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In this paper, a sensor with memristor electrode geometry (Pt/TiO,/Pt) was fabricated by a simple and
cost-effective method yielding 10° orders of resistance change with short reaction times (Tyes ~ 19 and
Trec ~ 118 s) when exposed to 1vol.% H,. Under wet conditions an increase in sensor response toward
1vol.% H, independent of operating temperature RT-100°C (Tes ~5s) and a reasonable H;-selectivity
was observed in the presence of CO and NO,. Such sensor characteristics with lower power consumption
offer great advantages and are highly suitable for fuel cell and hydrogen safety applications. Despite

Keywords: the knowledge that hydrogen atoms accumulate at Pt/TiO, interface reducing Schottky barrier height
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PE/TiO, Pt (i.e. decreasing the resistance of the Pt/TiO; interface by several orders of magnitude) the details of
Menmristor the involved sensing mechanisms, especially under humidity, is still incomplete. The results confirm

the existence of both electronic and ionic conductivity within TiO, sensing layer and their significant
alteration under hydrogen exposure. Thus a sensing model is proposed that fit exceptionally well with
the memristor-type resistance variation principle. The understanding gained by the proposed model will

Metal/Semiconductor interface
Conducting filaments

allow the fabrication of innovative sensors for stable, selective and robust H, detection.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Undoubtedly hydrogen (H;) is meticulously regarded as the
future green energy carrier due to its harmless by-product, water.
Despite being the lightest element on the periodic table, as an
energy carrier, hydrogen has been utilized in many applications
including aerospace, automotive, photochemical, transport and
power generation. With authenticating the opening of world’s first
tri-generation fuel cell and hydrogen station, the demand of hydro-
gen carried energy is expected to increase rapidly [1-3]. However,
there are rising concerns over the safe use, storage and transport of
hydrogen as an energy carrier because H; is colorless and odorless
but in air is flammable at low concentrations (4 vol.%) with very
low ignition energy and combusts in air [4]. The sensing charac-
teristics of hydrogen gas sensors can be significantly altered when
the operating environment changes; i.e. temperature and humid-
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ity. Therefore, it is crucial to develop a new class of cost-effective,
reliable, robust and accurate sensing systems to facilitate early
detection of H, before the gas concentrations rise to hazardous
levels [4-6].

Despite being small in size and cost-effective, the most success-
ful commercial sensors based on metal oxides require a significant
pre-heating of the sensing element (up to 300-700°C) to achieve
the desired sensitivity and accuracy. In order to avoid instabil-
ity, to increase robustness and to enable lower operational costs
with a significantly longer operational lifetime, H, gas sensors
should consume little power, be inexpensive, and easy to integrate
with existing monitoring systems, properties that could be realized
while operating at room temperature. The sensors based on nano-
materials (nanotubes, nanowires, nanobelts etc.) work well even at
room temperature [7,8] but their fabrication requires sophisticated
as well as expensive equipment, thus increasing the production
costs. The common application is to use metallic circuits (or elec-
trodes), mostly with interdigitated structures (designated as IDEs).
Since the distance between the electrodes within the IDE is in the
order tens of microns to tens of millimeters, added with the very
low conductivity of the MOX sensing layer, it is difficult to get
any reasonable sensor signal (resistance change ~ AR=R;j;/Rgas)
for standard n-type semiconductor at room temperature.


dx.doi.org/10.1016/j.snb.2017.06.159
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.06.159&domain=pdf
mailto:baa.haidry@nuaa.edu.cn
mailto:azharalig2@gmail.co
dx.doi.org/10.1016/j.snb.2017.06.159

1044 A.A. Haidry et al. / Sensors and Actuators B 253 (2017) 1043-1054

The Pt/TiO,/Pt (Metal/Oxide/Metal — MOM) structures are
mostly utilized in Memristor’s fabrication. In comparison to other
metallic electrodes (Au, Ag, Cu and Al), Pt is preferred due to its
high melting point (~1772 °C), excellent adhesion with the variety
of substrates, high chemical, physical and electrical stability. Pt can
withstand and does not oxidize under high-temperature anneal-
ing conditions: a necessary step to achieve crystalline TiO, films
and reduced Pt/TiO, Schottky interface. Moreover, for hydrogen
sensors, it is proven that Pt acts as a catalyst to dissociate hydro-
gen molecules that can migrate quickly to the TiO, surface and
further diffuse into the bulk. Therefore the role of Pt electrode is
important in terms of sensing mechanism and is discussed later
in detail (see the Section 4.4). Recently, some reports pointed out
the potential of Pt/TiO,/Pt structures for use in gas sensors, par-
ticularly for detection of hydrogen at room temperature with the
semiconducting oxide sensor materials by eliminating the other-
wise required heating [9-11]. The report [9] discussed that, in
the sensor design, the reduction of the top electrode dimension
to nanoscale (below 100 nm) enables a high sensitivity enhance-
ment toward 10000 ppm H, at room temperature. However, it was
assumed that the Schottky barrier height at both top and bottom
electrode interfaces is same for such electrode dimension. More-
over, low H, concentration threshold, the influences of humidity on
sensing, selectivity and operation temperature was not considered
in this report.

In this context, the present report elucidates the influence of
metal/semiconductor interface, background humidity and oper-
ating temperature related conditions on respective electrical
transport characteristics and gas sensing mechanism of these struc-
tures without going into any nanoscale changes in the sensor design
dimensions. Therefore, the novelty of this report is to establish a
respective sensing mechanism for this sensor design by investigat-
ing the role of such effects on hydrogen gas sensitivity performance
at the temperature range between24° (RT) to 100°C and under
50%RH. At room temperature, the prepared samples demonstrated
five orders of magnitude resistance change in dry air and enhanced
hydrogen sensing properties under 50% humidity with negligible
operating temperature effect up to 100°C. On the basis of these
analyses, a novel hydrogen sensing mechanism is proposed, which
involves the formation of “ionic conduction channel” due to the
drift of ions (mainly oxygen vacancies) from one electrode to other
depending on biasing condition. According to this model, during
adsorption/desorption of hydrogen gas on the surface, the width
of this conduction channel changes drastically, thus, as a conse-
quence, very small changes in the resistance can be detected. These
analysis and sensing mechanism adds an in-depth scientific contri-
bution to the current sensing model concerning relatively low-level
hydrogen exposure at room temperature.

