensor
responses (R0/RH2) at given H2 concentrations are plotted as a function of temperatures at which
the responses were achieved in Figure 5.

Figure 5: Maximal sensor response values plotted at various H2 concentrations as a
function of temperature. Measurement was performed twice – before and after the sensor
was bent 1000 times. a – inset) Temperature, at which maximal values of the response
were attained (i.e. the optimal operating temperature) as a function of H2 concentration
(measured before and after bending).

Position of every minimum of resistance is shifted to higher temperatures with higher H2
concentrations. Data presented in this graph are taken from the R(T) measurements. Additionally,
temperature points of maximal R0/RH2 responses at given H2 concentrations are shown in the inset
of Figure 5. Such behavior might be interesting for use in thermo-cyclically operated sensors [9],
although more detailed analysis of the cross-sensitivity to other gases and temperature profiles of
respective responses would be inevitable for further development of the idea.
In the following part, we are going to discuss the electrical transport properties of our
sensors and their transducer function. Since the TiO2 layers in our sensors have nanocrystalline
structure according to the XRD and AFM analyses, we assume that gas molecules from the
surrounding atmosphere can diffuse into the layer along the grain boundaries. Negative charge is
thus being accumulated on the surface of each grain due to ionosorption of oxygen species, which

in turn gives rise to inter-grain energy barriers that affect the charge transport. The electrical
conduction is therefore dominated by thermionic emission of electrons over the system of energy
barriers [10], heights of whose are modulated by reactions of hydrogen molecules with the
adsorbed oxygen species.
We have calculated the activation energies for charge transport (Ea) (See Table 1) at
different H2 concentrations from Arrhenius plots, which were constructed from the measured R(T)
characteristics .As we can see in Table 1, the Ea values almost did not change for H2 concentrations
in the range from 300 to 10 000 ppm and stayed within the interval of 0.17 – 0.25 eV, both before
and after bending. Considering the thermionic charge transport mechanism, this observation is in
relatively good agreement with the sensor response nearly saturating at around 1000 ppm H2. For
concentrations from 0 to 100 ppm H2, we obtained Ea values varying from 0.3 to 0.62 eV, that were
decreasing with increasing H2 concentration as expected. It is however important to mention that
not all Ea values have been calculated from the same temperature intervals. For concentrations
from 300 to 10 000 ppm H2, the Ea values were calculated from the Arrhenius plots in temperature
range of ~25 - 55 °C,while for 0 to 100 ppm H2, the Ea values were calculated from the range of
~200 - 220 °C due to high baseline resistance at low temperature and low H2 concentrations. On
the contrary, it was not possible to calculate the Ea values for high (300 to 10 000 ppm) H2
concentrations at high (~200 °C) temperatures, since in these intervals the resistance rises with
increasing temperature. The shape of R(T) characteristics in this region is controlled by a different
mechanism and the concept of activation energy is meaningless. The R(T) dependencies of
semiconductor gas sensors are in general affected by various physical processes. There is therefore
a degree of uncertainty in the interpretation of the activation energies acquired from the Arrhenius
plots, which can be related to several mechanisms such as thermally activated transport of charge
carriers over inter-grain energy barriers or ionization of bulk shallow donors in TiO2. The height of
the inter-grain energy barriers might further vary with temperature due to temperature dependent
adsorption and desorption of gaseous species present in the surrounding atmosphere. The shape
of R(T) characteristics is also influenced by the temperature dependence of the mean free path of
charge carriers, which is expected to decrease with increasing temperature. Considering the fact
that the activation energies Ea obtained from our measurements are decreasing with increasing H2
concentration, we associate them to the thermally activated current over inter-grain energy
barriers, where Ea represents the height of the barriers. However, to exactly define the origin of the
obtained values it would be necessary to perform additional measurements (see e.g. reference
[11]).
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Table 1: Charge transport activation energies (Ea) calculated from the Arrhenius plots
obtained before and after bending of the sensor. At concentrations in the range of 0-100
ppm of H2 the baseline resistance was very high at low temperature and therefore these
Ea values were calculated from a temperature interval between ~200-220 °C. For higher
H2 concentrations, values of Ea were calculated from an interval between ~25-40 °C.
As was already mentioned above and is also visible on the sensor responses, devices
presented in this section have very high baseline resistance (at 0 ppm H2). We suppose that the
reason for such a high resistance, as well as high responses, lies in the nanocrystalline structure of
the metal oxide. Since the diameter of the grains is only ~10 nm, which is comparable to the width
of the depletion layer, the grains are strongly depleted of charge carriers. Broader discussion of this
fact can be seen in reference [12] which can also be considered as a prerequisite to section 3 of this
work. When such a nanocrystalline TiO2 layer is placed in ambient air (without hydrogen), it is to a
large extent depleted of free charge carriers due to ionosorbed oxygen species and therefore has a
huge resistivity. Furthermore, because of the nanometer-scale grain size, there is a large amount
of inter-grain energy barriers between the electrodes. Since the resistivity of the layer is controlled
mainly by the inter-grain barriers (at least in temperature range of our measurements), it is intuitive
to expect the macroscopic resistivity to be inversely proportional to the grain size. Sensitivity of
MOS gas sensors generally increases with decreasing grain size. Reaction of oxygen adsorbates with
hydrogen decreases the amount of surface charge, which leads to an exponential increase of
conductivity caused by decrease of the inter-grain barriers height 𝑞𝑉𝑆 . Moreover, as the depletion
regions shrink, the number of free charge carriers also increases. We can also say that the high
baseline resistance of the presented sensors provides a lot of space for the change of resistance
when the hydrogen gas is introduced into the surrounding atmosphere and is thus beneficial for
achieving outstanding sensor response.

