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In this work, a hydrogen capacitor nanosensor with palladium nanoparticles (PdNPs) electrode based on metal-oxide—semiconductor structure
has been fabricated. The capacitor sensor has been fabricated on the n-type silicon substrate with an oxide film thickness of 50 nm. PANPs are
synthesised and then deposited on the oxide surface using spin coating. PANPs are characterised using by transmission electron microscope
and UV spectrum. Also, the morphology of the oxide surface is characterised using by atomic force microscope. The response time and
recovery time of nanosensor have been explained at the room temperature. The time interval to 90% of the signal value for 1% H,—N,
mixture was 1.4 s and recovery time was 14 s. The curve of pressure as a function of hydrogen concentration (H/Pd) in the PANPs and the
mechanism of the nanosensor are reported. The capacitor nanosensor based on nanoparticles shows sensitive and fast response.

1. Introduction: Hydrogen is a tasteless and flammable gas that is
cannot be detected without sensor. Hubert et al. [1] described the
different types of hydrogen sensors in different structures and
detection limits. Sensitive and faster hydrogen gas sensors are
required in many industries. The largest application of hydrogen
is for the processing of fossil fuels and in the production of
ammonia. The detection of hydrogen leaks before concentration
rises above the lower flammability limit in air is necessary during
in both automotive and stationary applications, chemical, power
generation and telecommunications industries. In more recent
applications, hydrogen is used pure or mixed with nitrogen as a
tracer gas for leak detection [2, 3]. Hydrogen sensor is a
transducer device that detects the presence of hydrogen molecules
and produce an electrical signal. They are used to locate
hydrogen leaks and considered faster. There are eight types of
hydrogen and palladium (Pd) are used in many of these. Pd
absorbs hydrogen atom and forms the compound palladium
hydride [4, 5].

Capacitive sensors are transducer devices that detect changes in
environment and produce an electrical signal. These sensors
convert the signals to the electrical capacitance and electrical con-
ductivity. Capacitive sensors are used in gas detection and measure-
ment of electrical properties of different water liquids [6—10].
Hydrogen sensors based on metal-oxide—semiconductor (MOS)
structure were first reported by Lundstrom et al. in 1975 [11]. In
capacitor hydrogen sensor with MOS structure, hydrogen atoms
at the gate/SiO, interface giving rise to a dipole layer. In the capaci-
tor hydrogen sensor, the basic principle is based on the shift in the
flat-band voltage (Vgg). The Ni, Pt and Pd thin films and their com-
posites with carbon nanotubes, graphene, quantum dots and nano-
wires are used in sensors [12-14]. In this Letter, a hydrogen
nanosensor based on the Pd nanoparticles (PANPs) MOS capacitor
has been reported. The synthesis and characterisation of PANPs and
also the mechanism of the nanosensor for hydrogen concentration
are presented. The response and recovery speed of the MOS hydro-
gen sensor based on nanoparticles are found very fast compare to
other ultrathin film MOS hydrogen sensors.

2. Material and methods: The nanoparticles by chemical method
using a Pd chloride (PdCl,) (0.2 g), pectin (2 g), gelatin (2 g) and
distilled water (300 ml) are synthesised. The gelatin is used as a
reductant for PANPs [13]. The mixture of PdCl,, pectin, gelatin
and distilled is shown in Fig. la. Fig. 1o shows the TEM images
of the PANPs. The average size of PANPs is 9 nm.
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The UV spectrum of PANPs at the room temperature is shown in
Fig. 2. The UV spectra of PdCl, before and after reduction are
shown in [15-17]. The UV spectra show PdCl, is converted to
PdNPs.

Fig. 1 Mixture of PdCl,, pectin, gelatin and distilled water
a Dark-grey solution
b TEM images of the PANPs
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Fig. 2 UV spectrum of PANPs

The schematic of the capacitor hydrogen sensor is shown in
Fig. 3. For dry oxidation at first, cleans the thermal chemical
vapour deposition furnace from other gases. Open nitrogen gas
and ramp furnace up to 1000°C. In 1000°C temperature for
20 min the dry O, (2.5 I/min) will be opened. Over the oxide
layer, a 100 nm film of PdNPs using the spin coating has been
deposited. An Au film with thickness of 100 nm on the backside
of the substrate using evaporating method has been coated. The
atomic force microscope (AFM) image of oxide film surface is
shown in Fig. 4. For oxidation time 20 min the oxide thickness is
50 nm. After oxidation, by AFM module (DS 95-50-E scanner)
the surface properties of SiO, are characterised. The scan size at
a resolution below 0.1 nm can be measured within the range of
50 x 50 um. The average roughness is 3 nm.