2. Construction of the sensors

The Pt/TiO, /Pt sensors were prepared on as received polished
polycrystalline alumina substrates (from Siegert Thin Film Tech-
nology GmbH, Hermsdorf, Germany). Both bottom (TE) and top
(BE) Pt electrodes were fabricated through an in-house laser pat-
terned mask prepared from a Ferrum plate without applying any
secondary adhesive layer or lift-off technique by sputter deposition
of Pt target (99.99% purity) in SCD 500 Sputter Coater from BAL-TEC
Germany. The sputtering lasted 2 min under a chamber pressure of
<1 x 10~ resulting in ~200 nm thickness at both Pt-BE and Pt-TE.
The TiO,-sensing layers (SL) were prepared by reactive magnetron
sputtering from Ti-targets in Ar + O, atmosphere as described else-
where in details [10]. Briefly summarized, a sputtering power of
800 W was applied on Ti-target under argon and oxygen flow for
8 h yielding TiO,-sensing layer with a nominal 2 pm thickness. No

Fig. 1. The schematics of final Al;03/Pt/TiO,/Pt sensor structure: The process steps
involved in the fabrication of Pt/TiO, /Pt sensor structures, the structuring of bottom
Pt electrode PT-BE, 2 wm thick TiO, sensing layer and top Pt electrode Pt-TE having
the same dimension as Pt-BE respectively.

substrate heating was applied. These fabrication steps are shown
in Fig. 1. After deposition Pt/TiO,/Pt sensing structures, the sen-
sor samples were annealed in static air at temperatures 600 °C and
800°C for 3 h with a heating rate of 100°C/15 min in a muffle fur-
nace from Heraeus Instruments. The samples annealed at 600°C
and 800°C are labelled as T600 and T800, respectively.

3. Experimental

The structural investigation of the sensing layer was per-
formed by using a SIEMENS D5000 X-ray diffractometer (XRD)
in standard Bragg-Brentano geometry with a CuKo radiation
(Acuke =0.15418 nm) and the graphite curved monochromator.
For phase analysis 0/26 spectra were measured in the range of
20=23-87° and subsequently compared with the nominal bulk
data using Siemens/Bruker AXS Diffrac EVA-V3 software.

The cross-sections of the sensing layers were investigated by
field effect scanning electron microscope (FE-SEM, Ultra 55 from
Zeiss, Germany) equipped with built-in energy dispersive spec-
trometer (EDS) having an X-Ray Fluorescence Analyzer MESA 500
from Oxford Instruments. Initially, the samples were prepared care-
fully by standard metallographic methods in three steps; i. cutting,
ii. embedding in a conductive phenolic compound, and iii. polishing
with a diamond spray and a colloidal SiO, suspension. The samples
were thereafter thoroughly cleaned with soap and water and dried
at 100°C overnight in an oven before the analysis. The samples
were first coated with very thin (a few nm) conductive Pt layer in
a Sputter Coater SCD 500 from BAL-TEC Germany. Micrographs in
secondary electron and/or in lens mode were taken by applying
an acceleration voltage of 3 kV and working distance of less than
5 mm. For the EDS analysis the acceleration voltage was 15 kV with
a working distance of 8.5 mm.

The coating composition and depth profiles were examined with
glow discharge optical emission spectrometer (GDOES) with GDA
650 equipped with CCD detector from Spectruma Analytic GmbH,
Hof, Germany. A 0.5kHz pulsed high frequency (HF) mode was
applied with 650V, a gas pressure of 2.5 hPa, duty cycle of 40%,
and integration time of 200 ms. For analysis Ti, Pt and O, the cor-
responding atomic lines at 399 nm, 266 nm and 130 nm were used,
respectively. Due to low intensity of the only available oxygen line
at 130nm a GDA 650 spectrometer (Spectruma Analytic GmbH)
with a more sensitive detector in particular a photomultiplier was
used for quantification of oxide layers on the oxidized samples. The
sputtering method was HF with 500V and 2.5 hPa. Variations in the
crater shape associated with preferential sputtering of elements
can influence the GDOES profiles, especially after long sputtering
times, and therefore, the measured chemical composition of the
coatings. However, such changes in the crater topography were not
observed as confirmed by SEM examination of the crater bottom.

The gas sensing tests of Pt/TiO, /Pt structured sensors were per-
formed with a computer-controlled experimental setup (sensor
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Fig. 2. The XRD diffractograms of as-coated (AC) and annealed samples are shown
in (a), and zoomed A (004) peak shown in (b). The XRD diffractograms were com-
pared with JCPDS (Joint Committee on Powder Diffraction Standards) card numbers
04-0802 (platinum with cubic symmetry of space group Fm-3 m with a=3.9231A),
21-1272 (anatase with tetragonal symmetry of space group I4;/amd with lattice
constants a=b=3.78 Aand c=9.522 A) and 21-1276 (rutile with tetragonal symme-
try of space group P4;/mnm with a=b=4.5933 A, c=2.9592A).

and catalyst characterization unit — SESAM) at DLR Cologne. All the
included instruments were controlled with LabVIEW program. The
flow controller from MKS Instruments GmbH (MFC-647b) enables
to control eight channels simultaneously. The gases flow to the
gas mixing chamber and then to CARBOLITE tube furnace con-
sisted of a Quartz-glass recipient and Keithley 2635A Source meter
DC-measurement unit. In order to ensure a good electrical contact
between the Pt electrodes of the sample and low noise triaxial cable
(Model 237-TRX-NG) of Keithley source meter, thin Pt wires and sil-
ver paste solder were used. The setup allows measuring very high
resistance (up to ~10'! ohm) with low noise and the changes in
resistance, current or voltage of the sample. The gas sensing tests
were performed in technical air flow at a rate of 400 ml/min with
a constant 1V bias. The test gas (H,) concentrations were varied in
the range of 150-10000 ppm in dry and humid background techni-
cal air. The gas sensor test experimental setup is ascribed detailed
in[12].