3. Sensors with top-bottom electrode geometry
Sensors of the top-bottom electrode geometry with thin nanocrystalline TiO2 layer and a
very narrow (~100 𝑛𝑚) top electrode exhibit the non-trivial effect of sudden change of the
conduction mechanism due to electron gas heating [12]. In this section, we explore further

possibilities of the top electrode layout modifications. In the following sub-section (3.2), we will
present the sensors (fabricated using EBL) with the top electrodes consisting of 1 Pt stripe and 100
Pt stripes connected in parallel, respectively, and compare their properties. Since the resistance of
the sensors with one Pt stripe was above our measurement limit at low H2 concentrations, by using
an electrode with 100 parallel Pt stripes we expect the measurable response of the sensor to
increase due to its lower resistance caused by larger electrode area. In the next sub-section (3.2),
we will present the sensors with top electrodes made of nano-porous Pt film, prepared without the
use of optical or electron beam lithography.

3.2.

Sensors with the top electrode formed by electron beam lithography
The experimental gas sensors presented in this sub-section were prepared as follows: The

Al2O3 substrates were cleaned in ultrasound bath by consecutive immersion in acetone, isopropyl
alcohol and distilled water. Approximately 3 nm thick titanium buffer layer was deposited by DC
magnetron sputtering in order to improve adhesion of the following layers. Afterwards, the bottom
electrode was formed by lift-off photolithography and subsequent deposition of platinum (20 nm)
by DC magnetron sputtering. In the next step, the ~30 nm thick TiOx film was deposited by reactive
DC magnetron sputtering. The top Pt electrodes (20 nm thickness) were prepared by DC magnetron
sputtering followed by electron beam lithography and ion beam etching. The final structures were
then annealed at 600 °C for 1 hour.

3.1.1. Gas response measurements
Dynamic gas response measureements of the two sensors (with the top platinum electrode
formed by 1 and 100 parallel stripes, respectively) are presented in Figure 6. As we can see, the
baseline resistance of the sensor with 100 Pt stripes-top electrode (see Figure 6c) did not decrease
under the value of our measurement limit of ~1011 Ω. However, from the measured responses we
can see that the actual baseline resistance of the sensor with 100 stripes-top electrode is probably
lower compared to the sensor with 1 stripe-top electrode, since its response to low H2
concentrations is considerably higher.

Figure 6: Dynamic gas responses of the sensors with the 1 stripe-top electrode (images a)
and b) and sensors with the 100 parallel stripes-top electrode (images c and d) to various
concentrations of hydrogen.
Although the response of the sensor with 1 stripe-top electrode at room temperature (Figure 6a) is
very high (almost 105) for 10 000 ppm of H2, there is no observable response for H2 concentrations
of 1000 ppm and lower. As it was mentioned above, we ascribe this behavior to a high overall
resistance of the sensor, which is most likely above our measurement limit for H2 concentrations of
1000 ppm and lower. In Figure 6b, we can see that at 100 ℃, there is a clearly observable response
to 300 ppm of H2, probably thanks to lower baseline resistance at elevated temperature. Figure 6c
and d show that the sensor with 100 stripes-top electrode is capable of sensing 500 ppm of H2 at
room temperature and reaching higher responses to the whole analyzed H2 concentration range,
which we attribute to its lower baseline resistance.

3.2.