The measurement set-up includes LCR meter modules
(GPS-3135B) that can be interfaced to a PC. The frequency range
of LCR meter is between 50 Hz and 100 kHz. The hydrogen ab-
sorption in the PANPs has been investigated. Fig. 5 shows the
set-up of volumetric method. In volumetric method using Sievert
law, the ratio of hydrogen to the PANPs (%) has been measured.
The Sievert law can be readily rationalised by considering the reac-
tion of dissolution of the gas in the metal, which involves dissoci-
ation of the gas molecules. The Sievert law is a rule to predict the
solubility of gases in metals [18]. The ambient gases in the

chamber using a vacuum pump are removed. The pressure
changes due to absorption of hydrogen by the PdNPs in the
chamber converts into an electrical signal using a transmitter.

3. Results and discussion: Fig. 6 shows the curve of pressure as a
function of hydrogen concentration (wt%) in the PdNPs at room
temperature. As indicated in Fig. 6, when pressure increases from
0.5 to 42 bar the ratio of hydrogen atom to PdNPs (wt%) is
increased from 0.005 to 1%. The time for absorption is 110 s.
Also, the curve of hydrogen desorption at room temperature has
been shown in Fig. 6. The hydrogen desorption curve shows by
decrease the pressure from 8 to 0.2 bar the ratio of hydrogen
atom to PdNPs (weight%) decreases from 1 to 0.01%. The time
for desorption is 150 s. When applied the positive voltage to the
capacitor, electrons in Si are attracted to the Si—SiO, interface.

The capacitance of MOS capacitor for oxide thickness 50 nm is
69 nF. By applied negative voltage electrons in Si are repels from
interface. In this depilation region, the capacitance can be obtained
from [19]

C = (ton/Eox 804 + Xy /2 5804) " (1)

where ¢ is the semiconductor relative permittivity, £, and 7.y are
the relative permittivity and thickness of the oxide film, respective-
ly, 4 is the area of the Pd gate and Xy is the thickness of the semi-
conductor depletion layer. By increase, the applied negative voltage
the semiconductor enters an inversion layer. The capacitance before
the inversion layer is 35 nF. In the MOS capacitor, the Vrg can be
obtained from [19]

Veg = (Wms/q - Q/Cox) 2)

where Wy is the work function difference between gate and sub-
strate and Q is the trapped charges in the SiO, film [20]. For an
ideal MOS capacitor the Vgg is zero, but for real MOS capacitor,
the work function difference and trapped charges are not zero.
For Pd, the work function is 5.2 eV and for semiconductor is
4.7 eV. The number of trapped charges for a MOS sensor is
2x10"% ecm™2 [15]. For real Pd MOS capacitor sensor, the Vgg is
0.7 V. In the depletion layer, the capacitance can be achieved
from [20]

Cr= Cox(l + 28(2)x80(V - VFB)/qNDsstgx)il/z 3)

Fig. 3 Schematic of the capacitor hydrogen sensor

150
© The Institution of Engineering and Technology 2017

Micro & Nano Letters, 2018, Vol. 13, Iss. 2, pp. 149-153
doi: 10.1049/mnl.2017.0586



Fig. 4 AFM image of the oxide film surface
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Fig. 6 Pressure—concentration (P-C) curve of hydrogen absorption and de-
sorption in the PANPs at room temperature

where Np, is the density of the donor carrier in the Si. Fig. 7 shows
the comparison of C-V curves of ideal and real Pd MOS capacitor.
From (3), in the depletion region by decreasing the capacitance
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Fig. 7 Comparison of C-V curves of ideal and real Pd MOS capacitor
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Fig. 8 Experimental value of the C—V curves for the PANPs MOS capacitor
in pure nitrogen and 1% H,-N, mixture

from 69 to 35 nF the voltage of ideal Pd MOS capacitor decrease
from 0 to —0.5 V. The relative permittivity of the SiO, is dependent
to the frequency. By increasing the frequency from 1 to 100 kHz the
permittivity decreases from 3.9 to 2.75. This difference is related to
decrease of orienting of dipoles in the direction of the ac field. From
(3), in the depletion region by decreasing the capacitance from 49 to
39 nF the voltage of real Pd MOS capacitor decrease from 0.7 to
0.2 V. As indicated in Fig. 6, in the accumulation and inversion
layers, the capacitance is constant.