4. Results and discussion
4.1. Phase and crystal structure

Generally, the as-coated reactively sputtered TiO, layers are
amorphous in nature and crystallize to anatase on heat treatment
in the temperature range of 300 °Cand 600 °C transforming to rutile
phase above 500 °C depending on deposition parameters, annealing
conditions and substrate material [13].

Fig. 2a gives the comparative XRD diffractograms of the
Pt/TiO,/Pt/Al; 03 structures annealed at 600 °C (T600) and 800°C
(T800). The diffraction pattern from T600 sample exhibits that the
(004) peak of anatase (A) phase dominates over the low intensity
peak from the A (101) plane at 2 § ~ 25.30°. While at the diffraction
pattern of T800 sample, also the reflection corresponding to rutile
R (101) plane at 27.44¢ is visible. As Fig. 2b displays, the diffraction
pattern of the as-coated Pt/TiO, /Pt/Al,03 sample contains an unex-
pected presence of A (004) peak belonging to the anatase phase
indicating a slight shift to the right (i.e. to higher 26 ~ 37.88°). This
XRD investigation reveals that the anatase phase is preferentially
orientated at A (004) plane along the (111) plane of Pt and grows
displaying a prolonged c-axis orientation because of epitaxial force
between TiO, and Pt (111). The appearance of a stronger A (004)

peak instead of A (100) peak (commonly observed for bulk pow-
ders) also suggests a near epitaxial growth of TiO, on Pt (111)
surface [14]. Moreover, the grain size (Dg) at A(004) in the as-coated
TiO, is about 67 nm, calculated using the standard Scherer formula
[13]. The anatase grain size Dg, calculated for both annealed sam-
plesisabout ~40 nmat A(004)and about 50 nmat A(100). Whereas
the grain size of rutile Dg, only for the T800 is about ~130 nm at R
(101).For the quantitative analysis, the rutile weight fraction Wg(%)
was calculated by Spurr-Mayer’s equation as described in [15]. The
estimated Wg(%) of rutile phase for T800 (deposited on alumina)
is 44 wt.%, while for the T800 samples deposited on single crystal
sapphire substrate, the rutile weight fraction Wg(%) was found only
about 20 wt.% (see Fig. S1 of Supplementary Data — SD). The discrep-
ancies in Wg(%) contents indicate that the substrate material (i.e.
only c-cut Al, 03 vs Pt/polycrystalline Al,03) influences the promo-
tion of crystallization or conversion of TiO, even though deposition
took place in the same processing run. Moreover, the relatively
weak intensity of reflections from anatase/rutile phases of TiO,
being absorbed and saturated by the strong peak from Pt (111) and
corundum (indicated by “C” in Fig. 2a), results in an approximate
error of 10% at calculated wt.% of rutile and anatase.

4.2. Microstructure and compositional analyses by FE-SEM/EDX
and GDOES

As a common practice, metallic (Pt, Au, Pd, Ag etc.) electrodes
are fabricated to measure the electrical resistance of the resistive-
based gas sensor, such electrodes play key roles in the sensing as
well as the transducing function of a sensor. In the present case,
metallic platinum (Pt) based electrodes were prepared on alumina
substrates owing to the excellent adhesion (with alumina sub-
strate), chemical and thermal stability, high resistance to oxidation
and high melting point of Pt. Prior to the preparation of real sen-
sors with TBE configuration, intensive experimental work has been
performed, to investigate the effect of annealing temperature on Pt
and to determine the optimum fabrication parameters which are
mentioned in Section 2. These parameters yielded ~200 nm thick
Pt amorphous layers (as deposited case) on both BE and TE. The
surface and cross-sectional micrographs of both Pt electrodes are
shown in Fig. S2 of SD. The Pt BE and TE layers showed different
surface morphologies due to different underlying material types
(Alumina for BE and sputtered TiO; layer for TE). It is known that Pt
has the ability to evolve its microstructure according to the crystal
structure and lattice orientation of the substrate material [14].

After annealing of the sandwiched layers in static air, there was
no visible change in the physical appearance of Pt electrodes at both
annealed samples; T600 and T800. However, closer investigation
revealed that the Pt layers of T800 samples were densely packed
and had larger crystal sizes as those being vice versa for T600
samples. Further increase of the annealing temperature (900 °C or
1000°C) resulted in the total loss of Pt layer yielding a vermicular-
shaped microstructure (not shown here). Since Pt has high atom
mobility, the annealing-induced changes in the microstructure of
Pt layers are most likely caused by intrinsic stress and enhanced
rate of surface diffusion. A thorough investigation of annealed Pt
TBE has been reported in a previous report elsewhere [12].