Sensors with the top electrode made of porous platinum film
Even though the top electrodes with many parallel Pt stripes turned out to be a promising

idea, it was used more as a proof of concept and stopped at the intermediate development stage.
Their fabrication process remained an issue since it still relayed on EBL, which is expensive and

complicated method, limiting potential mass production and commercial viability of such sensors.
This motivated us to start looking for an alternative solution, which would not rely on any
lithography process but retain the advantages of the electrodes prepared by EBL. Such alternative
was finally found in a form of porous platinum electrodes by reactive DC magnetron sputtering
deposition of PtOx with subsequent thermal annealing. Technological difficulties which we had to
solve in this work lied in the fact that in order to maintain the advantages of electrodes prepared
by EBL, the conductive Pt paths of the porous electrodes must have width of only about ~100-200
nm, while still form a continuous electrode.
In this section, we present preliminary results that were obtained only recently. It is
necessary to further investigate possible outcomes of the currently demonstrated fabrication
process of the sensors and perform additional experiments in order to obtain a detailed knowledge
about their properties.
Sample preparation
The sensors with porous platinum top electrodes were prepared by the following process:
The Al2O3 substrates were cleaned by the standard RCA cleaning process (SC-1 and SC-2 steps).
After the DC magnetron sputtering of approximately 3 nm thick titanium buffer layer, the bottom
electrodes were formed by deposition of 20 nm thick platinum film by DC magnetron sputtering
through a shadow mask. In the next step, the ~30 nm thick TiOx films were deposited by reactive
DC magnetron sputtering. The top electrodes were prepared by reactive DC magnetron sputtering
of PtOx through a shadow mask, followed by thermal annealing at 600 °C for 3 hours. AFM
topography of the top electrode consisting of porous platinum is shown in Figure 7.
There was also another issue that significantly shortened the lifetime of our samples,
decreased the reproducibility of the results and prevented us from obtaining more extensive and
complete datasets from our measurements. With larger area of the top Pt electrode, the samples
became more susceptible to damage caused by pinholes in the thin TiO2 layer. This issue was
addressed by enhancing the process of cleaning of substrates. It is important to note that all our
samples were fabricated in a standard laboratory with no clean room.

Figure 7: AFM topography image obtained at the Pt-TiO2-Pt region (directly on the top of
the sensor sandwich-like structure).

3.2.1. Gas response measurements
One of our main goals was to decrease the overall resistance of the sensor in order to
increase the observable response particularly for low H2 concentrations. Dynamic gas response
measurement of the sensor (the applied voltage was 0.5 V) at room temperature in dry conditions
is presented in Figure 8. As we can see, the baseline resistance at the beginning of the measurement
is ≈ 8 ∙ 107 Ω, which is in good agreement with our expectation based on the approximate area of
the sensor compared to the sensor with the 100 nm wide top electrode formed by EBL. During the
measurement, there was a sequence of constant 2 hour long time intervals with specific H2
concentrations, every time followed by the regeneration period of the same length. As can be seen
from the graph, saturation of the resistance was not achieved within the 2 hour windows neither
in the presence of hydrogen nor after the subsequent regeneration in clean synthetic air. After the
last interval, the measurement continued for over 24 hours in the constant flow of clean synthetic
air. However, even after such a long time the baseline resistance was not fully restored. Due to
extremely long saturation of the sensor’s resistance, we consider the constant time interval
measurement methodology to be the right choice, despite some missing information from the
unfinished sensor response. The response of the sensor reached the value of ~5.7 to 300 ppm of
H2 and over 45 ∙ 103 for 3000 ppm of H2 during the 2-hour measurement window. At 3000 ppm of
H2, the resistance is cut off by the current limit set to 250 µA on the Keithley 6487. In the repeated
measurement cycle (300, 1000 and 3000 ppm of H2), we can see the response to 300 ppm of H2 to
start during the unfinished previous regeneration process and during its 2-hour window to reach
the value of resistance over an order of magnitude lower than it was previously reached for the
same H2 concentration. This behavior suggests that the total response is significantly higher than it

appears in Figure 8 and could be achieved if we manage to decrease the response and recovery
times.

Figure 8: Dynamic gas responses of the sensor at room temperature in dry conditions. The
measurement was set for constant 2-hour time intervals. After the last interval was
finished, the measurement continued for over 24 hours in pure synthetic air.