The experimental measurement of the C—V curves for the PANPs
MOS sensor in nitrogen and 1% H,—N, mixture are shown in Fig. 8.
The value of the Vg for the real Pd MOS capacitor is 0.7 V and for
experimental measurement (actual) in nitrogen is 0.5 V. The differ-
ence between real and actual MOS sensors is related to the trapped
charges in the SiO, [19]. The trapped charges in the SiO, are caused
a shift in the boundary between accumulation and depletion layers.
From (2), when the SiO, trapped charges varies from 2% 10'° to
8 x 10'° cm™2 the Vgg decreases from 0.7 to 0.5 V. It can be seen
in Fig. 8, the C—V curve falls to the negative voltage when the nano-
sensor is exposed to the hydrogen. The Vgg decreases from 0.5 to
0.2 V. This decrease is due to the metal work function. At the
Pd/SiO; interface, the dipole layer decreases the metal work func-
tion. Because of the work function change, the Vg is shifted.
Schematic of dipole layer in Pd/SiO, interface is shown in
Fig. 9a. The mechanism of hydrogen detection is that of the asso-
ciation of hydrogen atoms at the metal/oxide interface. The dipole
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Fig. 9 Schematic of
a Dipole layer in Pd/SiO, interface
b Response and recovery times
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Table 1 Comparison of MOS capacitive nanosensor hydrogen gas sensor and hydrogen sensors based on Pd

Material Temperature range, °C  Detection limit, %  Physical sensing parameter ~Response time, s  Recovery time, s  Reference
PdNPs RT 1-4 MOS 1.4 14 this work
Pd-SiNWs-Schottky diode RT 0.03-0.3 current 150 550 [28]
Pd-SiO,-Si RT 0.1-1.6 current 247 43 [29]
Pd-Ti0,-SiO,-Si RT 0.05-1 current 13 4 [30]
Pd-SiO, 25-80 1 current 10 4 [31]
Pd-SnO, 150-220 0.005-0.05 voltage 50 50 [32]
PdNPs-TiO, NTs RT 1-5 conductance 120 90 [33]
Pd-Pt 150 1 resistance 4 5 [34]
Pd thin film RT 0.04-1.6 resistance 25 10 [35]
PANPs—SnO, 200 0.001-0.3 resistance 4 10 [36]
PANPs—-MWCNTs RT 6-30 resistance 15 20 [37]
PANPs—-SWCNTs RT 0.01-1 resistance t6.8% =3 300 [38]
PdNPs—graphene 30 2 resistance 6 56 [39]
Pd-Pt-Si nanowire 75 04 resistance 7.7 7.7 [40]

layer becomes stronger by an increase in the hydrogen atoms at the
interface. The response of the nanosensor is obtained from [21-26]

R(%) = (Cy — Cy)/(Cx) % 100 4)

where Cy is the capacitance in a 1% H,—N, and Cy is the capaci-
tance in N,. For the nanosensor, in the voltage 0.17 V, the response
is 92%. The response and recovery times to 1% H,—N, mixture at
the 1.7 V voltage and 100 kHz frequency at 1 bar pressure in the
room temperature are shown in Fig. 9b. The time interval to 90%
of signal value (t9q0,) was 1.4 s. Our obtained results show the re-
sponse of PANPs nanosensor is faster than ultrathin Pd capacitor.
The mechanism of nanosensor is that for small grain size, the
work function change is huge [27]. Results indicate that the re-
sponse time of nanosensor to be faster with PANPs.

Comparison of different hydrogen gas sensors based on different
physical sensing parameters is shown in Table 1. It can be seen in
Table 1 the response time of MOS capacitive nanosensor is smaller
than the current-based hydrogen gas sensors [28-31].

For voltage-based hydrogen gas sensor Pd/SnO, [32] the re-
sponse and recovery times are 50s. Table 1 shows for PANPs/
TiO, hydrogen gas sensor [33] at 50°C and 1-5% hydrogen con-
centration the response and recovery times are 120 and 90 s, re-
spectively. Comparison of MOS capacitive nanosensor and
resistance-based hydrogen gas sensors based on PdNPs and
SnO,/multi wall carb nanotubes (MWCNTs)/graphene/nanowire/
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single wall carbon nanotubes (SWCNTSs) shows the response
speed of MOS capacitive nanosensor is faster [34—40].

4. Conclusion: This Letter reported the effect of the PANPs as a
metal gate on the monitoring of hydrogen concentration by MOS
nanosensor. The PANPs MOS nanosensor showed sensitive and
fast response/recovery times. The #9ge, for 1% H,—N, mixture was
1.4 s. The recovery time from 90 to 10% of signal value (1¢o)
was 14 s. Our obtained results in compared to ultrathin Pd sensor
shows the response/recovery time of PANPs nanosensor is faster.
Also, in this Letter, the fabrication and characterisation (TEM and
UV) of nanoparticles have been reported. The average size of
nanoparticles is 9 nm. The curve of pressure as a function of
hydrogen concentration (H/Pd) in the PANPs shows the reversible
ability of the nanosensor. Results indicate the response of MOS
nanosensor has been improved with PANPs as a metal gate.
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University, Tehran, Iran.
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