The FE-SEM micrographs of the as-deposited TiO, sens-
ing layer exhibit a periodically repeating and vertically aligned
micro-columnar morphology with a typical thickness of ~2 um
(Fig. 3a,b,c). The microcolumns consist of very fine grains which
vary in the range of tens of nanometers. Column surfaces result
occasionally in the occurrence of micro-textured bumps/nodules
in the sizes ranging from 1 to 2 um. The micrographs of the heat-
treated samples T600 (Fig. 3b) and T800 (Fig. 3¢) in turn display
large and faceted grains caused by transformation from amorphous
to crystalline phase. An open and packed granular structure with
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Fig. 3. The FE-SEM and EDS analysis of Pt/TiO, /Pt structures. The FE-SEM micrographs and EDX elemental mapping of as coated (a,d), T600 (b,e) and T800 (c,f) samples. Solid
white lines in a-f indicate the 500 nm scale bar in FE-SEM micrographs. The EDX analysis of top Pt electrode (Pt-TE) and bottom Pt electrode (Pt-BE) showing the effect of
annealing temperature on Pt diffusion at both interfaces (g), the approximation of Pt at.% was performed by point analysis as described in the supplementary data (S3-SD).

distinct columns and grain boundaries (voids) grows from bottom
Pt layer to the sensing layer surface of the T800 sample. This may
occur either due to the thermal diffusion processes during anneal-
ing or due to the movement and position adjustment of oxygen
vacancies in TiO; lattice. In contrast to highly under-stoichiometric
order of the as coated sample (Fig. 3d), the EDX analysis and ele-
mental mapping at the cross-sections of T600 samples (prepared
with standard metallographic methods) show a TiO, composition
near to stoichiometry (Fig. 3e) with non-stoichiometric TiO,_x at the
Pt-BE. Furthermore, it is noticeable for the T800 samples (Fig. 3f)
that Pt diffuses into TiO, layer in a depth of a few nanometers
(Fig. 3f) which may be caused by thermally induced interdiffusion
at 800 °C. Approximate at.% of Pt is estimated at both interfaces by
point analyses on each interface (Fig. 3g), for further details of this
procedure see supplementary data: S3-SD. This analysis confirms
that the diffusion rate of Pt is higher at the bottom electrode (BE)
than the top electrode (TE). However, these analyses are only qual-
itative and give solely comparative insight about the Pt diffusion
characteristics of both interfaces (i.e. Pt/TiO, and TiO, /Pt) at higher
temperatures (e.g. at 800 °C).

For the quantitative confirmation of these findings, further
detailed glow discharge optical emission spectroscopy (GDOES)
analyses were carried out (as shown in Fig. 4), which demonstrates
the quantitative chemical elemental distribution changes across
the Pt/TiO, /Pt layered structures. The elemental distribution pro-
file carried out for the as-coated Pt/TiO,/Pt structures indicates
that a highly non-stoichiometric TiO,_x layer was deposited near
to the BE-interface. In particular in the region of TE, very low Ti vs
higher oxygen concentration than stoichiometric TiO, were mea-
sured, indicating that excess oxygen adsorbed on the surface of the
layer as deposition of TiO, layer proceeds (Fig. 4b). The elemen-
tal distribution of Ti and O of the T600 and T800 samples, on the
other hand, remained constant throughout the layer with a near
to stoichiometric Ti:O ratio (1:2) (Fig. 4c). However, a substantially
different Ti:O ratio in the region neighboring to BE was measured
which is estimated around ~0.85:2.15-0.95:2.05 indicating that
the oxygen concentration gradient in the as-coated sample holds at
BE even after heat-treatment. Lower oxygen concentration at TiO,
layer near to BE means that a highly defected TiO,_ layer (with
plenty of oxygen vacanciesvgﬂ was formed at the TiO,/BE inter-
face (i.e. at the beginning of TiO,-deposition). On annealing, the
depth profile analysis of the samples T600 and T800 showed a TiO,
composition closer to the stoichiometric ratio but occurrence of
inter-diffusion is probably more efficient at the TiO,/BE-interface.
The formation of non-stoichiometric TiO,_x near to the BE is due to

thefactthat oxygen is adsorbed through the BE and its diffusion or
supply from the substrate is obstructed. While TE benefits from the
oxygen from the air that can be diffused and adsorbed through the
porous Pt TE. In addition to that, there appears a lengthy inclination
in the slope of Pt content at the transition zone of Pt/TiO, for T800
samples (see Fig. S4 of SD) indicating the extension of Pt several nm
depths into the TiO, at the BE interface. This may be either through
the occurrence of a Pt/TiO, interdiffusion or related to the rough
surface finish of Pt at the BE. Similar observations were reported in
[16,17], the exact reasons for this need to be further investigated
and proven.

4.3. Electrical measurements and gas sensor tests

The experimental current-voltage (I-V) curves indicate hystere-
sis as shown in Fig. 4. It is reasonable to assume that in dry air
the electron transport is dominating leading to the formationof
weak ionic conduction channel inside TiO, matrix between Pt-
electrodes. The formation of such conducting filament has already
been reported in comparable systems [18]. Bousoulas et al. [19]
proposed that the oxygen vacancies density and distribution in the
TiO, matrix have a direct impact on the conducting filament diam-
eter, in terms of sensitivity of the conducting paths. High vacancy
density results in better switching behavior, but the ultrahigh den-
sity of vacancies deteriorate the switching phenomenon.