4. Summary
In this work, we reported the fabrication and characterization of chemoresistive
semiconductor gas sensors of hydrogen based on TiO2 thin films prepared by reactive DC
magnetron sputtering.
In the first part of this work, we explored the possibility of fabricating flexible
semiconductor gas sensors by transferring sensors of well-established layout with platinum
interdigital electrodes formed on top of a thin TiO2 layer prepared by reactive dc magnetron
sputtering to a new type of substrate, flexible polyimide foil. We successfully prepared the gas
sensors on Kapton® 150QR5 foil, tested their durability against mechanical bending (1000x over 10
mm diameter) and analyzed their gas sensing performance before and after the bending procedure.
At room temperature, the prepared sensors exhibited response of ~104 to 10 000 ppm H2 in dry
conditions. At 150 °C the response to 10 000 ppm H2 reached over 106 . The theoretical lower limit
of detection (LOD) was calculated to be 9.7 ppm H2 at 24 °C and 6.8 ppm H2 at 150 °C. After the
mechanical bending, very good adhesion of the TiO2 layer to Kapton® 150QR5 foil was confirmed
by the observation by optical microscope and surface analyses by the SEM and AFM. Only minor
cracks were introduced into the structure and there were no visible signs of TiO2 layer exfoliation.
The sensing properties were slightly enhanced after the bending, especially the response to 300

and 1000 ppm of H2 at room temperature. The sensor response to H2 was negatively affected by
humidity. At room temperature, relative humidity of 32% caused the response to concentrations
under 10 000 ppm H2 to significantly decrease. At 150 °C, the same level of humidity caused only a
smaller decrease of response, but also prolonged the times of recovery to the baseline resistance.
A set of repeated measurements exposed that the acquired results depend on the hydrogen
exposure history within several hours. Gas sensor with such characteristics cannot be used for
precise quantitative measurements of H2 concentration in the real world applications, but rather
an alarming system for presence of hydrogen gas in the atmosphere. The maximum response to
various H2 concentrations was found to appear at different temperatures, which might be
interesting for use in thermo-cyclically operated sensors. The activation energy values (Ea), which
we attribute to the thermally activated electron transport over the inter-grain energy barriers, were
calculated from Arrhenius plots constructed out of the measured R(T) dependencies. The Ea values
were identified to be ~0.6 𝑒𝑉 at 0 ppm H2, quickly saturated with increasing H2 concentration to
~0.22 𝑒𝑉 at 300 ppm of H2 and remained almost constant all the way up to the 10 000 ppm of H2.
In the second part of the work, sensors with top-bottom arrangement of electrodes with
the thin TiO2 layer (~30 𝑛𝑚) placed in between were prepared and characterized. This part of the
work was divided into two subtopics: sensors with the top electrode formed by electron beam
lithography and sensors with the top electrode made of porous platinum film.
The sensors prepared with the use of EBL technique featured the top electrodes consisting
of 1 and 100 parallel connected 100 nm wide platinum stripes, respectively. It has been shown that
increasing the area of the Pt-TiO2-Pt junction while maintaining the nano-sized structural elements
of the top electrode leads to higher sensor response to the presence of hydrogen, especially to
concentrations under 1000 ppm of H2. At room temperature and dry conditions, the response of
the sensor with the top electrode consisting of 100 parallel Pt stripes reached over 101 to 500 ppm
of hydrogen and ~105 to 10 000 ppm of H2, while the sensor with 1 stripe-top electrode exhibited
response of under 105 to 10 000 ppm of H2 and no response to H2 concentrations of 1000 ppm and
lower.
Sensors with the top electrode made of porous Pt film were the result of our effort to
simplify the fabrication process and prepare a nano-structured electrode without using EBL. This
goal was achieved by depositing platinum by reactive DC magnetron sputtering in a mixed Ar and
O2 atmosphere and subsequent thermal annealing. Presented results were obtained only recently
and should be thus considered as preliminary. The baseline resistance of the sensors prepared in
this way at room temperature in dry conditions was ≈ 8 ∙ 107 Ω, which is at least 4 orders of

magnitude lower conpared to the sensors prepared by EBL. This can be attributed to significantly
enlarged area of the porous top Pt electrodes and their contact with the underlying TiO2 layer. The
response of these sensor at room temperature in dry conditions reached the value of approximately
5.7 for 300 ppm of H2 and over 45 ∙ 103 for 3000 ppm of H2 within the 2-hour measurement
window. The characteristic time constants of response and recovery were found to be very long (τ
ranging within 14 - 2420 seconds, τRecovery ranging within 33 - 244 seconds) and the baseline
resistance was not restored to its original value even after 24 hours after the last measurement
window. The calibration curve exhibited a steep slope of ~15.35 at 1000 ppm of H2, which means
that the sensor has very high sensitivity in the range of analyzed hydrogen concentrations,
compared to e.g. sensors presented in section 2.
I(V) characteristics measured on both types of the sandwich-like sensors were asymmetric
and non-linear. The asymmetry was assigned to the asymmetric structure of the sensor as well as
the difference of the TiO2 microstructure in the upper and lower part of the sandwich structure.
The non-linearity was preliminarily attributed to the previously reported electric field-driven
electron heating, although the appearance of this effect in the presented sensors has yet to be
confirmed and its effect on the shape of I(V) characteristics as well as other performance
parameters analyzed by further measurements.
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