Moreover, it is likely that the width of ionic conduction chan-
nel will be very narrow (a few nm) under air environment. Since
the TiO, sensing layer is highly reduced at the Pt/BE-interface, the
hysteresis obtained for reverse bias will be very low in techni-
cal air background (See Fig. 5a,b). However, under H, exposure,
this hysteresis becomes prominent in both forward and reverse
biased conditions, as indicated in Fig. 5¢,d. The asymmetrical non-
linear characteristics of I-V plots correspond expectedly to the
rectifying behaviour (i.e. Schottky interface) of both interfaces
(Fig. 5a-d). Generally, for a Pt/TiO, interface, a Schottky bar-
rier is formed [20]. Its height (¢sg) can be estimated by using
¢sg=DPpr — x1i02, Where ®p; is the work function of Pt and xrip2
is the electron affinity of TiO,. As the standard value of ®p; is
~5.65eV [20] and xgip2 is ~4.16 [21], the equation gives a theo-
retical Schottky barrier height of 1.44 eV. The height of “Schottky
barrier (¢sg)” at the TE/TiO,-interface is probably higher than that
at the TiO,/BE-interface. In order to confirm this anticipation, the
Schottky barrier (¢sg) heights were calculated with the assumption
that the I-V characteristics base on the thermionic field emission
conduction mechanism [22] and TiO, layers act as intrinsic n-
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voltage characteristics (I-V) of both heat-treated samples, T600 and T800 are shown in (b), from —2 to +2 V at 100 °C and a sweep of 100 mV only with TE+ biasing. For clarity,
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type semiconductor. Thus the calculated Schottky barrier height for
the T600 samples at the TE/TiO,-interface is (¢sg (TE)~1.136eV)
being slightly higher than that at the TiO,/BE-interface (e.g. ¢sp
(BE)~1.129eV). Both values are very close to the theoretically
estimated value of 1.44eV. For the T800 samples, however, the
calculated values at both interfaces drop further, becoming sig-
nificantly low at the TiO,/BE-interface (¢sg (TE)~1.031eV > ¢sp
(BE)~0.941 eV). Thus it can be summarized that the Schottky bar-
rier heights at both interfaces of T600 sample are higher than those
at the T800 samples; i.e. ¢sg (TE/TiO,@T600) > ¢psp (TE/TiO, @T800)
and ¢sp (TiO,/BE@T600) > ¢bsp (TiO,/BE@TS00).

Furthermore, upon exposure to 10000 ppm hydrogen, the
Schottky barrier height reduces significantly at both interfaces of
heat-treated samples (e.g., for T600 ¢sg (TE) ~ 0.541 eV (T600) > for
T800 ¢sg (TE)~ 0.526 eV) probably caused by interaction with H,
(See Fig. 5¢,d). As a consequence of Pt reduction on exposure to H,
the work function of Pt decreases leading to the dissociation of H;

molecules on Pt surface, diffusion through the Schottky barrier and
further reaction with pre-adsorbed oxygen on TiO, surface under
TE. This behaviour is noticeable in Fig. 5¢ and d through the signif-
icant shift to lower potential values at the I-V plots. According to
the equation [A¢sg = ¢sp (air) — ¢sg (Hz)], the height of Schottky
barrier at the metal/semiconductor interface changes depending
on the gas concentration and became saturated as such that the
interface may approach to flat band bending condition when the
H, concentration exceeds beyond 0.5% [22].

Both sensors showed high and reproducible sensor response to
different fixed hydrogen gas concentrations even at room tempera-
ture. The stability and reproducibility of the sensors were checked
by recording the repeating gas sensing measurements for a spe-
cific gas at least twice under the same experimental conditions.
Under the dry conditions, the response improved with the increase
in operating temperature (Fig. 6a-f). The response appeared to be
highly dependent on the bias polarity of Pt/TiO,/Pt layered struc-
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ture, i.e. TE+ or BE+. Since the Schottky barrier height for T600
at both interfaces does not vary significantly, the sensor showed
overall better response under TE+ biasing conditions (Fig. 6a-c)

For T600 sensor, no response to lower H, concentration was
seen at room temperature under TE+ biasing most probably due to
very high resistance and high Schottky barrier height which lim-
its the transport characteristics. It is also interesting to note that
the sensors showed higher response to low concentrations under
BE+ biasing and vice versa for TE+ biasing. However, it is crucial
to note that this effect became more prominent for T800 sam-
ples (Fig. 6d-f). For instance at room temperature the response
of T800 sample toward 300 ppm under BE+ biasing is much lower
than that for TE+ (Stg+ ~ 15 < Sgg+ ~50), on the other hand, the sen-
sitivity toward 10000 ppm under TE+, becomes much higher Stg.
(~1.49 x 106) than that under BE+, Sgg.+ (~4.10 x 10%). In addition,
the T800 sample showed lower resistance most probably due to
lower Schottky barrier height at Pt-TE/TiO, interface. A drift in
the sensor signal can be seen for T800 sample under TE+ biased
conditions which is likely caused by the partial recovery of the
baseline resistance. Otherwise, the transient response remained
virtually invariant for both samples to H, concentration cycle (the
step changes in gas concentrations are labelled e.g. for the first cycle
as “1” 0 — 300 ppm — 0).

Fig. 7 shows the sensor response (Rg/Rg) which was calculated
and plotted against various H, concentrations. It can be seen that
the T600 sensor response increases almost linearly with the H, con-
centration up to around 1500 ppm and tend to saturate at higher
concentrations (Fig. 7a-c), which is in good agreement with pre-
vious reports [23]. The sample T800 (Fig. 7d-f) showed the same
trend with an improved sensor response. However, the response in
this case does not tend to saturate at higher concentrations specif-
ically at 100 °C for TE+ biasing. The resistance change, when drawn
on logarithmic scale, followed the power law dependency against
the wide range of hydrogen concentrationsRg/Rg~Kpy, CITZ, where
“Ky»" is a response constant to H, and “m” is a coefficient of power
law dependence [24]; a typical plot is given in SD Fig. S5.

The response and recovery times as a function of hydrogen
concentration Cy, (ppm) are shown in Fig. 8, indicating from the
application point of view acceptable values for each concentration.
The response time becomes shorter with increasing H, concentra-
tions Cy, for instance for T600 under TE+ biasing Tres (s)~ 101,
94, 50 and 45 for Cy, (ppm) =300, 500, 750, and 1000 respectively.
While the recovery time becomes longer with increasing H, con-
centration, e.g., for T600 under TE+ biasing Trec (s) =80, 90, 105, 108
for Cy, (ppm) =300, 500, 750, and 1000 respectively. Here, it is rea-
sonable to consider that the longer recovery times are due to the
increased hydrogen diffusion through the TiO,-layer and then that
at the TE/TiO, interface under higher H, concentrations resulting in
slower desorption processes. The values of both Tyes (Fig. 8a,b) and
Trec (Fig. 8¢,d) show a saturation trend above a critical H, concentra-
tion which, in the present case, is found as Cy, >1000 ppm. Probably
promoted by the temperature, the T800 sample shows even shorter
Tres and Trec times, as Table (designated Table ST1) in SD displays.
In addition, it must be noted that the estimated values of both Tres
and Trec may not exactly represent the real reaction times because
the dynamics of gas-surface interaction or the gas diffusion through
the sensing layer are determined by the measurement method as
already discussed elsewhere [25].

Although widely used as chemical sensors, the response of MOX-
based sensors suffers in the presence of humidity and the operating
temperature variations. Humidity may affect the sensor response
by suppressing it to lower levels. Thus, environmental humidity and
the operating temperature vary significantly over seasons and may
lead to the poisoning on the sensor surface. It is mostly believed
that this response alteration caused by humidity is due to the sub-
stitution of adsorbed oxygen which is present on the MOX surface
with hydroxyl groups [26]. Some reports suggest that the poison-
ing due to humidity can be lowered or reduced to a negligible level
by doping the MOX sensing material with suitable, mostly metal-
lic, dopants [27]. However, up to now, there are no reports for a
totally stabilized sensor response that is totally independent of the
operating temperature.
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Hence, this present study investigates the reasons to estab-
lish an understanding of hydrogen sensing with Pt/TiO, /Pt sensor
characteristics under humidity and at different operating tem-
peratures. As expected, the resistance of the sensors decreases
in the presence of 50% RH. The results in Fig. 9a,b exhibits that
the sensors show better response toward hydrogen under relative
humidity (e.g., at RT for T800/TE+ under 10000 ppm H; the Ry/R¢
(50% RH)~5.3 x 10° »Ro/Rg (0% RH) ~ 2.5 x 10%). The response of
the sensor is highly dependent on bias polarity in dry air condition,
while becomes independent in wet air condition (Fig. 9a). Fig. 9b
displays that the same sensor response is to receive in a humid
environment at RT, 50°C and 100°C when exposed to 10000 ppm
hydrogen, indicating temperature independent behaviour of the
sensor. Furthermore, it is to note that the reaction and recovery
times are reduced from 19 to 3s and 118 to 9s respectively at RT,

again toward 10000 ppm (see Fig. 9¢,d). In addition, these sensors
were also tested for interfering gases CO and NO,. As Fig. 9e demon-
strates, at RT the sensor response to 200 ppm CO is negligibly small
while almost no response to 250 ppm NO, can be detected what
makes such sensors incredibly suitable for practical applications. To
the best knowledge of the authors, there is no literature report on
the observation of such sensor characteristics. Table 1 compares the
sensor results obtained in this study with those previously reported
in the literature.

4.4. Discussion of sensing mechanism
There are two generally accepted and well-established sens-

ing mechanisms for metal oxide based sensors, most commonly
using interdigitated electrodes (IDEs). These are ionosorption and
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Table 1
Comparison of the current work highlights with previous works.
Sensor system Background Cy2 (ppm) T(°C) Sensor Tres/Trec (S) Remarks
condition Response
Pt/TiO,/Pt Dry air 10000 RT ~107 NR Top Pt electrode width was of nm
Humid air Not Reported (NR) scale; selectivity was not reported
Pt/WOs/Pt Dry air 1000 150 ~2x103 22/120 (Fpss-sensitivity was
Humid air Not Reported (NR) not addressed [28]
Au/Pd[TiO,/Ti Dry air 8000 250 2.6 x 103 27|78 Anodized TiO5; The
Humid air 3.8x 103 41/62 Res,n2/Res, s method
Au/Pd-Pt/TiO,[Ti Dry air 3.1x103 80/41 was used to evaluate
Humid air 3.1x10% 83/132 the sensor response
Pt/TiO,/Ti Dry air 15 RT ~5 120/- mgdized TiO,; High
Humid air Not Reported (NR) bias voltage ~ 10V [10]
Pt/TiO,/Ti Dry air 50000 RT 2.5x%x10° 5/- Anodized TiO;; Dynamic responses
Humid air Not Reported (NR) missing [11]
Pt/TiO,/Ti Dry air 1000 290 ~103 150 Anodized TiO, Nanotubes;
Humid air Not Reported (NR) selectivity was not reported [30]
Pt/TiO, /Pt Dry air 10000 RT ~5x 10% 35/180 Temperature independent
Humid air ~6 x 10° 5/11 sensitivity under humidity; Low

sensitivity to NO, and CO [this
work]

reduction-reoxidation mechanisms. Ionosorption on the n-type
metal oxide semiconducting sensing layer surface follows gas
adsorption, charge transfer (occurring as a consequence of gas
reaction with pre-adsorbed oxygen) and desorption [25-30] as
described by the following reaction (Eq. (1)):

(1)

The second mechanism (e.g. the so-called reduction-reoxidation
model) is based on the surface reduction and reoxidation of the
sensing layer under gas exposure [26]. Both mechanisms are how-
ever essentially valid for the sensors with interdigitated electrode
structure and mainly consider the basic gas reactions occurring on
the metal oxide layer surface (such as Eq. (1)) while the changes
in sensing layer is explained in general with the variations in the
surface depletion layer and intergranular surface potential (eVs).

In turn, the Schottky diode based sensor configuration, i.e. quasi
similar to Pt/TiO,/Pt sensor structure, the sensing mechanism is
primarily justified with the variations in Schottky Barrier Height at
the Pt/TiO; interface. As a general trend, the resistance of Pt/TiO, /Pt
structure decreases upon exposure to H, as a consequence of the
reaction of Hy with the Pt top electrode (TE) surface (Eq. (2)).
Similarly, hydrogen reacts with on TiO, surface pre-adsorbed oxy-

2H;,(g) + 05 (ads) — 2H,0(g) + e~

gen (Eq. (3)). Following the adsorption and diffusion of hydrogen
through the TiO,-layer occur (Eq. (3))yielding a significant increase
of charge carrier concentration e~ below the TE interface (Eqs. (4)
and (5)) and creating a gradient of point defect density through the
sensing layer generated by the applied bias field. These reactions
and the related charge carrier transfer and ionic channel formation
are illustrated in Fig. 10.

Hy(g) + Pt — Pt + H(g) + H(g)and/orHy(g)

+0(Pt) — Hy0(g) (2)
Haas(TiO2) + O, 4(TiO2) — OHgqs(TiO3) 3)
H(g) +TiOy — Hads(TiOZ)

OHggs(TiO2) + Hqgs(TiO2) — H20(g) + TiO; + e~ (4)
Hqas(TiO2_x) + 05 4 (Ti03_) — Hy0(g) + TiOz + 26~ (5)

Recently, a combinational hydrogen sensing mechanism for
Pt-TiO,-Pt sensor structure has been suggested on the basis of
hydrogen diffusion related resistivity changes in TiO, layer and
hot electron emission related to high electric field [9]. Neverthe-
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less, up to now, it has not been clearly defined to what extend
such processes occur, what are the consequences of hydrogen dif-
fusion through the sensing layer and more importantly what is
the origin of high hydrogen sensitivity. Furthermore, the com-
plex phenomenon related to the effects of humidity during room
temperature hydrogen sensing with M/MOX/M sensor structure
(M=metal) has been left undiscussed.

The novelty in this context thus is the proposed sensing mech-
anism elucidated on the basis of above presented experimental
results including humidity effect. The model sketched in Fig. 10
demonstrates the formation of ionic conduction channel along with
electron conduction path being in the opposite direction. Initially,
electron diffusion dominates the overall conduction and, under air
background, the ionic conduction is very weak represented with a
narrow width, analogue to the high resistance state of a memris-
tor [31]. This initial stage is also evident from the I-V curves given
in Fig. 4a,b. However, the width of this ion channel becomes wider
under hydrogen exposure caused by high resistance change [31], as
a similar way observed with the low resistance state of memristor
(Fig. 10a-c).

This model puts forward that the total resistance of the sensor is
the sum of the contributions from the Pt/TiO, interface condition,
electronic conduction and ionic conduction as the following Eq. (6)
outlines the merge of these contributions:

o~ @) [ 1 } (LVS>
mez_AEXp(kBT * leluele~] P kgT

+ L exp ( E ) (6)

wielu[V, 1[04] kgT

The contributions from the Pt electrode/sensing layer interface
depend, in addition to temperature, on the contact area (A in Eq.
(6)is a constant related to contact dimension) and on Schottky Bar-
rier Height. While the electronic contribution depends on electron
mobility e, number of free electrons [e~] and intergranular surface
potential eVs. The ionic conduction part of the resistance plays an

additional dominating role in high resistance change driven with
hydrogen (will be discussed later), which depends on a number
of variations, such as the width of reduced auto-doped TiO,_x layer
near the top electrode w(see Fig. 10b,c), applied electric field E, ionic
mobility @y, number of oxygen vacancies [V(')'] and ions [0;]. Here
kg is the Boltzmann constant and T is the absolute temperature.

As established with observations, under air exposure, the width
of the reduced TiO,_x at TE is negligible and maintained constant
along TE. In turn, hydrogen reaction on TiO; surface near TE results
in the formation oxygen vacancies as well as oxygen ions caus-
ing an increase of reduced TiO,_x top layer rapidly. Meanwhile,
the width of the reduced TiO,_4 at the BE-side will be maintained
quasi-constant in air as well as hydrogen. Thus, it is reasonable to
believe that the self-generation of such double layer will cause a
rapid resistance change, although with the applied voltage (i.e. 1V)
generated electric field will remain constant throughout the layer.
The high mobility of electron transport e ~ 25cm?/Vs through
the sensing layer on the other hand causes in a rapid reduction of
sensor’s resistance under hydrogen, hence resulting in the short-
ening of reaction/recovery times. In contrast, hydrogen sensing in
humid environment is stabilized or enhanced due to the surface
adsorption of hydrogen on Pt and further migration of H,O species
(monomers, dimers, trimers or clusters) towards pre-adsorbed
oxygen.

The surface reaction of water vapor on Pt is controversial.
Some authors [32,33] reckon that water vapors may dissociate into
hydroxyl groups on Pt surface and further migrate to the sens-
ing layer. Contrary, assumption to that given by the excellent and
authenticated reviews of M. A. Henderson and U. Diebold [34,35],
acclaiming that the water molecules do not dissociate on Pt sur-
face, instead, they are adsorbed on Pt surface to yield mono- or
multi-layers and further diffusing into the sensing layer. After dif-
fusion from Pt top electrode, the water being in gas-phase reacts
with pre-adsorbed oxygen over a gas-phase route [32-35]:

H>0(g) + 0°~ — 20H(g)or2H,0(g) + O — 30H(g) + H(g) (7)
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M. A. Anderson and U. Diebold [33,34] present in their review
articles the detailed surveys of previous work about water adsorp-
tion on metal surfaces (such as that on Pt (111) surface) as well as
the surface science of TiO, related issues. For further information,
the reader is referred to these articles. Water dissociation process
at TiO, surface occurring on reaction with pre-adsorbed oxygen
leads to the release of by surface oxygen captured electrons e-. But
extend of this process is evidently limited at the Pt-TE-interface due
to the less surface step coverage of H,O (g) as displayed in Fig. 8,
where a scarce resistance change is observed under 50% RH at RT.
It is likely that in the presence of H, O, the dissociation process cre-
ates temporary dipole formation only a few nm beneath the Pt-TE
and leads to the generation of hydronium ions:

2H,0(g) ¢ OH(g) + H30™(g) (8)

Subsequently, under hydrogen exposure, the reaction of hydro-
gen with the adsorbed H, O vapors takes place generating H*(g) and
releasing electrons as suggested by Anderson. Consequently, these
generated high numbered H*(g) ions drift swiftly and break the
dipole by reacting with oxygen sites. Thus a large number of oxy-
gen vacancies are created below Pt-TE which drift quickly towards
negative biased terminal of the sensor and thus cause in a widening
of the reduced TiO,_« (Fig. 9¢). Under TE+ condition then, the elec-
trons drift away from the BE as the oxygen ions O; and vacancies V(')'
(produced during H; exposure) drift toward the negatively biased
electrode TE- yielding a significant reduction in the resistance. In
addition, through the H, interaction with the surface as well as
within the sensing layer, the depletion layer grows thinner, and as
result, the intergranular surface potential (eVs) decreases provid-
ing a convenient path for electron transfer and electrical transport.
Hence, H, exposure caused overall resistance decrease is con-
trolled by combined variations of (i) intergranular surface potential
(AeVs), (ii) interfacial Schottky barrier height (Adsg) and (iii) the
width of reduced TiO,_x at the TE. On the other hand, thickness
reduction of the reduced TiO,_x zone near the sensing surface plays
a dominating role in the sensing mechanism due to the generation
of oxygen vacancies and drift of ions towards negative terminal.
This hypothesis is supported by the temperature dependent resis-
tance measurements given in Fig. 11 which yield the estimated
intergranular surface potential eVs. The value of eVs ~ 0.356eV
in air is comparatively smaller than the interfacial Schottky bar-
rier height in air at both interfaces [TE/TiO; (¢sg(TE)~1.031eV)

or TiO, /BE (¢sg (BE)~0.941eV]. This obtained result is reasonable
and comparable to those previously reported [ 19,20]. The relatively
high Schottky Barrier Height additionally confirms that through
the applied voltage generated electric field is not homogenously
distributed in air along the sensing layer. The smaller value of
intergranular surface potential eV also indicates that the grains
are depleted due to low surface charge carrier concentration [e™]
captured by pre-adsorbed oxygen.

Additionally, it is to note that, after H, gas expo-
sure, the change in intergranular surface potential
(eVs air —eVs 1312 ~0.356-0.140 ~0.216eV) as well as Schot-
tky Barrier Height (for T800 A¢sg ~ 0.42) are comparatively small
considering such high resistance changes. Thus it is logical that
the change in near surface reduce width (w) play the signifi-
cant role. It is most probable that all three resistance changes
co-exist as one of them becomes dominant at a particular given
situation. For instant, it can be speculated that Schottky Barrier
variation plays dominant role as a result of biasing condition, (see
Figs. 7 and 8). At higher H, concentrations (Cy > 1000 ppm), both
sensors (T600 and T800) show better responses under TE+ biasing
condition than TE- and vice versa is true for lower concentrations.
The resistance of both sensors in hydrogen (Rgas) decreases first
due to the decrease in surface potential eVs and then becomes
saturated. In this saturation period, a further decrease occurs in
resistance and electronic transport depending on the height of
Schottky Barrier ¢sg and the drift condition of oxygen vacancies.
For smaller H, concentrations, the electrical transport is basically
governed by the number of free charge carriers, i.e. electrons. In
turn, particularly for higher H, concentrations, it is to expect that
the main source of sensing mechanism is due to the temperature
induced variations in the reduced TiO,_ surface layer while those
are temperature independent yielding high sensor response under
humid environment.

Nevertheless, the scientific explanation of such high sensitiv-
ity is still debated and the models require confirmation by in-situ
spectroscopic analysis (such as XPS) to determine the dependency
of variation of such reduced TiO,_, phases with hydrogen and water
vapor. We suggest for example that Magneli phases TiyO,,.1 may
form in a reduced environment due to oxygen ions and the drift
of vacancies. However, it is worthwhile noticing that such phases
may have an intermediate character under gas exposure and may
disappear on cease of gas. Further thorough analyses are needed
to clear this and other similar questions which extend out of the
scope of this paper.

5. Conclusion

A Pt/TiO, /Pt gas sensor configuration was designed and imple-
mented for the detection of hydrogen. An inter-diffusion at both
interfaces Pt-TE/TiO, and TiO,/Pt-BE is observed by EDX with
more Pt diffusing into the TiO, layer at the BE-side. This obser-
vation is confirmed further by GDOES analysis and current-voltage
characteristics. The sensors show promising hydrogen gas sens-
ing properties even under relatively low H, concentrations (e.g.
700 ppm) at room temperature. Under humid environment, the
sensing properties are enhanced and the sensors show tempera-
ture independent hydrogen sensitivity. The response and recovery
times are only 5 and 9s respectively for 1% H, in 50% RT (rela-
tive humidity). The sensing mechanism is discussed and explained
basing on three variations present in the sensor structure: (i) inter-
granular surface potential (AeVs), (ii) interfacial Schottky Barrier
Height (A¢sg) and (iii) the depth of reduced TiO,_« zone at the TE.
It is proposed that although all three variations may be present
in these sensor structures, only one of these factors will play the
dominant role which is defined individually by each physical sit-
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uation. For instance, it is observed that the sensors show good
response under BE+ biasing to low hydrogen concentrations, and
in turn, under TE+ biasing to high concentrations. Such effects
appear to be dependent on the Schottky Barrier Height at TE.
On the other hand, intergranular surface potential variations and
the resistance of sensing layer which saturates under H, due to
changes in the depletion layer determine the drift of oxygen vacan-
cies or free charge carrier transport and the resulting sensitivity is
higher.

In summary, it is believed that the overall sensing mechanism is
controlled by the variation of the auto-doped reduced TiO,_4 layer
near the TE. Future work has to be performed to see the effect of
ohmic interface and highly reduced TiO, surface as well as bulk,
the optimisation of which will definitely result in exceptional gas
sensing properties.
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